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INTRODUCT TON

Up until about a year ago, zirconium had not been seriously considered
for reactor uses because of an apparently high absorption cross section to
thermal neutrons. New cross section measurements on pure zirconium made )
during the winter of 1947-48, however, showed that the apparently high cross
section of zirconium was not due to zirconium, but to the element hafnium,
which co-exists with zirconium and is 8o similar to.zirconium in chemical
properties that it cannot be separated by ordinary chemical methods.

Since this discovery, great 1nterest has been taken by various laboratorles
operated for ‘the Atomic Energy Commission throughout the country in the develep-
ment of the metallurgy of a ductile zirconium and in the development of processes
for the separation of the undesirable element, hafnium.

The Power Pile Division of the Oak Ridge National Laboratory has completed
a study of the water-cooled and water-moderated power reactor for the propulsion
of naval craft, viz. submarines (see ORNL-133). As was anticipated, many
-problems in the design of a water-cooled reactor became apparent, among which
one of the greatest of these was the choice of a structural material which
.would resist the corrosive effect of high temperature, high pressure water
containing dissolved oxygen, hydrogen, and perhaps hydrogen peroxide,

. Therefore, since zirconium was known to have good corrosion resistance to
. aqueous solutions and had just been discovered to be desirable from a nuclear
viewpoint, a study of the possibilities of this metal as a structural material
for a water-cooled reactor was undertaken. This investigation included 1) the
collecting of many facts concerning zirconium beginning with the history ef the
metal, 2) the compiling of information relative to its propertles, its production,
and.its fabrications, hafnium separation processes, and corrosion studies. This
.report was prepared as a convenient reference for those who may be interested in
any or all of these branches of investigations eencerning zirconium.



CHAPTER I
THE HISTORY OF ZIRCONIUM 1

The recorded discovery of zirconium dates back to 1789 when Klaproth
in analyzing a precious stone known as jargon from Ceylon discovered what
he thought to be a new earth and called "Zirconerde”. Other investigators
confirmed this. discovery in the minerals now known ae zirconium ores, How-

" ever, 1t was not until 182k that anyone was able to reduce the metal from
the oxide. Berzelius accomplished this,. producing the first known zirgomi-
u’ metel, though quite impure.

Other "elements" such as sonorium,. jargonium, nigrium, euxenium were
reported to exist in zirconium oxide but only the element hafnium reelly
proved to exist. Bohr predicted in 1922 in conclusion from his theory of
atomic structure that zirconium was not an earth as Klaproth had thought end
did not belong to the rare earth group but that it was quadrlvalent and -
therefore the direct homologue of zirconium.

Since the X-ray spectrum of zirconium could be predicted, Coster and
van Hevesy investigated various zirconium ores by X-ray spectroscopy and
substantiated Bohr's conclusion. Coster and van Hevesy also discovered the
presence in the zirconium ores of the new element héfnium suggested by the
Latin neme Hafnia, for Copenhagen, where the discovery of the element was
made following its earlier production there.



Chapter II
THE ABUNDANCE OF ZIRCONTUML:2»3

The esarth's crust has been estimated to contain 0.028 per cent zirconium,
a flgure which indicates that zirconium is more abundant than the common metals
nickel (.020 per .cent), copper (.010 per cent), zinc (.0O04 per cent) and lead
(.002 per cent). Zirconium has been known as a rare metal because of the
difficulty of extracting the pure metal from the ores Just as aluminum was
consldered rare before the days of the development of the electrolytic method
now used in its production.

‘The most abundant zirconium bearing mineral is the ore "zircon", ZrSiOh,
which crystallizes in the tetragonal system and is isomorphous with rutile,
‘T10,. The transparent yellowish or reddish varieties of the silicate are
known as the precious stone hyacinth, and the colorless silicate as Jargon.
Other zirconium silicate bearing ores are alvite, malacone and cyrtolite.

. Zirconium is not only found as the silicate but as the oxide. The
Brazilien mineral, baddeleyite, is a fairly pure oxide. . Some silicate ie

~often found with the oxide. Commercially the Brazilian mineral is called
"zirkite".

Zirconium ores contain varying amounts of hafnlum, an element which is
almost identical to zirconium in all its chemical properties but differs in
its nuclear properties in that it has a very high cross section to thermal
neutrons, a high atomic weight and high density. The hafnium/zirconium ratio
by weight of the many zirconium beaering ores range from less than 1 per cent
in the Brazilian baddeleyite to 54 per cent in the cyrtolite found in some
localities in the United States, probably the feldspar mine in Bedford, N. Y.,
"and 54 per cent in the alvite minerals of Kraero. Three per cent is a more
average figure, however, In the western hemisphere, the zircon sands of Florida
contains about 3.3 per cent hafnium and the zirkite of Brazil .about 0.7 per cent.



