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ABSTRACT

1. Water Cooled Reactors

ti. Liquid Me tai Cooled Reactors

Hl. Reac tor Development Metallurgy

Eighteen ot the fast exponential fuel plate* have bee i prepared by 
inert arc welding the developr-tent work ia now complete and the procedure 
is being taught to shop personnel.

QUARTERLY REPORT 
JANUARY, FEBRUARY AND MARCH 19M 

METALLURGY DIVISION

U rani um-r ir con turn-niobium alloy* containing 5 w/o Zr ♦ 1.5 w/o Nb
* ire cast into Ztrcaloy 11. with bonding at the interface between the casting 
and can appearirg to be quite good A casting of this type was rolled at
• 5C’C from 1.2)2 to 0.320* with no evidence of bond rupture, but with some 
lack of uniformity tn clad thickness.

Work on the manufacture of a new fuel ctiarge for EBR has been 
completed. The fuel slugs are centrifugally cast enriched uranium- 2 w/o 
airconium alloy, the fuel blanket slug* are natural uranium-2 w/o airconium 
alloy, rolled and heat treated for stability under irradiation.

Melting and casting technique* for producing binary and ternary 
uranium alloys have been investigated uranium-airconium. uranium—niobium, 
and urmium-nrconium-niobium were studied. The solution of niobium in 
uranium is a function of time, temperature and agitation, once in solution, k 
niobium doe* not segregate in the ingot. Segregation of airconium in the 
ternary alloy* was noticed. Life of high purity magnesia crucibles was vVry 
poor when used in preparing the ternary alloy*, every crucible cracking 
after its removal from the furnace

Corrosion and thermal conductivity test* have been made on airconium 
and titanium base alloys. Zr-tH Al. Zr-7% Ti. tested in static degassed 
water at SbO'C exhibited very poo- corrosion resistance in a short-term 
test. Ti—8'- Al in static, air -saturated water at JbO’C exhibited excellent 
corrosion resistance over a two-month test.
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Thermal cor.duttivities oi these alloy* at about 45’C were-

Basic MetallurgyIV.

th* self-diffusion coefficient of uranium using

1

• ewe » 
a a *

Al
Ti
Al

« * •
: : :

Zr -4%
Zr-7*t
Ti-«*

0.020 casern*/••*/ *C/cm 
0.031 c«Vc»n‘/««/ "C/cm 
0.022 cal/cmt/»«/,C/cm

A -ew Mrm of high purity uranium-carbon alloys containing 11 0 to 
260 ppm carbon have been prepared. Previously prepared alloys containing 
230 and 500 ppm carbo- have bee-, heat treated at temperatures ranging 
from 700* to 11 0O*C. Nona of these heat treatments completely diaaolved 
the second phase a-d the tentative conclusion is that the solid solubility of 
carbon ir. beta a d gamma uranium is less than 250 ppm.

A series of urar.ium-sirco-ium alloys containing from 0.051 v, o to 
2.5 w/ o Zr have bee- isothermally heat treated at 400* and 50O*C for periods 
ranging from 5 seconds to 5 minutes, followed by a water quench. Holding 
time at either tempera-ure had no effect on the resulting microstructure. 
This strongly suggests that the transformation is complete in leas than five 
seconds at 400* and 50tf*C. The same structures are obtained by direct 
quenching from the gamma phase. Up to about I w/o Zr the structures con­
sist of coarse grained alpha uranium, above 1 Zr an acicular itructure is 
observed.

A port io- of the uranium-airconium phase diagram in which the 
epsilon phase occurs has been studied by microscopic and high temperature 
X-ray methods. A 61O*C the X-ray patter- shows only alpha uranium plus 
alpha tircorium lines. At 600'C and lower, extra lines due to the epsilon

Work on determining
U"’ tracer has started. Preliminary tests indicate the cathodic sputtering 
of specially prepared surface tn purified argon at low pressure will be a 
satisfactory method of forming the diffusion interface.

The compressive deformation characteristics of eleven additional 
single crystals of alpha uranium have been studied In many of these crystals 
the axis of compression was so chose- as to minimise slip on (01 0) planes 
in the (100} direction a-d to enhance slip on (11 0) planes in a (11 ©J direction. 
Despite these favorable conditio-s. slip on (1 T0> planes was not observed in 
any of the crystals. I-stead deformation was by slip on (010) planes or by 
*wir»r ng on (1 10)planes or (172) planes. One crystal was orientated in such 
a way as to encourage tw»rr r.goa |l ZfeJ pla-es. However, deformation oc­
curred primarily by slip or. the (01 0) plane. In several crystals, orientated 
in such a way as to inhibit slip or (01 0) plane, cross slip, probably on (001) 
planes was observed.
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C**’ U-Z w/a Zr alloy* have been examined after burnup up to 2->^. 
At thia level of burnup the axial elongation was about and the density de­
crease about •%. The diameter also increased about the same rate. These 
changes are explainable in terms of the volume increase associated with the 
production of additional atoms by the fission process. Unidirectional dimen­
sional changes, eh*racteristic of wrought material, are absent or at least 
verT small in these cast alloys. The specimens remain quite smooth up to 
burnups of 2.IH.

Diffusion coatings of UStI on uranium have been produced by immersing 
uranium specimens in hot N*K alloy containing dissolved silicon metal. Coat­
ing thickness increases with increasing silicon concentration temperature 
and time. Adherent coating* are produced when the variable* are adjusted to 
produce thin coating* Some improvement in corrosion resistance is shown 
during the first few hours of test but local attack thro'igh pinholes tn the 
coating soon result* in undercutting.

phase are also present. These results suggest that the epsilon phase form* 
by peritei tiod reaction between the terminal solid solution* and that the 
epsilon phase is not a superstructure based on the gamma phav.r.

A detailed study of the aone melting process as applied to the puri­
fication of uranium is under way. The problem involves the experimental 
determination of the effective separation factor (kcff ) and distinguished 
from the theoretical factor (k<hc ) obtained from the phase diagram. Factors 
which cause the effective separation to be less than the theoretical separation 
are: (1) the diffusion rates of solute in molten and solid uranium; (2) the 
degree of thermal and magnetic stirring in the molten sone. (J) the irregu­
larity of the solidifying interface; (4) the length of the molten sone; and 
(9) the rate of motion of the molten sone The fifth factor (speed of travel 
of the molten aone) can be varied through wide limits. Single pass experi­
ments at various speeds have been carried out to establish the rates required 
to move different impurities. In general, it appears that rates of about 
I inch, hour are effective in moving carbon but that a rate of about 0 25 inch/hour 
ia necesaary to move metallic impurities such as iron, chromium ad nickel. 
One multiple pass run at a high speed (7.5 inc he s/hour) reduced the carbon 
is the leading end of a rod from an initial value of 100 ppm to 20 ppm

Slug* of unalloyed beta treated uranium. >/• in diameter and 1 long, 
were wrapped in airconium foil and aealed into stainless steel capsules of 
varying wail thicknesses (0.01 J to 0.047"). A free volume of about 4% was 
allowed within the capsule to allow for thermal and transformation volume 
changes. After 150 cycles from 100"C to BOO"C. i.e.. from the alpha phase, 
through the beta, and into the gamma phase, dimensional changes, measured 
on the Jackets were less than one per eent in all cases.

V. Applied Metallurgy
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VI. Aqu«ou» Corrotion

During the initial stage* of corrotwn of tiumtnum in water, it appear* 
that at least one-third of the corrosion product formed tn the first half-hour 
does not remain on the sample surface. This behavior is important ‘n under­
standing the rather large amount of corrosion which takes place during the 
initial exposure period, even though the ultimate corrosion rate may be 
quite low.

A specimen of gamma quenched uranium-niobium alloy containing 
J w/o Nb was irradiated to a burnup of 0.15^. This specimen elongated 
under irradiation, indicating that these wrought and heat treated alloys 
which show good resistance to corrosion by hot water are not stable under 
even moderate irradiation.

Aluminum specimens, corrosion tested at 2%0* and 275"C in water 
at pH >.S with potassium dichromate and with sodium silicate added as 
inhibitors, failed by intergranular attack. During the initial stages of in­
tergranular attack, small blisters are formed on the metal surface. It is 
postulated that hydrogen formed by the corrosion reaction penetrates the 
metal, diffuses to internal cavities, and separates to form hydrogen gas 
under pressure. The soft aluminum yields under this pressure and forma 
a bulge on the surface, when this bulge breaks open, a blister forms which 
admits water to fresh metal and the whole process is self-accelerating.

Three experiments were run to teat this hydrogen blister hypothesis. 
In one series of experiments, various cations were added to the corroding 
solution, these plate out on the aluminum surface and form local cathodes 
on which hydrogen wilt be liberated. No blisters formed on samples cor­
roded in solutions containing Co. Cd or Ni ions. Another test involves mak­
ing the specimen anodic to a stainless steel counter elec trade by an externally 
applied polarising current. In this case hydrogen is liberated at the counter - 
electrode and very little blistering of the aluminum occurred. If the potential

Preliminary irradiation results have been obtained on V-Zr (1 and 
2 w/o Er) alloys. U-Cr (0.1 and 0.4 w/o Cr) alloys, and unalloyed uranium 
specimens prepared cooperatively by AML.. BM! and KAPL. The rolled 
and alpha annealed uranium-tirconium alloys containing 1 00 to 'OO ppm'X 
carbon showed a growth rate of 1200 mic roinches/inc h/cyc le under thermal 
cycling but a shrinkage rate of ISO microinchea/inch/ppm burnup after an 
irradiation of 0.04C BU.

Specimen* of the special heat of Type 147 stainless steel used in 
constructing certain parts of EBR. have been examined after irradiation 
in EBR up to integrated fast neutron fluxes as high a* 2.4 * IO* nvt. Plot* 
of tensile strength and Rockwell A hardness versus log (nvt) are linear, 
showing an increase of 17.000 psi and 4 hardness points per tenfold 
increase in exposure. No saturation is yet apparent.



Testa on U-J w, o Nb alloy* conlainin* various addi'MMl alloy ele- 
nwnU ha* shown th* beneficial affect of tin. In particular, an alloy con- 
taming J w/o Nb ♦ 0.1% Sn I* much mor* rrttttanl to tempering at 4<MTC 
than ar* th* U-» w/a Nb or th* U-* •/’• St-1.5 w/o Nb alloy*.

ta reversed (aluminum mad* <*.hodic) sever* blist*ring was observed. A 
third *«p*rtm*i»t involved vacuum melting of the aluminum to remove porosity 
in which hydrogen < ould accumulate. Such metal vhowed a low corrosion 
rate and no blistering.