CHAPTER III

THE PHYSICAL AND ATOMIC CONSTANTS OF ZIRCONIUM INCLUDING
PROPERTIES OTHER THAN MECHANICAL¥

" The element zirconium is the fortieth element in the periodic table
and hag been assigned the atomic weight of 91.22 by the Intermational Union
of Chemigts in 1935. It has a grain structure of hexsgonal close-packed
crystal below 865° C** in the ¢ phase aﬁd a body-centered cubic crystal
structure above 865° C in the 8 phase.

In the @ phase, zirconium has the lattice constants of a = 3.224%%* ang
c = 5. l3A*** and in the p phase a = 3.61A.D

W. Hume-Rothery in his book "The Structure of Metals and Alloys" (Inst.
of Metals, €1936)" gives the interatomic distances of. ‘dy = 3.16(6) and

= 3.22(3) in the a phase with d; = 3.12(6) in the B phase. Also given
;are Goldsmldt's atomic diemeter for coordinaetion No. 12 as 3.19 for the o
phase and 3.22 for the P phase zirconium.

W. Hume-Rothery also shows the electrons i the shellsin the order of
2, 8, 18, 10, and 2.

The density of zirconium has been reported from 6 b to 6.54 as 1s seen
‘in the following list of literature values:

6.4,56,82
gt
6.4910
6.5011,57
6.51°
6‘52l
6.5&53

*Acknbwleagement is made here for the assistance of the date compiled by
R: I. Jaffee and I. E. Campbell of Batelle Memorial Institute in thelr
report "Properties of Zirconium".

#*Donald B. Alnutt and Charles L. Scheer cleim this temperature to be 860° C
éifitShrift fir+ onorganischo wnd allgeneine Chende, Vol. 202, ‘1931, p.293 as
2 + 5°C.

***g = 3,228, b = 5.140, and ¢/a = 1.59 according to W. G. Burgers in ‘private

communlcatlon to A. E. van Arkel ("Reine Metalle", J. Springer, Berlin, 1939,
" p. 198).and a = 3. 23 ‘and b = 5. 14 according to A. W. Hull (Ref. 10)



. ;

The melting point of zirconium has also been reported over a wide
range which is given below: '

1700° ¢ (3090° 7)°/52

1800° C (private communication Foote Mineral Co. to
Batelle Memorial Institute)

1857° ¢t

1860° ¢ (3870° F)2773

1900° c1h

The boiling point has been determined as over.2900° C as giveﬁ in the
International Critical Tablesl? gnd assigned a definite value of 5050° C
in the A.S.M. Handbook of 1939.16 '

Values for the linear coefficient of thermal expansion are reported-as
follows: ' S i ' ' '

Temperature Range °C Value
RT (21) 6.3 x.10“6/°c.(3,5'x\lofG/QF)1’56
100-600 L7 x 10"6/°ch _
20-600 4.96 x 1078/0c72 |
20-200 5.4 x 10‘6/°cl5
200-300 6.4 x 10'6/°cl5 \
300-400 6.9 x 108/0c15
400-500 7.9 x 10-6/0¢15
500-600 8.4 x 10°0/°¢%
600-T00 8.9 x 10'6/0015
0-100 10.4 x 1076/0¢T -
75-1112 1.96 z 1070/9¢18
230 4.26 x 1076/0c18
387 | 9.53 x 10°6/°c18
572 13,89 x 10797018
765 | 19.24 x 1076/°¢18
956 | 24,38 x 1076/9¢18 -

1137 | ' 29.85 x 10-6/0¢18
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The gpecific heat of zirconium is. given as follows:
R.T. | 0,066 cal/gramt®
0-100°C 0.068 cal/gramlh
-253 t0-196° ¢ | 0.0262 cal/gram!’
TABLE. T1
Heap Capac;py 9f~Zr:‘
T, °K Cp, cal./mole/deg. T,°K. Cp’ cal. /mole/deg.
53.2 2.393 166. 1 | 5.454
56.8 2.613 176.0 5.549
60.8 2.8 186.2 5.61%
65.6 3.102 : 196.1 5.679
70.6 3.349 206.3 5.743
5.4 3.572 216.4 5.801
79.8 3.750 226.2 5.845
- 8h.1 3.905 236.4 5.887
ok.9 4,252 246.0 5.920
104.5 4.515 256.7 1 5.980
115.0 L. 7T 266.4 - 6.021
24,1 4.920 276.4 6.065
136.1 5.119 286.6 6.086
6.2 . 5.239 296.8 6.105
156.0 5.354
TABLE TIX9
Heat Capacity of Zirconium (smooth values)
T,°K Cp,cal./mole/deg. T,°K Cp, cal./mole/deg.
50 2,190 200 5.706
5 3.550 225 5.840
100 4,398 250 . 5.952
125 4,932 : 275 6.050 .
150 5.286 298.16(=.16°C)  6.123(.0671 cal/g/°C )
17% 5.530

Entropy calculations made at the Pacific Experimental Staion, U. S.
Bureau of Mines, gave the following:19

0-51° K (extrapolation) 0.992
51-298.16° K (measured) 8.193
§°298.16 9.18 4 0.08 cal./mole/°K



The thermal conductivity values reported for zirconium are:

0-100° ¢ -.067 + 30% eals/g/°CT
32-212° F -16 2 BTU/hr/°F7

11

The electrical resistivity values known are given as followa:

Temperature °C Ohms /cm.

0 4.9 x 1070 (Ref. 20)

0 - 3. x 20°5 (Ref. 5, 21)
0 - .1 x 10-3 (Ref. 1, 22)
877 (1150° A) 1.4 x 10-4 (Ref. 21)
1157 (1430° A) 1.26 x 107 (Rof. 21)
20 4.9 x 2070 (Ref. 5)
'-——{Probﬂblv R. T. ) 1.7 x 10'h (ref. 82)

The tomperature coefficient of electrical resistivity has been stated
as follows: -

Temp. Range © C Coef. . Remarks

0-100 .oouyt»23

e - .ook17

0-100 .00kl As deposited by "hot wire"
' method.

0-100 .00392% Cold swaged rod

9-100 _ .00k2°1 Cold-swaged and annealed

- in vacuo 1 hr. at 600° C.

Certain metals such as thallium, mercury, tin, and lead exhlbit properties
of superconductivity or a sudden and rapid Qecrease in the electrical resist-
ance at very low temperatures. Zirconium, however, at temperatures to 1. 1°c
showed no auperconductiv1ty according to W. Meissner? 24 and 8till no supercon-
ductivity down to 3 K as declared by N. Kurti and F. Simon. Simon and Kurti,

hoveveg, found a discontinuity in the conductivity-temperature relationship
at 0.7° K.

With diamagnetlg magnetism, the magnetic susceptibility of zirconium is
given as -0.45 x 10°° in cgs units in the Handbook of Chemistry and Physics. .
A. R. Kaufman and C, F. Squire plotted the magnetic susceptibility of zir-
ocopium as a function of temperature as determined by the method of meaguring
the force which o norrhomogeneous magnetic field exertu on a specimen. The

graph of this work is shown in Fig. 1 at the end of this chapter.
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The rapid change in the magnetic susceptibility of zirconium should be
noted to be coincidental with the transition phase change of close-packed
hexagon to body-eentered cubic at 865° C (1138° K).

The photoelectric threshold is given as 3,220 angstroms by R. Schulze

in Z. Phys. wol. 3%, 1933, p. 185, and as 3,200 by H. C. Rentschler and D.
E Henry in the Electrochemical Society Preprint No. 87-14, 1945,

The work function, ¢ , is reported as follows:
eV
b.1327
3.2828-
3.84%9
4.13°

The electron emission is expressed by the formulal

i = AT? %9 Amp/cm®

and when the filament is new, A = 37200 and b = 60600. When the filament has
glowed for a certain time, however, the constants g%angé to A = 330 and

= 47,900 and the electron emigsion is increased. According to H. H. Potter
in Proc Phys. Soc. 53, 1941, P, 695, the thermoelectric power is expressed by

Q=4+ Btuv per ° C

and in the temperature range of 100-400° C, the constants are A = 11.3 and
B = -0.033.

The coefficient of spectral emissivity is presented in & table arranged
by BF I. Jaffee and F. E. Campbell as follows:

Wave Length a Jirconium B8 Zirconium References-
Angstroms ‘ h
6520 0.48 0.43 C. Zwikker Physics,
: _ 6 1926, P, 361
5410 A 0.50 0.46 Roeser and Wensel.
(Solia zr) - - (Liquid Zr) ‘
6500 0.32 0.30. Temp, and Ite Measure-

ment, Reinhold.

J., HE. de Boer and J. D Fast have determined the vapor pressure formule
for zirconium to dbe

log p = ';3%9— + 0.77



‘bhere T is in degrees e.btsolu‘ce.22 Most-metals have a B value for the follow-
ing formula

13

logp(mmHg)‘:-‘%+B

of about 9.3 but the value of 0.77 for zirconium is abnormal. C. Zwikker

believes the oxide layer holds back the vapor pressure and attributes the
abnoxmal B value to this factor.
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Chapter IV

THE MECHANICAL PROPERTIES OF ZIRCONIUM

Unlike one would suspect, there is almost a phlethora of data on the
mechanical properties of zirconium. The magnitude of this data is the reason
for separating the mechanical properties of zirconiuin from those reported in
the prev1ous section.