Anodic films of two different thic luieaae* were applied to airconium 
sample* In most rate*. th* electrical resistivity to th* film was independent 
of th* thicdtn*** and further th* resistivity of th* film had little relationship 
to th* carraiwn rate* of the tpecimena tn water at JOO C.

Two magnecium ba*e alloy* |FS-la. I2.T”'. Al. Mn. 1.0*% Zn)
and a ape* ial ABC high purity alloy (2.T*r. Al)| were corrosion tested at 
f#*C Io a dynamic system at IT and 20 feeb second. Th* test solution* were 
maintained alkaline at pH < to 10 since previous test* had shown that in a 
static system th* corrosion process itself brings th* pH to approximately 
10 Th* weight loss-time curve* show a constantly lacreatiM slop*, after 
th* first ten day* th* rates were of th* order of 19-29 mg. dm4, day. One 
test was performed at I 9©*C under essentially stagnant condition* using 
pH 10 oxygen-saturated solution Th* magnetism bad disintegrated by th* 
end of lour day*.

Further corrosion testing at ICMfC on U-Zr-Nb alloys containing 
4 B w o Zr and variable amounts of niobium has shown that 1.9 w/o Mb 
is required and that 2 w o Nb doe* not further improv* th* corrosion 
resistance. The presence of >OO ppm silicon in these alloy* la harmful.

Further work an the effect of pH on corrosion rate at elevated tem­
perature* ha* thovr th* minimum rate* are obtained at pH > in th* tempera­
ture rang* of 200”-JOfFC.

A sample of unalloyed uranium was heat treated in vacuo for six 
hour* at I OOO C for thorough degassing. The corrosion rate in boiling dis­
tilled water was 2.S mgr cm*< hour.

High purity aluminum specimen* corroded at 1 bO”C m degassed 
distilled water, tail by blister formation in a few day*.
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WATER COOLS') REACTORS

Ca»t Bonding o; Ur»ciu-n-Z i rc on mn> - Niobium Alloy to Zircaloy1
(]. WI" Frank. R. E Macher*^

A plug

1

«

I

The manuf«rtur» of fuel elements o! uranium rich alloys by picture 
frame techniques on any large scale would seem to promise enough diffi­
culty to warrant exploration of alternative processes of manufacture.

This current series ol experiment*- were aimed at the casting of 
tl-5 * o Zr-I.A w o Nb alloy nto relatively short sections of Zircaloy 11 
cladding, relatively thick, it was planned to roll the product to produce 
approximate ly I I diameter clad rods closed at one end.

lirat attempt* were with Zircaloy sheet made into n half tubes, 
which were sandblasted and welded by the heliarc process at the two longi­
tudinal seams with argon gas pausing through fhr interior ol the tube, 
was welded in th« bottom m the same way The finished can was about 
I-I 4 O l> . I l.D «* long, and had aid thick bottom.

One avenue of pproach to this problem is the casting ol uranium 
or uranium alloys in . ircomum or zirconium alloy cans, with or without 
subsequent ‘abrication steps. Bennett and Macherey* cast unalloyed urani­
um into a tircoamm tube mold and obtained at least partial bonding. Shuck­
cast Zr-5 w o U alloy mto crystal bar urcoaium and mto aircomum-t.n 
alloy cans and found, in oom* experiments, good bonding to 'he pure airconium. 
On the other hand, he reported lack ol success with the rirconium-tm alloy 
cane, presumably due to volatilisation of tin from the an during casting. 
Evans and Allen succeeded m canting the nranium-chromium eutectic alloy 
around xirroaism tubes. Carlson and Armstrong4 succeeded in casting un­
alloyed uranium slugs into unalloyed zirconium cans. These were closed 
without further fabric -’»o«i steps.

ANl -dhdl (p 15) ANI Quarterly Progress Report. Metallurgy Division. 
December JI, 1*50.

- AN I. -5Od<* 7 rclad Zirc onaum-Dr antum Alloy Rod for Heat Thru-put
Test." A B Shuck. April 17. IHZ.

*M1T-I||> Technical Progress Report for the Period April Through 
lune l**l. MIT Metallurgical Project, issued September 4. 1*51.

-4£»» Amen Quarterly Summary Research Report tor the Hanford 
Slug Program. for July. August and September |*5>. Issued 
Noe-fqbrr £ 1, I *5 J.
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The second casting of this type was rolled at 850*C to 0.32" diameter 
with no evidence of bond rupture. There was some lark of uniformity in 
clad thickness, particularly in the smaller sections. An internal burst 
occurred in the core alloy of the first (largest) rolled sample some time 
alter rolling and sectioning. This first rolled speciinen differed from the 
others in diameter and in that it was water quenched from the rolls, all 
other specimens were reheated to 85O*C before water quenching.

The second casting was spoiled by a leaking stopper rod. On the third 
attempt, the bottom can thermocouple failed. The upper thermocouple showed 
1 1 I5°C, the meta! was at 1390°C by an optical pyrometer. Bonding appeared 
complete, except at the bottom periphery.

This was put into a graphite cylinder bored to 2-1/2 diameter, ex­
cepting for about 1" at the bottom where it conformed to the can. Platinum- 
10% rhodium thermocouples were wired to the top and bottom of the can 
exterior and the assembly put into a vacuum furnace so that the upper part 
was relatively near the inductive field. A quantity of U-Zr-Nb alloy scrap 
was put into a small MgO crucible, which was in turn put into a graphite 
heater and the assembly placed in the maximum inductive field of the furnace. 
The furnace was evacuated to a moderate vacuum (0.5 - l.O^i) and the urani­
um alloy melted. The top of the can was at 1000*C, the bottom at 775°C, and 
the metal at 1 325*C when poured. Sectioning showed some bonding but none 
along any of the welds. A possible explanation, excepting temperature, may 
lie in the fact that a crevice was left on the inside of all welds. An attempt 
to break the bond produced failure in the Zircaloy.

Further tests were made using cans, 1-1/4" O.D., 1' I.D., 6-1/4 "long, 
and with a 3 8 bottom, machined of rolled Zircaloy II rod. Seven castings 
were made into these cans, with can temperature 94(F to 1040®C at the top, 
9U0r to OZCT'C at the bottom, and liquid alloy at 1400*0. All interlaces ap­
peared to be bonded when the top was cut off, and there was no pipe apparent. 
The first was cut extensively, after machining slightly eccentrically, so that 
the interface was penetrated. Bonding at the interface partially machined 
away, appeared to be very good except for isolated porous areas A density 
determination, by weight and measurement, showed 16.8 grams/cm’. the same 
as similar measurement on a rolled specimen. Further evidence for bonding 
was the contraction in the diameter of the Zircaloy can from 1.250" to 1.232" 
after casting.
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LIQUID METAL COOLED REACTORS11.

*

Eighteen of a total of 4»0 fast exponential fuel plates have been inert 
arc welded at their edges with excellent results. Development work on this 
program is now completed, and the procedure is being taught to shop per­
sonnel who will complete the remainder of the units under the direction of 
Metallurgy Division personnel. A final report describing this development 
is now in preparation.

I. Alloy FueI Charge for CBK (Frank L. Yaggee)

Work on the fabrication of a full set of new fuel rods for the reload­
ing of EBR has been completed. The fuel slugs were centrifugally cast 
enriched uranium-2 w o meconium alloy, the fuel blanket slugs were cast, 
roiled and heat treated natural uranium-2 ~/o sirconium alloy jacketed in 
thin stainless steel tubes Two special thermocouple rods were also pre­
pared and shipped to EBR.

I. The Welding of Fant Exponential Fuel Plates (C. C. Stone. R. A. Noland)

The ftsfrl plates for the fast exponential experiment consist of a sheet 
of U,w sheathed with natural uranium by the picture frame technique.
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in. REACTOR DEVELOPMENT METALLURGY

1. Casting of High UrtKintn Alley* (J, £. Baird. R. E. Macherey)

< * *"** '<*• • ** ♦* *• a • •• » • •♦ • •

** **•» s •
• •• * a •

p* * • ♦* * •• •• •• ♦ »

Th* solution of niobium in uranium is a function of temperature. time, 
and agitation ia th* melt. Once the niobium is la solution there ia no appreci­
able segregation ia the ingot, la the 13 - 20 kg melts in the Magaorite cruci- 
blea it was necessary to go to 15O<TC to dissolve all of the niobium. When 
melts were made at tourer temperatures, piece* of niobium cube* could be 
seen ia the crucible skull after pouring, la iagot L-t where only 14OO*C was 
reached, less than half of the niobium went into solution, la making the 5 kg 
melts of the t-l/1% Nb * 5% Zr in the high purity magnesia crucibles, the 
initial practice was to take the melt to 1550* to 1550*0 for a few minute* to 
insure the solution of niobium. After analysis became available, melt H-324 
was mad* by holding for on* hour at 14OO*C to 1425eC and all of the niobium 
went into solution, tn these 5 kg melt* mad* la high purity magnesia cruel* 
bl*s, there was considerable agitation of the melts du* to th* magnesium 
boiling off. This probably helped ia dissolving the niobium. Ln th* larger 
m*lt* mad* la the Magnorit* crucible* there wa* also some magnesium 
boiling, but to a much lesser degree.

♦ *• a a ♦• • • ■• a ♦* as* **» •

The uranium alloys cast during the first quarter of 1954 were 
U-Nb-Zr, U-Mb sad U-Zr. Normal uranium Mallinckrodt biscuits were 
used for all charges. No premelted biscuit wa* used ia th* preparation of 
these alloys. The sircoaium for th* 5 kg melt* eras Grad* Il crystal bar 
rolled to 0.020 ’ sheet, while sponge was used for the larger melt*. Niobium 
cubes made from pressed and sintered powder were the only source of 
niobium.

All 5 kg melts were made la high purity V-2 magnesi* crucible* and 
were cast into 1-1/2' diameter water cooled copper molds. Th* larger 15 
to 20 kg melts were mad* ia Magnorite (Norton commercial MgO) crucibles 
of lower purity than th* small crucibles. Th*** larger heats were poured 
into either 1" diameter water cooled copper mold* or into 3" diameter 
graphite mold*. The summary of melt* appear* ia Tables 1. 11. 111. and IV.