Not only is there an abundance of data concerning the mechanical properties
of zirconium, but there is also a wide disagreement on the values thémselves.
Thers are valid reasons for the divergence of numerical values when considering
the history of the test specimens themselves,.viz. the purity, the degree of .
cold working," and the amount of heat treatment. (whether purpogive or "accidental"
For example, the ultimate tensile strength values reported begin at 30,000 psi :
and extend to as high as 142,000 psi. .

The ratio of unit stress to unit deformation, or the modulus of elaatic;Ay
is often taken as a basic criterion for important engineering ‘materials. Such
is true of zirconium as well as, for example, steel and alumlnum A partial
liet of values known are presented below.: :

§

Table I

Modulus.of Elaeticity_Values

Description of Zirconium ‘ Modulus_of Elasticity

X10‘psi
Bureau of Mxnee Mg reduced Zirconium .
(condition unknown) ~-13.57
Presumably iodide deposited ' 10.75,16
Foote Minersl "Zirmet" (iodide deposited) 9.5 » 1273
Bureau of Mines Mg reduced
a) Drawn (hence cold worked .010 wire 10.732
b) 76.9% cold reduced swaged ber | 14,532

) 76.9% cold reduced
swaged bar tempered at 850° F 14,032

d) 76.9% cold reduced 5
swaged bar tempered at 14509F - 11-353

Other values of the modulus of elasticity are given in tebles II, IV,
and V at the end of this chapter.

To date only three commercially feasible processes have been developed for
producing ductile zirconium, A One is by the thermal. decomposition of the tetra-
iodide, or tne so-called "hot wire method", a second is by magnesium reduction
and sometimes called the "Kroll" .or Bureau of Mines method, and the third is by
calcium reduction and is today generally referred to as the "Westinghouse method” .
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These three processes give ﬁaryipg pdrity) wlth the iodide proceas giving

the highest purity. An attempt o compare the pufity of zirconium by thé thres
methods 1s shown in the following thblel

Table I31

Comparison of Purity of Z;rgonium Produced by Three Methods

. 0, N, c Fe S1 Al Mn Ca Mg Cu
Foote Mineral % 96 * o - =

Todide Depesited .03 (-OLI-) .01 (.Ol".05) Nt 05 Tr. Tr.— — Tr.
Bureau of Mines Mg %

Reduced [0g*/9

Westinghouse Co.Ca. *,96
Reduced .13%7%° 060 . —_—— e — —— — —

¥*
o4 .08(.15)% .2 _— Tr.Tr. Tr.?r. Tr.

* Data from B I Jaffee, Battelle Memorilal Institute, presented at Brookheven
Informetion meeting, April 28, 1948,

The Foote Mineral Company has released the following information inoluded
in Tables II, III, IV, and V (at the end of the chapter) for iodide deposited
zirconium, ‘

The Bureau éfﬁMinee; Northwest Flectrodevelopment Laboratory furnished the
following comparison of its Mg reduced zirconium in the cold_worked and asnnealed
condition showing the effect of heat treatment by annealing.

Table 'v"I
The Effect of Annealinngf Bureau Zirconium on Mechanical Propertiea

(Yield strength) (Ult.Tensile) (% Elong.) (% Red in Area)

peil Str. psi
Cold worked Zr. 60,000 102,000 3 32
Annealed Zr 20,000 57,000 . 16 31

The effect of heat treatment on the tensile strength 1is shown in the
table below. =

Table VII

The Effect of Vacuum Heat Treatment of Zirconium on Tensile Streng§h5

Condition Tensilg Strength Elongation
psi w*
%5 mm wire cold swaged 115,000 3
z+oo C, 3 hour (vac.) 101,000 2.5
500° c, 3 hour (vac.) ' 56,000 12
6oo° C, 1 hour {vac.) 51,000 12.5
700° ¢, 1 hour (vac.) 4k, 000 12.5
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Table VII (Cont'd)

Condition Tensile Strength Elongation
psi %*
800° C, 1 hour (vac.) 38,500 11
900 1 hour (vac.) 43,000 15.5
1000 15 min.(vac.) 4,000 ' 15

* On 15 cm gauge length

The effect of temperl_g and annealing of 3 1" turned var (1od1de deposited
zirconlunﬁfrolled and swaged to 1/8" dia. gave the following values:32

Table VIIY

The Effect of Tempering and Annealing on the Mechanical
Properties of a Rolled and §w¢ged'Zirconium’Bar

. Tempered Annealed at

Hard Drawn at 8500 F  1450° F
Ult. etrength, psi 88}500 81,600 35,900
Yield at 0.2% offset, psi 69,700 55,200 15,900
Yield at 0.1% offset, psi 63,300 48,300 13,800
Proportional limit (.01%), psi 32,100 29,100 8,350
Reduction in area, % 40.6 , 26.0 32.2
Elongation in 4 diameters 18.0 20.0 31.0
Elongetion in 8 diameters . 8.5 12.0 25 5

The effects of tempering and annealing on & hard drawn wire (iodide
deposited) is given below: 35

Table IX

The‘Effect of Tempering and Annealing on Mechanical
Propertles of Hard Drawn erconlum Wire

Tensile Strength- - Elongation
Condition  psi %
0.017" dia. wire bhard drawn ' - 128,800 : 2
0.017" tempered at 850 F 93,500 5.5
0.017" annealed at 1450 F 61,000 14

The effect of extrusion and vacuum heating and quenching of U. S. Bureau

of Mines magnesium reduced zirconium on the ultimate tensile and yield strengths
is shown below:%.:5
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Table X
' The Effect of Extrusion and Heat Treatment on the ..
Mechanical Properties of the Bureay of Mines Zirconium -
Ultimate Yield Elonga- Red. in
: » R Tensile Str. 0.1% Offset tion Area
Condition . . . psi psi % %
As received (no treatment) 70,400 45,200 .9  27.8
Extruded at 1060° C with 14:1 red. 79,500 47,700 19.9 43.7
Extruded at 800° C with 1k4:1 red. 80,200 42,700 15.3 43.8
Extruded at 1060° C, heated to 1,000°C ' :
in vacuum and water quenched.* 89,700 59,800 . 9.6 37.3
Extruded at 800°C, heated to 1,000°C - '
in vacuum and cooled slowly 70,600 34,100 16.5 38.7

* Sample sealed in quartz tube under high vacuum, heated for 1/2 hr. , then
quenched.

The effact of vacuum heating to 1, 000° ¢ followed by water quenching a
Bureau of Mines zirconium sample on the ultimate tensile and yield strengths
is shown below:

- Table XI

The Effect of Water Quenching on the Mechanical
' Propg:ties of Bureau of Mihes Zirconium

Ult. Yield Str. Elonga~ Red
Tensile Str. 0.1% Offset tion in
Psi psei % _ Area ¢q
Bureau of Mines Zr. ae received 65,700 - 42,000 - 12.5 34.9
Eeeted'to7l,000°uc in vacuum : T
and water quenched* 95,000 1,000 9.1 29.4

* Sample sealed in quartz tube at high vacuum, heated for 1/2 hours and then
quenched.

‘A comparison of various extruslon conditions on iodide deposited zir-
conium is given below: :9,52
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. Téble XII

Room Temperature Tests of Foote Zirconium

Ultimate
" Tensgile
Strength Yield Point Elongation Reduction
psi pei % __inarea
A. Foote Mineral Co. crystal
bar as received. ‘40,700 18,800 13.6 est. 4O
B. Foote Mineral Co. crystal
bar melted and extruded
at 800° .
Spec. No. 1 ' - 63,600 - 21.4 . 39.8
Spec. No. 2 66,100 26.0 39.6
C.- Foote Mineral Co. corystal
bar chips compressed and
extruded at 1060° C 77,500 36,600 23.2 by
D. Foote Mineral Co. crystal
bar cast in graphite and
extruded at 1000°.C in
steel can.
Spec. No. 1 56,400 34,100 23.0 7.2
Spec. No. 2 56,400 36,000 20.0 k5.2
E. Several Foote Mineral Co.
crystal bars packed side
by 'side in steel.can and
extruded at 1060° C. ' ' ' ,
Spec. No. 1 55,100 31,600 24.8 kg1
Spec. No. 2 55,700 29,000 24 .3 R

The hot strengths of iodide deposited zirconium 1n atnosphercs of heliunm
and nltrogen are given below: 952

Table XIIT

The Hot Strength of Zirconium in Helium ané Nitroggﬁ Atmosphere

Temperature ¢ ' In Helium Atm.. In Nitrogen Atm.
v 4 X103 psi 1103 psi
<. 500 24 ' ' 15
T00 10 . T.0
800 6.6 0.5

Elevated temperature teste in argon gas at MIT made with iodide deposited
zirconium melted and extruded at 800° C with 11.k:1 reduction reveal the

following: 9,52
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Teble XLV

Elevated Termperature Tests on Melted and Extruded Zirconium

Ultimate
Tensile
Strength Elongation Reduction
. Temp. Degrees C psi % in Area ﬁ
Roon 63,600 21.4 .. .39.8
250 40,100 32.7 55.1
500 28,500 39.7 68.0
750 . 7,950 99.6 - 97.8

Orie value for the shear strength of an unworked Foote Mineral Company rod
is reported by R. I. Joffee of Battelle Memorial Institute as 45,000 psi.