The sircoaium appear* to segregate at tb* top center of the ingot* 
when analysis wa* taken from a small area just below th* primary shrink 
pip*. It I* thought that thi* additional sircoaium is present ** sircoaium 
carbide* and/or streonium nitride* that *re rejected to *h« top center of the 
ingot on freeslng. It is also possible that they are pieces of th* thin skull 
which float* on th* melt ia the crucible and which fall into th* mold at the 
end of the pour and ar* trapped near the top center of th* ingot during 
solidification.
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There are not sufficient data available to draw any conclusions on 
the effects of segregation, but it is certain that the inteinal quality of metal 
cast into heated graphite molds is far superior to that cast into water cooled 
copper molds.

The crucible life of the Magnorite crucibles was only 1 to 2 melts. 
Failure started with cracks radiating from the drilled pouring hole, and 
spread from the outside bottom of the crucible up into the inside bottom. 
This caused several melts to leak through crucibles.

I:

The internal quality of the 1-1/2" diameter ingots cast into water 
cooled copper molds is somewhat better than that of those cast into 3” diam­
eter water molds. However, secondary pipe, shrink holes, and bright, smooth 
gas pockets have been found in ingots cast into 1-1/2" diameter water cooled 
molds. It is felt that the rapid pouring of these 1-1/2" diameter Ingots causes 
an excessively deep molten pool which bridges over by side cooling. It is 
hoped to improve this condition by going to a smaller pouring hole than the 
1, 2 diameter one now being used.

Crucible life of the high purity magnesia crucibles has been very 
poor when making the 1-1/2% Nb ♦ 5% Zr alloys. Every crucible was 
cracked or cracked shortly after it was removed from the furnace. The 
skull from these alloys is very adherent and appears to have considerable 
strength. This strong skull, along with its lower coefficient of expansion 
than magnesia, was the probable cause of the numerous cracks in each 
crucible. Thia alloy alao attacked the magnesia crucible during melting 
• nd caused considerable evolution of magnesium vapor so that the melt was 
continually boiling. While this probably aided in the solution of the niobiunv 
It caused the sight glasses to darken so rapidly that it was difficult to get 
accurate optical temperature readings. These crucibles had a life of 2 - 3 
melts when making the straight tirconium alloys at lower temperatures. 
However, there was still considerable evolution of magnesium and darken­
ing of sight glasses.

•*
• • • *«• •«

There is a new type of defect which has been appearing in a majority 
of the castings made in the 1—l/2" diameter water cooled copper molds during 
this quarter, it is a blowout or boiled out appearance at the top of the ingot. 
It is a shell about 1/1" to 3/16" thick, and 1” to 2 high, that stands on top 
of the ingot and appears to be quite porous. It is speculated that the ingot 
boiled up in the mold just after it was poured and that this shell was formed

The internal quality of the 3 diameter water cooled ingots was 
poor. Longitudinal sectioning of several ingots revealed secondary pipe 
and shrink which persisted down the central portion of the ingot to within 
1-1/2 of the bottom. The use of water cooled molds for 3" diameter 
ingots has been discontinued during this quarter, and all subsequent cast­
ings of 3" diameter ingots are made in heated graphite molds.
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2.

Zirconium Alloy* in Static Degassed Water at 360^C

Zr-7% Ti. 1 week Very poor

T itanium-l’J* Al in Static, Air-Saturated Water

TemperatureTime of Exposure

•it*

Zr-4% Al, 45 hour* 

Zr-7% Ti, 45 hour*

Corrosion and thermal conductivity test* have been made on some 
airconium base and titanium base alloy* as preliminary screening criteria 
for their suitability a* jacketing materials of high temperature strength.

Very good. The table below show* data obtained 
in successive run* with the same two specimen*.

93 
260 
260 
260 
260 
360 
360 
360 
360 .. .

Very poor

Fair; greyish coating 
over black oxide

186 hours 
330 hour* 
712 hour*

1 month
2 month* 
2 week*
1 month
2 month* 
1 month

♦ 1.22 
-0.61
♦ 0.124 
-0.02 
-0.06
♦ 0.263 

0.000
♦ 0.047 

0.000

Development of High Temperature Strength Zirconium and Titanium
Base Alloy* <K. F. Smith, H. H. Chi.wik)

The pickup of carbon and nitrogen in the melt* continue* to follow 
erratic pattern*. Generally speaking, remelting lower* carbon and nitro­
gen. Occasionally it doe* not help, and it is thought that these ingot* were 
not thoroughly cleaned of cutting oils and compound* when they were pre­
pared for remelting.

Weight Change 
(mg/cm1 -month)

.. r! .? .?•

by freezing of boiling metal. These ingot* have about the same internal 
and external quality after this top shell and the primary pipe have been 
cut off as ingots which do not exhibit this type of shell at the top. This 
defect appears erratically, and the present work to eliminate it is con­
centrated along the lines of more thorough cleaning of Faw materials. 
It is felt that some heavy hydrocarbon* remaining from cutting coolant 
are not completely cleaned from th* biscuit. It is speculated that these 
distill off from the metal during the heating process and condense on the 
cold mold. This condensate then is revaporiaed as metal is poured into 
the mold, causing the metal to boll.

- IF i: a • • •
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The thermal conductivities of these alloys were as follows:

45 5 0.020

46.5 0.031

44.2 0.022

• BT U/hr/ft'/*F/ft

• * H

Mean Test 
Temperature fC)

Zr-4% Al

Zr-7% Ti

Ti-8% Al

(4.9H

(?.4>-

(».4)»

Nominal 
Composition -

Thermal Conductivity 
(cal/crn*/ »ec/c/cm)

: : *> * :)J
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IV. BASIC METALLURGY

2. Deformation of Alpha Uranium Sipgle Cry ata La (L. T. Cloyd. H. H. Chiswik.
M. D. Odle)

Figure 1 shows a croaa section of layer* of uranium approximately 
0.5 and 2.0 micron* thick aputtered on a copper pin. The rate of deposition 
waa 0.03 micron per hour per ma of current. The process was intentionally 
interrupted for about a day to teat the adhesion of one layer of uranium to 
the other. In actual practice, the deposition will be continuous.

Feasibility testa are now being made Ln a specially designed appara­
tus. Several successful deposits of uranium on copper and on uranium have 
been obtained at about 20 microns pressure. The uranium cathode is a thin- 
walled. hollow cylinder. 1-1/4” high and 1-7/1' inside diameter. A 1/1' di­
ameter pin is located at its axis to receive the sputtered metal. Before 
sputtering, a copper cylinder is inserted between the uranium and the pin 
and is made anodic with reference to them. In this manner, any oxide re­
maining on the pin or the uranium cylinder is removed. The copper cylinder 
is then raised and the uranium is permitted to sputter onto the pin.

5R. W. Cahn. “Plastic Deformation of Alpha Uranium. Twinning and Slip." 
Acta Metallurgies. Vol. 1. No. 1. pp 49-70. January 1953.

An effort is in progress to make a direct determination of the self­
diffusion coefficient of uranium by using U*** as a tracer isotope. The 
method we have selected as most promising for achieving the necessary 
interface between isotopes is vapor deposition by cathodic sputtering in 
purified argon at low pressures.

The compressive deformation characteristics of eleven additional 
single crystals of alpha uranium have been studied. The directions of 
compression of these crystals, with respect to one quadrant of a (001) 
standard projection, are shown in Figure 2. The majority of these orienta­
tions were chosen to further plumb out the deformation mechanisms result­
ing from compressive loading at room temperature. Most of the orientations 
studied were designed to exclude or minimise slip on the (01 0) plane in the 
(100] direction by choosing directions that were nearly 90 degrees to these 
elements. Two of the directions were chosen in attempts to verify previously 
reported deformation mechanisms Crystal N eras oriented most favorably 
for slip on a (110) plane in a (11 Cj direction (slip system reported by Cahn) * 
and Crystal M was oriented such that maximum contraction of the crystal 
would result if irrational |l7bJ type twinning occurred (twin system reported 
in ANL-5036). J

: :•
... H ! :*

1. Self-Diffusion in Uranium (R. Weil. S. H. Paine)
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Crystal M was oriented for compression in a direction for which the 
formation of irrational ( 
traction. Notwithstanding

Also, all of these crystals showed (010) plane 
twinning sccom- 
ed were always

pne of the four irrational • 
0 ' planes.

The orientation of Crystal V was chosen with no specific deforma­
tion mechanism in mind, but generally to teat for the operative deformation 
mechanisms in this region of the standard projection. Three deformation 
mechanisms were found: slip on the (01 0) plane in the (100] direction; 
twinning on ^n« of the four irrational ; 172 planes; and twinning on one of 
the two 4 I Ji

S 176 * type twins would result in a maximum con- 
ng this, compression in this direction failed to yield 

the (1761 type twins, and deformation occurred primarily by slip on the 
(010) plane. In addition to the (01 0) slip, an irregular deformation trace was 
observed on one of the metallographic faces. The nature of this irregular 
type trace is discussed below in connection with its appearance in some of 
the other crystals where it could be analysed in better detail.

Four of the crystals studied (L. S. U and P) have orientations which 
lie close to the sone of poles connecting the (OOl) and (01 0) poles. The di­
rections of compression of these are all close to 90 degrees irom the (100] 
direction and therefore should suppress deformation by (O1O) plane - (100]
direction slip. All of these crystals showed deformation by the two | 1 3o\ 
type twins. Crystals U and P also exhibited deformation by two of the four 
irrational |172^ type twins. a_’__ „ _ ____
slip traces. This slip is believed to be the result of i 1 JO k 
modation within the parent crystal. The slip traces ibsefV 
in the vicinity of ( 1 30~| twins and especially near localities of impingement 
of the two twins of this system.

Cahn has reported, in addition to slip on the (010) plane in the [100] 
direction, a second slip system involving |11 0J planes and <110> directions. 
In our studies to date, no positive identification of the latter slip mechanism 
has been obtained. In order to teat its existence, a crystal was oriented such 
that compression would result in a maximum shear stress on a f110J plane 
and. in a <3 1 0> direction. Because of the orthorhombic crystal structure of 
alpha uranium, there are two directions that would be inclined 45 degrees to 
a (lioj plane and a <11 0> direction. The direction of compression of Crystal I. 
reported in ANL.-5234. very closely approximates one of these directions 
(3 degrees from the ideal direction). but no [lioj -<110>slip was observed. 
The second compression direction is 19 degrees from the (100]. 71 degrees 
from the [010] and 90 degrees from the (001 ]. Crystal N was prepared for 
compression in this direction. Three compressive tests performed on this 
crystal resulted in deformation by (010) plane slip only, even though it was 
relatively unfavorably oriented for deformation by this mechanism. The 
results obtained on Crystal N coupled with those for Crystal I indicate that 
slip on a (110) plane and in a <1 1 0> direction does not occur in alpha uranium 
when deformed at room temperature.
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Crystals O. T. R. and Q wars compressed in diractions nearly 90 de- 
graas from the (01 0) plana. These orientations should also minimis* defor- 
mation by slip on the (010) plane in the (100) direction; yet. in all cases this 
mechanism was not completely suppressed. Crystals O and T deformed 
primarily by kinking. In addition to this kinking. CrystalO also deformed 
generally by (01 0) slip, and Crystal T exhibited irregular deformation traces 
similar to those observed on Crystal M. Crystal R deformed primarily by 
(010) slip, and also showed irregular deformation traces similar to those 
observed on Crystals M and T.