Proportional limit values5£or zirconium not alreedy given in tables 1I,
II1, IV, and V are as follows: S
' psi

U. S. Bureau of Mines ingot as received ) 33,700
U. 8. Burcau of ‘Mines ingot extruded at o ' ,

1950° F with 14:1 red. in area ' - 31,800
Foote Mineral Company 1odide dfﬂ crystel bar 12 »500

A compilation of all known hardness determinations on zirconium is shown
in. the following table:

Table XV

Compilation of Hardness Data on Zirconium

Déscription of Conditions Rockwell B Rockwell C Brinell Vickers

Iodide deposited (as deposited) ——— - _—— 82 with
: 10 kg load

Iodide deposited (as deposited) 389 ——— ————- ———
Iodide deposited (as deposited) 50“ ———— -——— c———
Todide deposited (as deposited) 26-3592 Cee- ———- ceen
Co6ld worked crystalline bar 90-100 9-23% 183-2h1# 183-241%
Iocdide deposited cold rolled to ' '

33% reduction 7952 - 3% ih3*
Todide deposited cold rolled to . ‘

56% reduction 9022 g* 183* . 183%

Cold reduced from 1/4" dia. turned
annealed bar of Foote Mineral

- iodide deposited "Zirmet" 35-5293 —— ———- ——
Iodide deposited melted bars (as :
melted) ‘ 7622 —— 134% 13k
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Table XV (cont'd)

Description of bdhditidns Rockwell B Rockwell ¢ Brinell Vickers

Above 1ngot cold rolled o 8952 - 8% 179% 170*%
- 33% reduGtion ‘ 50 :

Above ingot:cold #olled to 92 12% 192% 192%
56% reduétion 5

Bureau of Mines Mg reduced as rec'd 8&52 2% 159% 159%

Above cold rolled to 33% reduction 972 20%, pO3¥ 203

Above cold rolled to 56% reduction 10192 1877 (23%) 2h5* oly5%

Vacuun arc melted Mg reduced Ol 15% 20033 200%
Bureou of Mines . M

Sintered from Ca reduced 91% 10% . 188% 1883
"Westinghouse' Process } ' L

Induction melted from “"Westing- 10k * 29% 277* 2803
house"” Process .

Todide deposited rod turned to 1/2" 85-86.577 3-5% 163-164%* 163- 164

dia. and swaged to 1/8" dia. with
77% reduction in area

Above specimen annealed 38- 1499 “——- mmee L mm———
Cold-swaged 1/8" dia, iodide 87.435 &% 172% 172%
dep. rod 76.9% reduced in aree '

Above tempered at 850°F 87.732 T* 173% 173*

Above annealed at 14500F 30,337 ———- -=-- ---

TIodide deposited rod heated to I oLk
1000°C in vacuum and quenched in-

‘o1l bath C 11h-115% Bh-467  B15-hUhE ho7-LTow
Iodide deposited rod heated to 9
1000°C in vacuum and cooled slowly QO% 9 183* 183%

% Converted value as per Hardness Conversion Table, P. 127, Metals Handbook,
American Society for Metals, 1939 editlon.

The oxygen content has an effect upon the hardness as 1s illustrated in the
1list below: .

Description of Zirconium Brinell Hardness 3,000kg. 10 rm,
. ' 60 sec.

"Pure" Bureau of. Mines Mg reduced 1ngot ' <135 .

Ingot with 0.1% O+ -~ 190-200

Ingot with 0.2% 0o -~ 250

Ingot with 0.3% Oo. ‘ : ~ 300

. The values for the mechanical properties of zirconium presented in this
section are dependent on many variables. For example, a comparison of the hot
strengths of zirconium in helium and argon atmospheres show considerable differ-
ence in values., This is not due entirely to the surrounding gas medium but
meinly to the difference in the previous history of the samples. Both were
iodide. deposited zirconium but one was melted and extruded the other not.
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TABLE II

PHYSICAL PROPERTTES OF IODIDE DEPOSITED ZIRCONIUM

Zirconium Rods (Range of Results)

As Deposited Zr Rod

Zr Rod App. 3/16"

~ turned to 1/2"

svaged to 1/8" dia.;
T7% reduction
(:. cold worked)

Zr Rod, cold worked as
in Column "2" then

. vacuum ammealed

Ultimate Strength

30,000 to 36,000 psi*

81,000 to 86,500 psi

© 37,500 to 41,000 psi

" -Yield Strength
{0.2% off-set)

13,000 to 16,000 psi

67,000 psi (extrapo-

lated value) -

. ..13,000 to 16,000 psi

Proportional Limit
(0.01% off-set)

7,800 to 8,400 psi

25,000 to 38,000 psi

6,000 to 8,200 psi

Elongation (4 dia.- 25 to 32% 12 to.18% 30 to 38%
gauge length)
Reduction in area 20 to 36% 30 to Lot "27.5 to 40.5%

- ‘Modulus.-of  Elasticity

9.0 toA12.5 X 106 psi.