: i- ?
it ..

Figure 3 shows a photograph of face A in the region of the distinct 
irregular traces. The appearance of the slip traces is typical of that re* - 
suiting from cross slip. Cahn reported the occurrence of cross slip in 
connection with (010) plane slip, but made no identification of the second 
slip plane. The present results indicate thia plane to be the (001). If thia 
is true cross slip, the slip direction for the (001) slip should be the same 
as that for the (01 0) slip, namely the (100] direction There is some cir­
cumstantial evidence that this is so. from the fact that the gross displace­
ment of one end of the crystal with respect to the other as a result of these 
irregular traces, especially as observed after the second compression, was 
in the general direction of the (10O). In addition, there was some asterism 
of Laue spots which would indicate a rotation of the lattice about the (010) 
direction. This is the type of asterism that one would expect from slip on 
the (001) plane in the [lOO] direction. It must, however, be pointed out that 
it was impossible to precisely solve for the rotation about the (010) pole 
because of the asterism of the spots resulting from the accompanying slip 
on the (01 0) plane in the (1 OO] direction.

Crystal Q resulted in a good example of the type of deformation in* 
volving the "irregular* traces. Low magnification observations of this 
crystal after the first compression showed a general roughening of the 
two metallographic faces and the presence of distinct irregular traces near 
the bottom compression face. At high magnification, each of the two faces 
showed two slip trace directions (Figure 3). One of these directions, on 
each face, appeared almost parallel to the common edge, was quite distinct, 
and was readily located with respect to the common edge. One-surface 
analysis indicated these two traces to have their origin in (010) plane slip. 
The other two traces were more difficult to locate with respect to the com­
mon edge. It wit, however, possible to take angular measurements of the 
trace directions which agreed reasonably well. Two-surface analysis 
(Figure 4) of these indicated that the (001) plane was the plane of slip. This 
was substantiated further by the following observations: The sides of the 
crystal were close to being (01 0) planes and contained rather distinct slip 
markings. Since one of the systems was identified as (010) plane slip, these 
traces could not be the result of that system of slip. One-surface analysis 
of the markings indicated that their loci of poles passed close to the pole of 
the (001) plane.

n f«* I IL 0
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Figure 3.

r
** * •

Micro #1529* Bright Field 250-X

■1

n>otogruph Taken frost Face A of Crystal Q 
After First Conpresslon in Region Rear 
Distinct Markings.

*•
X

1 , * la

I .

The right hand edge of the photograph corresponds to 
the cosuson edge of the crystal. Vote the faint Ir­
regular traces observed throughout the photograph and 
the distinct narking resulting froa slip on the (O1O) 
end (001) planes. The area best illustrating the 
existence of cross slip appears in the lower center 
portion of the photograph.
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1.

2.

3.

to 2 x 10

at 700°C for 3 day* 
at BOO’C for 24 hours 
at 900°C for 5 hours 

at 1000°C for 3 hours 
at 1100°C for 1 hour

• * -
♦

Transporting the melt quickly into the cold end of the furnace 
tube for rapid solidification.

Preparation of a uranium-carbon master alloy by melting high 
purity electrolytic uranium crystals in a graphite crucible for 
1 5 minutes at 1400°C. No attempt was made to attain equilibrium 
or to obtain a predetermined carbon content.

3. The Constitution of the Uranium-Carbon Alloys (B. Blumenthal.
B. G. Allen)

Additional evidence that the minor slip traces originate from (001) 
planes was found in the other three crystal* (M, R and T) that exhibited this 
type of deformation. One-surface analysis for all of these crystal* showed 
that the secondary slip trace directions had loci of poles that pass near the 
(001) plane pole. A higher magnification photograph (Figure 5) taken from 
Crystal T after the fourth compression showed the same type of cross slip 
traces observed on Crystal Q.

Three ingot* were prepared by this method in a vacuum resistance 
furnace. Their composition at the top, the center and the bottom are shown 
in Table V. No contamination by other elements above that of high purity 
metal occurred in these ingot* except for nitrogen; a few areas of high 
nitrogen concentrations were found.

Melting of variable portions of this master alloy together with 
more electrolytic crystals in a urania crucible for one hour at 
1400°C. This temperature is high enough above the anticipated 
liquidus temperatures for the total carbon to go into solution.

Alloy Preparation: Because of the need for uranium-carbon alloy* 
of more uniform carbon distribution than were obtained heretofore, the 
method of preparing these alloy* was modified to comprise the following 
steps:

Metallography of Uranium-Carbon Alloys: The first serie* of 
uranium-carbon alloy* having a carbon content of 250 and 500 ppm were 
metaliographicaily examined after annealing at 700° to 1 1 00°C in increments 
of 100*C. First the entire ingots were homogenized at 1 000°C for five hours. 
Specimens of 5 to 1 0 grams weight were cut from these ingots, carefully 
wrapped in tantalum foil, sealed in Vycor tubes (the 1 100°C series in a 
quartz tube) at vacua of 4 x 1 0“7 to 2 x 10“* mm Hg and suspended on a 
thin wire in a vertical tube furnace for these period* of time:
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Figure

Bright Field 5OO-X

: j

Micro #15*96

Irregular Traces and Croes Slip Observed on Crystal T. 
After Fourth Compression.

' /

The vertical slip lines are caused by (O1O) plane slip. The 
irregular traces are the result of (010) and (OO1) cross slip.
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Wnen the anneal* were completed. the suspension wire was cut and 
the sealed tubes dropped Into • bucket of water. The tubes were broken by 
an electromechanical device. This device consisted of a small lever that 
closed a microswitch when the falling sealed tube hit it at the bottom of the 
water bucket. The microswitch operated a solenoid which provided the 
power for a hammer -like arm to hit the sealed tube and break It. A second 
solenoid withdrew the arm after the blow so that the water would have un­
hindered access to the specimens. The device included a guide tube and 
was mounted on a horisontal plate resting on the rim of the bucket of water. 
Quenching by this device was better controlled than was possible by the 
normal method of hitting the sealed tube with a hammer after it has been 
dropped into the water.

! i!

Micrographs of this aeries of experiments are shown in Figures 6 
through 8. Figure b shows the micrestructure of an alloy of 500 ppm carbon 
after annealing at 70ff“C and water quenching. The throe days anneal did not 
suffice to form distinct precipitated particles; however, the Widmanstatten 
pattern* of binary grains indicate that the rejection of the solute from it* 
matria had commenced. How much of this phenomenon was caused by the 
change In solid solubility du* to the gamma-beta transformation and how 
much of it was perhaps due to the beta-alpha transformation cannot be stated 
at this time Anneals of longer duration ar* in process.

At 800*C an alloy with 250 ppm carbon showed carbid* precipitation 
in th* form of a very fin* network. Figure 7-a is typical of th* structure 
near the center ot the specimen. Th* amount of f rec ip I tat* increases aa 
one moves from th* center toward* the periphery (Figure 7-b) contrary to 
ex pec tot ton a if on* assumes the quench to be more effective at the outside 
than at the center of th* specimen. It ha* previously been observed that 
well quenched specimens form alpha grain of markedly irregular shape. 
Th* present series does not conform to this observation. It is possible 
that the technique of quenching several specimen* simultaneously may have 
caused this effect end that th* present serie* doe* not necessarily reflect 
th* structure of th* specimens st their heat treating temperature. Less 
precipitate is observed in th* center of th* 9OO“C annealed alloy (Figure 7-c). 
again with the amount of precipitate increasing toward* the edge (Figure 7-d). 
At 1 000*C very much precipitate is found at the edge (Figure 7-f). Its ir­
regular distribution extends to the center (Figure 7-e) which also shows 
fin* particles along the grain and subgrain boundaries at th* alpha phase. 
At 11 0(fC much of a second phase is found throughout th* specimen, appar­
ently in uniform distribution (Figure 7-g). at a carbon content of about 
250 ppm. This same second phase can be mor* readily resolved in allbye 
containing 500 ppm carbon, and at high magnification reappear* as * con­
stituent of the same color as th* primary angular carbid* inclusion* iFig- 
ures 8-a and -b',.

j:) J fl
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Uran 1 un-Carbon Alloy (B*»65) (500 ppn Carbon].Figure 6.

.•» ♦

Micro #15257 EXcrted 1OO-X

Uraal un-Carbon Alloy (B**59) (250 ppn Carbon].Figure 7.

Water Quenched from 8OO°C. Water Quenched fron 8OO°C.7-b.

1
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Micro #15551Etched 1OO-X 5O-XEtched

Center of Sped am. Corner of Speciaen.

•'k

■♦ a♦ • • •• *

•■ •

r < */’

Water Quenched from 7OO°C.
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Water Quenched from 9OO°C.7-d.

jr-jy
. A-

*
U?

v

-a

Etched 1OO-X Etched 50-X

Center of Specimen. Corner of Specimen.

7-f.

4 * -*7

I

Micro #15352 Etched 1OO-X Etcned 1OO-X

Center of Specimen. Edge of Specimen.

: :

-
Micro #15O*K>

ti

■I
Micro #15351

7-e. 
■M 
-2

• • • »» • •• • •

I
Micro #15553

5 -i

Water Quenched from 1OOO°C.

7-c. Water Quenched from 900°C. 

r Mb? 3 ■ ' Mb * I Ml

Water Quenched from 1OOO°C.

r ' 1 ,
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7-g.

3*

10O-X

Figure 8.

8-a. Water Quenched from 11OO°C.8-b.

O

t' A

Micro #153^9 Micro #15350Ab Polished 5OO-X As Polished 2000-X

Micro #15355 Etched
Center of Specimen.

%

t

Uranium-Carbon Alloy (&U61) [500 ppm Carbon] .

Water Quenched from UOO°C.

J

Water Quenched from 11OO°C.
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TAB LB V

Composition of High Purity Uranium-Carbon Alloys

Carbon in ppm
Melt No.

ANL Data Average

B492 Top 130. 140. 1O0 IS

Center 110, 103 113 <10

106. 102. 113Bottom 44

B493 Top 200. 200 22
Center 215. 222 204 11

205, 180Bottom 11

B497 257. 253 54

Center 245. 230 259 11

280. 289Bottom 13

Sample 
Location

Nitrogen 
(ppm)

No attempt is made at this time to interpret thene micrographs rel­
ative to the constitution of the u ran turn-carbon alloys. It appears that, at 
least at higher temperatures, the problem of contamination of the specimens 
from the Vycor or quarts tubes is not yet solved. A furnace for annealing 
in a highly purified helium atmosphere is being built. This furnace should 
eliminate the suspected contamination and also provide for a better quench 
than is possible by the present sealing and fracturing method.

•*: ”•
. .« ‘-.I

f: *:•: •::: : :
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4.

V, ' j 
•a

*100 cc perchloric acid
2000 cc acetic acid (glacial)

Heat Tmtmtnt and Microstructural; The aerie* of uranium- 
airconium alloy* (o.O9 to 2.5 *r/o Zr) discussed tn ANL.-52 34 have been heat 
treated isothermally at 400*C and 500*C for period* varying from 5 second* 
to 5 minute*, followed by water quenching. Specimen* were in the form of 
diac*. 1/2" in diameter ("a* rolled" sise) by 0.050' thick; solution treat­
ment wa* don* in salt at **OO*C for 2 minute*. Th* microstructural observa­
tion* may be summarised as follows (1) No differences exists in the 
mic restructure* of specimens held for 5 seconds and 5 minutes at 400* or 
500*C, suggesting that transformation probably occurs in less than 5 second* 
at either of these temperatures; (2) The microstructures do not differ from 
those obtained on direct quenching from th* gamma temperature*. Up to 
about 1 w/o Zr. the structure* consist of typical large grained alpha ura­
nium; at the higher airconium composition* (1.6 w/o and 2.3 w/o). a het­
erogeneous acicular structure is obtained which show* evidence* of beginning 
of decomposition on holding at 400* - 5OO*C for 5 minute*, a* illustrated in 
Figure 9.

Considerable peripheral inclusion segregation was noted in the speci­
mens with airconium contents above 0.21 w/o. a* shown in Figure 10. This 
segregation cannot be ascribed to the heat treatment*, since it w*s present 
in the “as rolled" rod*, and i* probably related to mold side-wall segregations 
in the casting*. The extent of this segregation is illustrated in Figure* I I-a 
and -b for the interior and periphery, respectively.

Nature of Epsilon Phase: Debye X-ray diffraction patters were objs- 
tained on alloy* containing 10 w/o. 30 w/o and 53 w/o airconium after v4rk<u* 
heat treatment*. Th* alloy* were prepared by arc melting airconium crystal 
bar and normal uranium plat*. The nominal 53 w/o Zr-U analysed 51.9 w/o Zr. 
142 ppm ritrogen. and 100 - 175 ppm carbon. After casting, th* alloys were 
Hot swaged at *OO*C to promote homogeneity, and water quenched after the 
last swaging operation. Sliver*. 1/1 b" square x 3/4 long, were cut and heat 
treated a* described be lew for X-ray analysis. Th* sliver* were cleared 
of oxide by grinding on metallographic paper* under water through *400 grit 
and pointed to less than 0.001' at one end with *600 grit paper in a pin vis* 
in a drill pre**. They were then electropolished for 1 -1/2 to 3 seconds in 
acetic-perchloric acid solution4* at SO volts (1 amp). Polishing resulted in 
very bright surfaces which were unattainable using the phosphoric acid solu­
tion generally applicable to unalloyed uranium. The sliver* were heat treated 
wrapped in tantalum sheet in a vacuum (10"*mm Hg) in Vycor tubing. After 
heat treating, the sliver* were again electropolished. X-ray diffraction 
pattern* were taken using a 114.5 mm diameter camera and filtered Cu Kfl 
radiation. In the case of the 53 w/o Zr-U alloy. X-ray diffraction pattern*

* •• * ♦ •< •♦ ** • *

The Constitution of Uranium-Zirconium Alloys (S. T- Zegler. H. H. Chiswik.
M. H. Mueller. S. Hayes)

• »e 
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Figure 9.

toripheral Inclusion Segregation.Figure 10.
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The heat treatment* Inc luded the following

annealed £4 hour* at M»o C and

t»UO' to I 0 bSZ*sou and

Qualtta •
the following tentative observation

1.

Z.

•»

I.

4.

a

5 Pattern* obtained at temperature* of 4MF. SOO and bOO C. ail 
contained alpha airconium and alpha uranium line*, or alpha 
urcomum line* only, pin* the ' extra line pattern.

and 711 C could be 
centered cubic gamma

Quantitative evaluation of the pattern* ha* n«»t yet been made, 
tlvely . however the following tentative observation* may be noted

Pattern* obtained at temperature* of bf»O 
identified a* the alpha airconium and body 
solid solution, a* would be expected from the equilibrium diagram.

I hour* and 1 week at 1 UOU C and water quenched.
Comma quenc bed as above and annealed for I week at M>U C and 
water quenc hed.
<camm< queue hed. cold worked 
water quenched.

a.
b

were also taken at elevated temperature*. The sample* tor the high tem­
perature pi< ture* consisted of a sliver similar to the one* described above. 
A vacuum of <•”* to IO*4 mm Mg was maintained in the camera during the 
heating, •thtch was suffn tent to prevent the oxidation of the sample surface, 
even after a number «• exposures.

A pattern obtained at a temperature- of bl 0*C consisted of alpha 
uranium and alpha airconium only. This result is not in agree­
ment with the presently available phase diagram.

n tempera'ure pattern* were taken at ■ 
WX.

Some »pe. imen* of the Meo Zr alloy quenched from the gamma 
phase yielded a body centered cubic pattern only which could be 
interpreted a* retained gamma, other »pec imen* however 
yielded the same body centered > ubic line* pluc extra line* 
which could not be ascribed to either alpha uranium or alpha 
airconium The reason tor th«* discrepancy is not clear. Mo ro­
se >>pic examination of this alloy (not the X-ray specimen/ in­
dicated a single phase (see Figure 1 it suggesting the possibility 
(hat the bodv centered cubic line* arise from the same phase 
causing the extra* line*

Spec imen* of the M w o Zr alloy quenc hed from the gamma 
cold worked and annealed at S«*O*C and waler quenched yielded 
alpha uranium lines, alpha airconium line* along with the extra 
line* pattern present in the "a* quenched condition (which in- 
c lode the body centered cubic lines).
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Figure 12.
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6.

1.

The " extra' line* pattern apparently constitutes the epsilon 
phase and was present in the gamma quenched 10 and 30 w/o Zr 
alloys.

• • ♦ a a
• ♦ • 4»»• a
• : f
• • •-

From th* result* of patterns taken at temperature. it would ap­
pear that the epsilon pattern can be formed from alpha uranium 
and alpha sirconium. Whether or not it can also be a direct de­
composition phase from the gamma solid solution is not certain.

*• • * • *H J •
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Zone Melting of Urtniutn Alloys (R. J. Dunworth, R. E. Macherey)1.

• * •

At constant power input, the tone length varies from 3/4" in the 
center of the bar to 1-1/2" or 2" at both ends. The transfer of heat from 
the molten zone through the uranium rod is considered responsible for this 
variation. A number of resistors are being installed in the field circuit of 
the motor generator to correct this difficulty. Eine voltage fluctuations, 
which also markedly affect the length of the molten none, are being correct­
ed by means of an electronic voltage regulator in the field circuit. The data 
from which the estimated speeds were obtained were single passes. With 
more passes and a better regulation of sone length, a greater accuracy in 
the determination of the effective "k" can be expected.

The analyses are listed for six zone melts in Table VI. All the rods 
were 15" long and 0.625 in diameter, fabricated from the same billet, melted 
in an AlxO) boat (Norton RA98), with no wash, in a vacuum of about 0.001 mi­
crons. and were given one pass al the speeds listed, it may be noted m ZMI6. 
ZM17. ZM20. and ZM24 that tl.e carbon separation is about the same. The 
fastest speed, 1" per hour, was chosen for carbon removal. The movement 
of boron, iron, and silicon in ZM16 and ZM17 is more complete than at faster 
speeds. Other data (not listed) for movement of airconium and vanadium in 
2 alloy rods also show improved solute transfer at the alower speed. The 
speed of 1/4 per hour was chosen on the basis of these data. The fact that 
the metallic solutes are present in low amounts with possibly greater diffi­
culties in analysis makes the optimum speed dete rmination less accurate. 
Castings are being made in which the solute concentration will be 500 ppm 
to circumvent this factor of error.

The zone melting of uranium rods described in the previous Quarterly 
Report. ANL.-5234, has been continued. Since the early estimates of the speed 
at which the molten zone should move through the bar were greatly in error, 
the main emphasis has been to find the proper speed for obtaining the most 
effective "k* values. The ratio of the solute concentration at the solidus to 
the solute concentration at the liquidus is "k.“ The effective "k" is the 
apparent ratio actually obtained in a certain experiment. The data of the 
last melts indicate that, within a factor of 2 or 3, a speed of 1” per hour 
i* suitable for carbon movement and 1/4" per hour is suitable for move­
ment of the metallic solutes, such as iron, chromium, nickel, etc. The 
uncertainty in these values results from the following factors that make 
the effective “k" less efficient than the theoretical **k“ which may be cal­
culated from the phase diagrams: (1) the diffusion rates of the solute in 
molten uranium and solid uranium; (2) the degree of the thermal and 
magnetic stirring; (3) the irregularity of the solidifying interface, (4) the 
length of the molten zone, (5) the speed of the molten zone, and (6) phase 
diagram uncertainties.

V. APPLIED METALLURGY
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From phase diagram calculations, aluminum and silicon have a "k“ 
of 0.1; chromium, iron and manganese. 0.1. copper, niche! and lead. U.Oi. 
The good movement of chromium, iron and nickel substantiates these values. 
The values for aluminum, boron, and silicon are probably high due to con­
tamination from the alundum boat which contains 10^> SiOa. A MgO wash 
used in earlier melts prevented aluminum contamination but the wash was 
attacked by the uranium. A ThOa wash was used on the boat for Zbttl. 
The aluminum, boron and silicon contents are lower than in 2.M17, which 
was made at the same speed in an unwashed boat.