12.5 to 14.2 x 10° psi

10.0 to 11.6 x 106‘psi

’"ﬁardne ss ( Rockwsll B )

26 to 35

85 to 86.5

38 to ik

#* A test at MIT reported in Progress Report MIT-1001 for the months of October, 1947 - January, 1948 reveals
. a-value of §0,700 psi ultimate strength with 13.6% elongation and an estimated %0% reduction in area.

cc
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PHYSICAL PROPERTIES OF IODIDE DEPOSITED ZIRCONIUM

_ TABLE ITI

Zirconium Wire 0.017 to 0.002 Diameter (Range of Results)

-Anmealed

Hard drawn, stress
relieved 1/2 hour -
800° F.

Bard Drawn

Ultimate Strength.

54,300 to 61,000 psi’

82,800 to 115,500 psi

100,000 to 142,000

' Yield Strength
(0.2% off-set)

32,500 to 48,300 psi

Elongation, 10 in.

9 to. 18%

1 to 5.5%

1 to 2.5%

N TABLE IV o
PHYSICAL PROPERTIES OF IODIDE DEPOSITED ZIRECHIUM

Cold Rolled Zr Strip 0.005 to 0.033" thick, 1/2" wide Std. Strip Specimen

Test

Annealed, cut paral-
lel to direction of
rolling

- Annealed, cut perpen-

dicular to direction

of rolling

Amnealed, with inter-
mediate annealing
during rolling, cut
parallel to direc-
tion of rolling

Ultimate Strength

36,000 to 42,000 psi

27,000 to 42,000 psi

34,000 to 38,000 psi

Yield Strength
(0.2% off-set)

16,000 to 24,000 psi

15,000 to 30,000 psi

16,000 to 20,000 psi

Proportional Limit
(0.01% off-set) - -

11,000 (one value)

6,000 to 16,000 psi

8,500 to 10,000 psi

Elongation, 2 in.

16 to Lo%

14 to 32%

22.5 to 43.4%

Modulus of Elasticity

10 to 1.6 x 109 psi

7.2 to 16.4 x 105 pei

11 to 14.5 x 100 psi

£c




TABLE V
PHYSICAL PROPERTIES OF IODIDE DEPOSITED ZIRCONIUM

Cold Rolled Zr Strip 0.005 to-0.035" thick, 1/2" wide Strip Std. Specimen

Test

Hard Rolled, cut A
perallesl to direc-
tion of rolling

Hard Rolled, cut

' perpendicular- to -

direction of
rolling

Hard Rolled, with inter-

mediate, annealing during
rolling, cut parallel to

direction of rolling

Ultimate Strength

85,000 to 107,000 psi

76,000 to 108,000 psi

54,000 to 63,000 psi

Yield Strength
{0.2% off-set)

68,000 to 93,000 psi -

- 61,000 to 73,000 psi

46,000 to 54,000 psi

Proportional Limit .
- (0.01% off-set)

hl,OOO_to 47,500 psi

34,000 and 37,500 psi

. (2 values)

22,000 to 26,000

.- . Elongation, 2 in.

1 to 8.6%

0.5 to 6%

" 5to0 13%

Modulus of Elasticity

11.3 to 13.5 x 10° pst

10.1 to 13.5 x 10° psi

11.2 to 15.3 x 10° psi

Test

Hard Rolled, with
intermediate anneal-
ing during rolling,
cut perpendicular to
direction of rolling

Half hard, 2 Broim and

Sharp numbers reduction, '

stress relieved 1/2 hr.
800° F, cut parallel to
direction of rolling

Half hard, 2 Brown and
Sharp numbers reduction,

.stress relieved 1/2 hr.
800° ¥, cut perpendicular

to direction of rolling.

- Ultimate Strength

49,000 to 67,000 psi -

52,000 to 58,000 psi

51,000 to 66,000 psi

———

" Yield-Strength
"~ (0.01% off-set)

39,000 to 55,000 psi

40,000 to 47,000 psi

44,000 to 54,000 psi

Proportional Limit
(0.01% off-set)

21,000 to 26,000 psi
(% values)

25,000 and 27,000 psi

(2 values)

56,000 to 34,000 psi
(4 values)

' _._Elongation, 2 in.

3.5 to 12%

7 to 15%

3.5 to 12%

) Modulus of Elasticity

9 to 14.8 x 106 psi

11.5 to 14.8 x 10 psi

10 to 15.2 x lO6 psi

S
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Chapter V
. THE NUCLEAR PHYSICS PROPERTIES'AND TEE EFFECT OF HAFNIUM IN ZIRCONIUM

It was the co-existence of zirconium and hefnium and the great similority of
their chemical properties with consequent difficulty in isolating pure .
zirconium that delayed en active interest in zirconium as a structural material
in reactors._Pure hafnium hes anAabsorption cross section to thermal neutrons
of 101 barns’ end a total cross section of ~2000 berns at ebout 1 evf’, There-
fore, a trace of hafnium could account for an apparently high cross section for
zirconium. Until about the middle of 1947, no very serious considerations for
the use of zirconium as a structural material in thermal reactors were contem-
plgted because of the reported high cross section measurements, one being
2.8 barns.