The sone melting process will certainly produce uranium metal of 
higher purity than presently available. It has a definite value in determining 
eutectic compositions and approximate limits of solid solubility at the eu- 
tettc temperature. For example, eutectic diagrams are formed by carbon, 
nitrogen and boron with uranium. The actual eutectic composition will be 
determined when a constant concentration is obtained over a definite length 
of the rod. The concentration will not change because the value of *k* 
becomes £ at the eutectic composition. For this work, feed material con­
centrations near the eutectic value and/or both sides of the eutectic should 
be chosen. The eutectic composition for carbon in uranium io approximately 
bOO ppm. as determined by one sone melting experiment. The removal of 
fission products and concentration of plutonium would appear to be more 
promising if the speed sone travel could be increased. Some form of 
thermal, magnetic, mechanical or vibratory stirring in the molten sone 
might allow a faster speed. A direct current applied to the bar might in­
crease solute movement ia the molten sone. Certain experimental data 
are required for each application of sone melting before the process may 
be considered competitive.

I - • •
* * . •

Ln Table VL1. the analyses for ZM9 and ZMIO are listed. These 
melts were made from the same high purity starting billet and were given 
IS and 20 passes, respectively. The melting was done, however, at rela­
tively faat speeds and the lack of theoretical separation ia evident. MgO 
wash was used on the boats and no pickup of aluminum or s.licon was ob­
tained. Carbon m the first two sones of ZM10 amounts to 1/5 of the amount 
originally present. If the proper speed had been used, the carbon content 
should have been 0.2 ppm instead of 20 ppm. The value 0.2 ppm is esti­
mated using an effective “k* of 0.5 and 15 passes. Boron, chromium, and 
iron were removed to below spectrographic limits. It may be noted that 
some nickel was found in the last none when the feed bar analysed <5 ppm. 
A method is indicated of concentration and finding elements initially pres­
ent below analytical limits.

• • a a * » ■ • • • * *
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Thermal Cycling of Canned Uranium Slugs (K. F. Smith, H. H. Chiswik)3.

4. Effect of Irradiation Upon Uranium-Zirconium Alloys (J. H. Kittel. 
F. Pausche, R. J. Fousek, S. H. Paine)

Diffusion coatings (£USix) of silicon in uranium have been produced 
by immersing uranium specimens in hot NaK alloy containing dissolved sili­
con metal.

Irradiations in the MTR of 10% enriched uranium alloys containing 1 
and 2 w/o zirconium have continued, and total atom burnups as high as 5.3% 
(45,000 MWD/T) h ave been produced in specimens returned for examination.

To determine the can thicknesses of stainless steel necessary to 
restrain deformation of uranium slugs cycled into the gamma region, eight 
capsules were made with a wide range in wall thicknesses. Slugs of beta 
treated uranium, 3/8' in diameter and 1 long, were wrapped in zirconium 
foil and enclosed in Type 347 stainless steel cans with wall thicknesses vary­
ing from 0.013" on the thinnest to 0.047" on the heaviest capsule. The ratio 
of clad to core cross sectional area here represented is a range of about 
1 5 to 60%. The wrapping in zirconium foil served to avoid reaction with 
the stainless steel which would otherwise occur at the high cycling temper­
atures. The excess volume in the cans is estimated at 6 % and was sufficient 
to allow the slugs to be free and "rattle” prior to cycling.

Lines carefully scribed on the outside surface of each capsule allowed 
22 separate measurements of length and diameter at different points by means 
of a microscope comparator. Although changes in dimensions of 1 % should be 
readily measured by this means, after 150 cycles in a sodium autoclave from 
100“ to 800°C/~no deformation as great as 1% has been observed. After 15 
cycles, it was observed, however, that the slugs were no longer free to move. 
In this test, the heating time is approximately three minutes, the cooling time 
approximately sixteen minutes, and the holding time at temperature is zero.

The corrosion resistance in boiling distilled water has been disap­
pointing. Some improvement is shown during the first few hours of test, 
but local pinhole attack soon permits undercutting with consequently large 
losses in weight, and the ultimate loss of the coating.

Coating thickness increases with increasing silicon concentration, 
temperature, and time. Heavy coatings crack and have a strong tendency 
to spall. Adherent coatings have been reproducibly produced when the coat­
ing variables have been adjusted for the production of thin layers.

2. Siliconizing of Uranium (C. Marzano, R. A. Noland)
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5.

6.

7. Effect of EBR irradiation Upon Typr 347 Stainless Steel (W. F. Murphy, 
S. H. Pained A. C. Klank)

Some of the modified Type 347 stainless ate el material used In con­
struction of the Experimental Breeder Reactor was fabricated into tensile 
specimens which were intended to monitor the radiation damage history of

Cooperative Study Between ANL-BM1-KAPL on Stabilised Uranium 
(J. H. Kittel, F. Pausche, R. J. Fousek. S. H. Paine)

Observations have been limited, however, to specimens which have shown 
promise, based on earlier irradiations. Of these, the cast 2% alloy appears 
to be best. In Figures 13 to 15 are shown specimens of this material examined 
this quarter, and it can be noted that relatively good surface smoothness and 
dimensional behavior are shown by this material. Figure 16 summarises 
the effect of irradiation on the lengthwise dimensions of specimens of the 
cast alloy, and in Figure 17 are shown density changes. It is of interest that 
the cross section of the specimens increased at almost the rate of the length 
change, indicating that the growth rate is resulting largely from inherent 
volume changes due to the accumulation of fission products in the lattice.

• . * * * ** *
: J s

Effect of Irradiation Upon Uranium-Niobtum Alloy (J. H. Kittel. F. Pausche, 
R J. Fousek. S. H. Paine)

Irradiations were begun this quarter on uranium alloys containing 
1 and 2 'J'/a Zr, 0.1 and 0.4 w/o Cr, and on unalloyed uranium supplied by 
BM1 and KAPL. Sufficient data have not yet been obtained to evaluate the 
alloys, but early results disclosed an unexpected irradiation effect. The 
as rolled and annealed uranium-sircomum alloys containing normal amounts 
of carbon (100 to 500 ppm) had been found to show exceptionally large growth 
coefficients on thermal cycling, up to 1200 microinches per inch per cycle. 
Under burnups of at least 0.04%, however, the material was found to shorten 
under irradiation, at rates of about 150 microinches per inch per ppm burnup. 
Other preliminary data on both the sirconium and chromium alloys indicate a 
lack of correlation between thermal cycling and irradiation dimensional changes.

Recent work by J. E. Draley has shown that gamma quenched uranium 
alloy containing 3 w/o Nb has relatively good resistance to corrosion by hot 
water (ANL.-5078). In order to determine the effect of irradiation on rolled 
and heat treated material, a group of specimens was irradiated in the MTR 
to total atom burnups up to 0.15%. Figure 18 shows a typical specimen after 
irradiation. The appearance of the specimen before irradiation is similar to 
that shown in Figure 13. As can be noted, this alloy is unstable in the rolled 
and heat treated condition. Based on results obtained with other alloys, 
castings would probably show better dimensional stability under irradiation.

*•*nr
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Figure 13.
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Before Irradiation.
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Effect of 1.6> Total Atom Burnup (1*,OOO MJD/T) oa 
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Figure 18.
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the structural mate rial ot ths reactor in order to obuin data on a vertical 
traverse of fuel and upper and lower blanket region*, and to observe the pro­
gressive change* in properties due to tlux and temperature gradients, a 
special notched specimen design was developed. The notches are circumferen­
tial groove* spaced every 5 8 along a thtn cylindrical rod 0.1 SO' in diameter. 
Notch radius is 0.010 . and diameter oi the gauge formed is 0.095 Eighteen 
of these specimen*, in a hexagonal array fill a rack in a dummy fuel rod which 
is perforated to allow the reactor NaK to act as a heat transfer medium. In 
a complete traverse ot the specimens, 27 tensile values may thus be obtained, 
no two oi which are -subjected to the same temperature and flux conditions.

NAA-SR-ZR7, F. E. Bowman rt al, "Cyclotron Irradiation Damage of 
Thorium, Stainless Steel and Zirconium,* April 1, 19*»4.

The maximum hardening effect at approximately 2 5O*C and at 
1.8 x 1«'° nvt has increased the tensile strength 17.000 psi and the hardness 
4 Roc kwell A point-, lor each tenfold increase in exposure. A plot ot prop­
erty versus log nvt is linear, tending toward saturation but not having reached 
it as yet A comparison of the hardness behavior with work reported by 
Bowman * on SS-147 bombarded by 18 Mev alpha particles at -1OO*C shows a 
surprising empirical agreement which, it real, indicates that saturation may 
occur at IO*1 nvt

Irradiation ot these specimens took place at the outer edge of the re­
actor fuel core Te sts have been run after various intervals which have 
integrated a fast nejtron flux as high as 2 4 x 10** nvt. It was anticipated 
that the maximum induced hardness and tensile strength changes in the 
material would not coincide with the flux maximum because of temperature 
rise in the pil— coolant during traverse of the fuel. Data show this to be true, 
maximum hardening occurring in the lowest quarter of the fuel length where 
temperature I* at a minimum.
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AQUEOUS CORROSION

1.

2.

I

: i

In the initial stag** in the intergranular attack of aluminum in waler 
and dilute solution*, small blister-ilka protube rance* ar* formed on the metal 
surface. These usually consist of a mixture of aluminum and aluminum ox id a 
when examined. Continued exposure of th* sample* to the environment cause* 
a rapid increase in effective corrosion and sample* rapidly lose strength.
It is suggested that this blistering attack occur* through the following sequence 
of event*.

Test* reported last month at 250* and 2?5*C with potassium dichro­
mate and sodium silicate as inhibitor* at a pH of 1.5 have been concluded. 
At both temperature* an intergranular attack set in before the termination 
of the test*. The silica addition was apparently successful in delaying the 
onset of such attack over what would have beer observed in it* absence, 
but did not eliminate it. It ha* consistently been believed that metal which 
suffer* this type of attack i* unsatisfactory for a practical application. Al­
though relatively low concentration* of sodium m*ta*ilicate ar* observed 
to delay such attack, it is not believed desirable at this time to investigate 
the addition of greater concentration*. At 100 ppm SiOt the test system* 
became plugged by the deposition of a silicaceou* material.

Examination of new data, available since the last quarter, ha* re­
sulted in a change in our opinion concerning what i* indicated for the 
phenomena taking place during th* initial stages of th* corrosion of alu­
minum in distilled water. In th* last Quarterly Report (ANL-5254) it was 
stated that approximately one-tenth of th* corrosion product was continuously 
lost to th* solution This is no longer believed to be true but rather than a 
considerable fraction of the product of corrosion i* lost to th* solution in 
th* first half-hour of exposure. Subsequent to that time no measurable 
amount of corrosion product is lost. It i* indicated that at least one-third 
of the corrosion product which is formed m th* first half-hour doe* not 
remain on the sample surface*. Further corroboration of the point and 
mor* quantitative information will be forthcoming. The reaction* taking 
place will undoubtedly be important in explaining th* rather large amount 
of corrosion which take* place during th* initial exposure period of alu­
minum. even though th* ultimate corrosion rat* may be quite low.

Corrosion of Aluminum in Dilute Aqueous Solution (J. E. Draley.
N. Williams)

High Temperature Aqueous Corrosion of Aluminum (J. E. Draley.
W. E. Ruther)
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support hole, drilled alt* r the mi 
gain for the period was 2.2 mg/cm' 
first four days.

Based on these preliminary results, long time corrosion rate studies 
were started using nickel ion. A test of 50 ppm Ni** - pH 1.5 - 275*C was 
abruptly terminated when a preheater tube plugged with a hard precipitate 
(as yet unidentified). Another test using 5 ppm Hi** (no pH adjustment) has 
been operating for 15 days. Unfortunately, an error in setting the tempera­
ture controlling equipment resulted in operation at 20FC. so that the ex­
cellent behavior observed is not good evidence of the effectiveness of the 
nickel ion.

A proton penetrates the protective oxide layer and is reduced at the 
aluminum metal surface (local cathode). As atomic hydrogen it can then 
either diffuse back through the film or into the aluminum metal, depending 
on the temperature, film thickness and porosity. If the metal contains any 
internal cavities, the atomic hydrogen diffusing into these caviUei combines 
to form hydrogen gas under pressure. The strength of aluminum is low at 
the temperatures considered, thus the metal yields and a bulge is formed 
on the surface. When this blister breaks, water is admitted to fresh metal, 
producing more hydrogen, and the process is self-accelerating.

Simple experiments were performed to test these methods. To pro­
vide “local cathodes* other than the aluminum metal, reducible metal ions 
were added to the test medium. Fifty parts per million solutions of various 
cations were adjusted to the same pH using sulfuric acid or potassium hy­
droxide. Freshly prepared 23 aluminum sheet samples were corroded for 
48 hours in the degassed solutions at SO(FC. The results obtained are shown 
in Table VIU.

Assuming that this explanation is correct, there are at least two 
methods of retarding or eliminating this type of accelerated corrosion. One 
is to provide “local cathodes* of a material (preferably of low hydrogen over­
voltage so that nearly all hydrogen formed will be at such cathodes), located 
so the liberated hydrogen is free to diffuse away into the electrolyte. The 
other method is to provide aluminum metal which is essentially rift or 
cavity free.

The appearance of the samples correlated with the weight change 
data. The specimens with small weight changes had smooth, adherent films 
over most of the surface with isolated microscopic dendritic growths of a 
material which glistened in a metallic fashion under the microscope. The 
appearance of these growths formed prirtckel sulfate solution is shown tn 
Figure 19. No blistering was evident on the samples in Co**. Cd**, and 
Ni** solutions. This protection front blistering was not a short time effect. 
A sample was tested in 50 ppm Co** solution at pH 5.0 for 24 days at JOlfC. 
At the end of the test period the only blistering tn evidence was around a 

mple had been annealed. The total weight 
of which about half was acquired in the

• • a
• • •♦ •
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Judging by th* color. 
Th* over-all *ppr«r-

Tbe se« ond suggested method of blister rhmin*ti<>n Iwound meUl) 
ha* hern partially investigated. A pie« * of 2$ ilutninum was vacuum melted 
(IO”' mm. TOO'C) and cooled slowly through th* solidif ic at»«n temperature. 
On* pie. * of this irgcvt (a lube 1*1*1 . m) wa * oimprrtsed flat in a te>>lih|£ 
ma<hine by a 100.000 pound load, 
sample 
aample* was mad* tn distilled waler at JOO C. 
tn Table IX.

Thia *a» done to provide a cold *«rhrd 
A comparison test of th* vacuum caat. « <>mpre*«ed and control ZS 

Th* weight gams ar* »hown

Certain other eiploratnry eiperimenta have been performed. One 
serie* con»i*ted of short term tests tn whi< h ZS aluminum sheet -.ample* 
were used and th* pH varied to determine the rang* of minimum attach. 
The result* m Table X indicate that at temperahare* in th* rang* ZOO to 
JOOC the least attach (for short exposure*) occurred at pH 1. Note that 
when potassium sulfate waa added m quantities sufficient to have the sulfate 
ion concentration equal to that of a pH J sulfuric acid toluUon. relatively 
little difference tn corrosion from that in distilled water wa * observed.

A no th* r away to prevent the formation of hydrogen at the sample sur­
face is to make th* entire sample anodic by an external polarising current. 
This experiment was performed in a large autoclave with electrical leads. 
A 20 e* cm1 polarizing current wa* applied between the sample and a stain­
less steel count*relec trade. One anodic, one cathodic and on* control (no 
current) sample* were tested 4 hours at 12*8*0 «n degassed distilled water. 
Th* amount of aluminum corresponding to the electricity passed is a trivial 
part of the weight change.

Th* result* were m accord With the proposed mec hanism. The blister­
ing was essentially eliminated (except for a few. small one* - maximum 
height 0.00) ) on the anodic sample. In this case the cathodic reaction 
(hydrogen) wa* assumed to take place at the stainless steel counterelec trod*. 
With the current reversed, several strings of large protuberances about 
0 ObO maximum height, a* well a* several isolated blisters formed. Th* 
control sample had four large blisters and thus was intermediate between 
the anodic and cathodic

the end of th* tub hour lest, 
after I 12 hours exposure, 
grey than th* 2S control. 
nt blistering

In Figure 20 ar* shown the aurfa* es of the 2S control spec imen at 
and of on* side of the vac uum ». aat *pe< i*o*n 
The bulk of the latter surface was a much lighter 

Note the segregation of impurities and the absence
On much Of the other side of the same sample the segregated 

impurities resulted in th* lortnation of numerous pits, 
the material corroded in these areas was rich in iron, 
an. e of the compressed specimen wav very similar to th* as cast sample, 
but the eurfac e »hr»wed a large number of small blister*.
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F A B 14. VIII

Corro'«'« of ZS Aluminum at IOO C

Comment «Solution •

SO ppm C«’“ no

SO ppm Cd**

AO ppm Mi* light

• ♦SO ppm Sn

SO ppm Cu*‘

SO ppm Pb»* f <T W

4.1

pH 4 
pH 7

Weigh' Ciam 
(mg, cm*) 

ir 4M Hout Tent

O.bO
0.7*

N*» blister 
<«■*• y.

Blue Him 
bli »tet *.

l ight blue 
blls'e r «*.

0.74
O.bb

o.7e 
o ’i

it.Ml
I 1Z

pH 4 
pH 7

pH 4 
pH 7

Dark grey 
bll .ter s

pH 4 H^SO,
H»PO.

O *»1 
•*. Teat 

(Pm ipi'a'a formed)

0.4S 
Mo Teat 

(Pm ipctate formed)

A teat uairig high purity aluminum wa» perlormed t*> drterm.ne it 
the attack proceeded by biiatermg tai the ab»en< e of impuritie». The teat 
wa* performed at IbU’C in deganed diatiiled water. By 4 J hours the sample 
a ho wed ridge# of mined oxide and metal with ui c a * ion* 1 bulges open at the 
top like miniature vokanoei Thia continued to be the pattern of i.>rro-.ne 
atta* it. By the end of 1 IS hour* the oxide coating waa eery heavy. Some 
flake* of oxide were noted tn the autm lave and more could be removed by 
gentle brushing <»f the sample. |n the early eaammation* the coating «»n the 
cample waa dark grey. By 1 *S hour* the oxide on the «.pe« mien ,wa * lighter 
tn color and the flaked oil oxide waa completely white. The results are 
thus tn line with thoae of other inve * tigator * (notably I a Vigne at Chalk 
Rirrrl who report increasing >u*c ep’ibility to intergranular attack with 
increaung metal purity.

O»?-*r«»i *pe< tmen*. 
badly Wintered.

pH 4
pH ’

pH 4
pH 7

•Solution* were made up gang the sulfa ?e «»| rhe required cation 
e«. ept for PMNO.)r

pH 4
pH 7

Few n«h r<< o >,pi« bit ter*.

Few mu r<> • opi. bh trrs.
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TABLE IX

Corrosion of 2S Aluminum at 300“C in Degassed Distilled Water

f

CommentsSample

No blisters1.9Vacuum Melt - As Cast

Few small blisters.2.5Vacuum Melt - Compressed

2S Control Badly blistered.7.5

TABLE X

pH (H2SO4)

0.510.591.32

0.190.1 6 0.073

0.36 0.230.1 84

0.360.420.255

0.60*0.470.256.5

(Distilled)

SO4 cone, s pH 3 0.57b.3

Weight Increase 
(mg/cm') 

in 66 Hours

2OO°C
48 Hours

300"C 
6 Hours

250’ C
20.5 Hours

Corrosion of 2S Aluminum as a Function of pH. 
Aluminum Metal Corroded, mg/cm'

♦Calculated from weight gain - sample could not be effectively 
stripped due to blisters.



55

Hickel Growth on 2S Aluslnua at JOO°C.Flexure 19.

Exposure:

Micro *15**6 ?«O-X

<

* *

hours in MiSC\ (50 ppe Hi** 
adjusted to pH 7.

• *•
. n.?

r- •
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Figure 20.
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Mechanism of th* Aqueoujt Corroiwn o( Zir<onnMn (X. D. Misch)1.

current density
Further study

Th* resistance was found to increase with decreasing 
with indication of some sort of breakdown stove 0.02 pa/cm . 
of the phenomena involved in th* dependence of resistance on current density 
is under way.

It is believed either that only s thin portion of the film was acting a* 
a barrier, or that dielectric breakdown eras occurring. U the second hypothesis 
is correct, then a true measure of resistance can oaly be found at current 
densities low enough so that th* voltage across the film doe* not exceed the 
breshdown voltage. Experiments were therefore conducted at 0.01* aa/cm* 
for specimen* with a Z volt film. Again no particular correlation we* found 
with corrosion resistance of the sample*. In this case the average resist­
ance was found to be 1.4 a 10* ohm* cm4. It is interesting that th* resistance 
observed is th* right order of magnitude to be a limiting factor in th* cor­
rosion rat*.

Anodic films were applied to several samples la two standard thick­
nesses one in which th* anodising voltag* was increased to Z volt* and held, 
the other tn which th* voltage applied was 50 volts. The anodising solution 
was I w/o KOH solution at room temperature. This method of applying 
film* can be regarded a* one which can reproducibly provide film* of known 
thickness Th* data of one serie* of measurement* ar* given tn Table XI.

Th* sample* from the bottom of the ingot, which were examined first, 
showed a large variation in resistance which appeared to correlate with 
corrosion resistance. However, this relationship now appear* to have been 
fortuitous. Two further sets of data were obtained under th* same condition* 
and the correlation was not produced. If those measurement* which Indicate 
aero resistance (believed due to one or more defect* in the film) are dis­
carded. th* average of the remaining resistance* is approximately 950 ohms/cm* 
of the exposed surface for the anodised film* applied at Z volt*, a* well a* 
those applied at 50 volt*. It la evident that th* thicker film did not propor­
tionally increas* la resistance, as wo a Id b* expected from an ohmic conductor.

One of the possible way* that the oxide film formed on air«.onium 
tn water can limit th* corrosion rate la by providing a high resistance to 
th* necessary passage of electron* through It from the metal to the solu­
tion interface. Attempt* to measure the resistance of such films on piece* 
of sirconium have been made by Immersing suitably prepared sample* In 
mercury and measuring d.c. vol tag*-cur rent relationship*.

SMS •• • ♦
• a • os• * • • •
• • «p « 4 e *
*4 • *'* •
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TAflCE XI
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4. Aqueous Corrosion of Magnotum (R. D. Mitch)

5. Aqutout Corrosion of Uranium (W. E. Ruthcr, G. Drag el)

One test was performed at 1 50*C under essentially stagnant conditions 
using pH 10 (KOH) oxygen-saturated solution. The magnesium had disinte­
grated by the end of four days.

The test was repeated for alloy FS-la with tn« entail continuous 
addition of fresh solution in an effort to maintain original pH. It was sus­
pected that the drop in pH in the first tests seas due to air leakage into the 
system. In thia case the solution pH diminished from 10.0 to about 9.7. and 
in this case the flow rate was 17 feet/second as compared to 20 feet/second 
in the first two tests. The data are presented as one of the top curves in 
Figure 21, along with a fourth teat in which the solution was saturated with 
helium to provide an essentially oxygen-free test. Apparently there was 
no significant difference between the behavior of the samples in oxygen- 
saturated solution and that in helium-saturated solution. Corrosion rates 
subsequent to the first ten days were of the order of 1 5 mg/dmVday at 
pH slightly below 8.5 and 20 feet/second. 25 mdd at pH 9.7 and 17 feet/ second 
flow rate.

I ’ :• w

Four testa have been run at 90*C in recirculating systems in which 
magnesium alloys have been exposed to dilute alkaline solutions. In all 
cases four samples were placed in the glass sample holders and removed 
one at a time. Each sample was then stripped of corrosion product in hot 
chromic acid solution. The weights of the amount of metal corroded for 
the various exposure times were thus available. In all testa the potassium 
hydroxide solution was made up to pH 10.0. since tests at lower tempera­
tures had indicated this to be the pH of the solution which magnesium will 
maintain by the corrosion process. In the first two tests, no special pro­
vision was made to maintain the pH of the solution. A small amount of 
solution was added as required to maintain the water level in the system. 
In these cases the pH diminished rather rapidly for the first several days 
and then more slowly, reaching a value of the order of 8.2 at the end of 
the twenty-day test. Data for these tests are shown as the bottom two 
curves in Figure 21. Two alloys were tested, one the commercial FS-la 
alloy, which contains typically 2.7% aluminum. 0.3% manganese. 1.0% sine. 
The other alloy used was s special AEC hign purity aluminum alloy of 
magnesium. It contained 2.7% aluminum, and all other impurities were 
held at an unusually low level. It is observed that corrosion increased with 
time of exposure for both alloys. The difference in behavior between the 
two is unimportant.

.♦ «.•

The corrosion rate of natural uranium (Lx>» Alamos Ingot 547) was 
determined in boiling distilled water after heat treating at 1 000“ C for six 
hours in vacuum. A value of 2.8 milligrams/cm'/tour (meh) was obtained.
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Corrosion Resistant Uranium Alloy* (J. E. Draley. W. E. Rather)6.

TABLE XII

Effect of Niobium Additions to Uranium-5 w/o Zirconium Alloy

Alloy

H288 (0.51% Mb ♦ 4.90% Zr) Disintegrated

H289 (1.06% Nb ♦ 4.05% Zr) Di a in teg rated

H290 (1.47% Nb 14

H31 1 (2% Nb ♦ 4.00% Zr) 15

I

-

n

All percentage* ar* by weight, 
turned a milligrams/ cm1/day.

corrosion from aero time.
weight losses versus time.
sected the abscissa at 0.25 day*, indicating the length of time required to 
build up to the steady state corrosion rate.

A serie* of uranium alloy* containing nominally 5 w/o airconium 
and various amount* of niobium were tested in degassed distilled water at 
300*C. All alloys were quenched in liquid Wood's metal after one hour in 
vacuum at 1000"C. The corrosion observed is shown in Table jyi.

It ia indicated that more than 1 % niobium is required to produce corrosion 
resistance, and that small additions beyond 1.5% do not improve the cor­
rosion resistance. Previous testing of samples containing amount* of 
airconium in the vicinity of 4% with 1-1/2 to 2% niobium ha* shown an un­
satisfactory corrosion resistance. Thu* it appear* that a minimum of about 
5% airconium and 1-1/2% niobium should be specified to produce an accept­
ably corrosion resistant alloy.

Average Corrosion Rat* 
(72 Hour* in Water at 3OO"C) 

med^1)_

This supersede* the value of 1.8 meh tentatively reported last quarter. The 
difference is the result of treatment of additional data. Lui st quarter one 
sample had been corroded for 96 hours, and th* rate given assumed linear 

The new rate eras calculated from a plot of three 
A straight line drawn through the data inter -

From the behavior of some old casting* in this alloy serie*, it was 
suspected that the presence of silicon la deleterious to this type of corrosion 
resistant alloy. Half of a casting of nominally 1.5% Nb - 5% Zr alloy was

♦ 4.81 % Zr)
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0.18% St
0.37% Ni
0.74% Sr

Nb 
Nb ♦ 
Nb ♦ 
Nb ♦

H273
H279
H281
H282

Alloy and Nominal 
Compo a t tton*
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TABLE XIII

Corrosion Teat at 3

wp

I

: t

Effect of Silicon Addition on the Corrosion 
of 1.5% Nb-5% Zr Uranium Alloys

Average Rate After 
Quench from 800"C 

(med)**

Average Rate 
(Quenched. Then Aged 

50 Hours at 35O“C) 
(med)

Di sin teg rated 
Disintegrated 

290
14

7.4
342

Sb 
25***

TABLE XIV

O(TC in Degassed Distilled Water.

recast with 300 ppm silicon added. From the data in Table XIII. it is clear 
that this amount of silicon is harmful to this alloy. The concentration of 
silicon in casting H272 is that normally present as an impurity in the con­
stituents used in making this alloy.

A series of uranium alloys based on the 3% niobium composition 
was made containing ternary elements added to the extent of 20% of the 
atom per cent of niobium in the alloys. The results of the corrosion tests 
of such materials are ihown in Table XIV.

•H279. 281 and 282 made by adding indicated amounts of Si. Nt. 
or Sn to H273.

••med » milligrams/cm*/day.

•••One as quenched piece marked as H282 disintegrated. A sample 
mtxup tn machining is suspected since a rechech has given the 
indicated rate.

As Quenched Alloy

H272 18

H277 Di sin teg rated1 .44 % Nb ♦ 4.90 % Zr 
0.03% Si

1.48% Nb ♦ 4.70% Zr
0.003% St

Average Corrosion Rate 
‘72 Hours - 300’C) 

Milligrams/cm*/day

w
 w

 w
A 

1*
*1

*
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TABLE XV

Corrosion Test (300“C)
Aging Treatment*

Average Rate (med)Time of Teat (hours)

375*C - 24 hours

400*0 - 24 hours

18572• 24 hours

72
205

17 
£s*entislly 

Disintegrated

14

Effect of High Temperature Aging on Corrosion Resistance of 
Alloy H282 (3% Nb-O.61 % Sn)

73 ••
1 39

An additional alloy containing 0.35 w/o iron was made but not tested siaace 
it split on rolling and cracks extended through every uaful piece. It is 
apparent that only the alloy containing tin showed corrosion resistance com­
parable to that of the basic 3 9* niobium alloy, and furthermore, that thia alloy 
had considerably more resistance to the harmful effect of aging at elevated 
temperature than did the niobium binary alloy. A further series of tests 
was made to investigate the ability of the tin alloy to withstand higher tem­
perature aging. The results are shown tn Table XV. Samples of the same 
rolled casting whose results are described in Table XIV were used in this 
aeries of tests. The composition is given as 0.61% tin in Table XV. since 
chemical analysis showed approximately this value for the top and the 
bottom of the casting.

The considerable resistance tn aging at 4OO*C is encouraging. It 
is suspected that this alloy composition possesses the highest degree of re­
sistance to harmful aging yet investigated here. Two things are worth noting. 
The first is that high temperature aging seems to have reduced the rate of 
corrosion of the material over that exhibited by samples m the as quenched 
condition. This phenomenon has also been noted for alloys containing nomi­
nally 1.5% Nb ♦ 5% Xr. Its explanation is not known. Secondly it is suspected 
than the better results from the sample aged at 4OO*C than those from the 
sample aged at 375*C are due to differences m the samples themselves. This 
casting was a small one and there were cracks m some samples before testing. 
In addition, the tin content might have had some influence. The sample used to

•Specimens first quenched from lOOO^C. 
••Crick noted in specimen.
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%

END: ::

obtain the data attar 400 C agin* was 
than the analysis obtained tor the two 
parted that heterogeneity is indicated 
are desirable. A new l —-—— — 
contents.

anaiyaed and showed 0.71 <*»• higher
ends of the alloy casting. It is sas- 
and that somewhat higher Un content, 

series of alloy, has been requested, with varying Un

J J -1