The insistence and determination of A. R. Kaufmonn of MIT brought about
the recheck of several cross section measurements and spectrographic analyses
on zirconium and in the late summer of 19#7, H. Pomerance and J. I. Hoover
believed the ebsorption cross section to be not greater than 0.4 barns. By
the end of the month of March, 1948, a sufficiently pure sample of 21rconium
oxide, ZrO , was made available by the fractional phosphate precipitation
method of hofnium seperation to determine o more reliable value for oy.
The new value ossigned to ¢, for zirconium was determined to be 0.4 barns
and not 2.8 barns as had been previously reported. This sample, prepared by
the U, S. Bureau of Standards was helieved to contain 350 ppm of hafnium.
Furthermore, 1t was thought that the somple contained traces of the rare
earths, gadolinium ond semarium which might be responsible for the value of

= 0.4 being as high as it was. Gcdolinium has a total cross section of
hg OOO barns to thermal neutrons of 0.025 ev. . , .

‘More exacting checks on the spectrographic analysis of the Bureau. of
Standards sample made by Dr. Scribner of the Bureau indiccted that the
sample had <200 ppm of hafnium and<2 ppm of the rare carths. Therefore,
the value of O.4 barns was token as outhoritative for the thermal ncutron
gbsorption cross section for zirconium.¥*

When it seemed certain that the cross section of zirconium to thermal
neutrons wos as low as 0.4 barns, a great surge of interest in the metallurgy
of zirconium developed.within various reactor study groups of the AEC.

Previous to the ebove investigations of zirconiwug only the following
elements and materials were being considered for structural purposes
in thermel reactors:

Aluninum .
Beryllium
Beryllium oxide
Carbon (graphitc)
Columbuim

Steel

The above all" have various 11mitations. Alumlnum is limited to low
temperatures because of its melting point, 1220.4° F. (Marks Handbook) and
its low high temperoture strength. Beryllium as produced todey is brittle ,
and difficult to fabricate. Beryllium oxide has only moderately good resistance
to thermal shock (mcuh inferior to zirconia for example). Furthermore, it . .
suffers from radiation damage. Grophite is exceedingly affected by neutron .

* See footnote, Chapter XI, p. 80. ’ _



I %

bombardment, changing the thermal conductivltj to nearly 1)30 its orlglnal value.
It is elso brittle. Columbium has a higher cross section (1.2 barns for Oa)
than one would desire and furthermor¢ is not as corrosion resistant as Berylliun.
Steel has a cross section too high for a breeder pile (2.5 - 2.7 barns for o )
and would necessitate the use of even more fissiondble naterial for a reactor

to reach criticallty. .

Zirconium has a lower absorption cross section than columbium and steel,
twice that of aluminum and forty times that of beryllium, However, it 1s
extremely ductile compared to beryllium and has even better corrosion resistance
to water. The operating terperc ture of a zirconium pile, however, is limited
to the region of less than -f~750°F because of the high gas absorption by
zirconiun at higher temperatures. If zirconium could be coated with silicon
by the termal decomposition of SiC1y (such as is done with molybdenum ribbon
for oxidation protcction of molybdenum up to 1700°C) then the limiting operation
temperature would be much higher.7

The water cooled reactor studied.by the Powcr Pile Divioion of the ORNL
is not designed as a breeder pile and hence a cross section of: 0.4 barns is
tolerable. Furthermore, the design of the fuel elements involves the use of
high surface area,high heat transfer,thin curved plates and a supporting webp
all of which wéuld be much ‘moxre . readlly 6nd easily. fabricated from zirtdtnium
than beryllium, .

A table of densities, tensile strength and absorption cross sectlon to-
‘.thermal neutrons for various materiols is reproduced below:

Table I 328

Materiol' " Mass * Density ';. Cross Section

M A N Gé O
AL - - 26,97 2.7 i 1.33 0.2k
Be T 9.0 1.85 b 0.01
BeO - 25.02 2.85 8.1 | 0.011
c 12.01 -~ 1.65 | 4.8 0.00L5
Cb " o921 1 8. 6 1.2
Fe | '55.81; 7.8 _ 1 ' 2.5
Zr 91.22 6.k ' 8.2° 0.4

Resonance peaks formerly attributed to Zirconium hove been established as
Hafnium resonance peaks and the first is reported (going from low to high
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.energy levels) by L.J. Ralnwater of Columbie at 1. Of ev. The slow neutron
. transmibssion graphs prepared by W. W‘ Havens, Jr., and L, J. Rainwater showing
‘the resonance péaks in hafnium and ynpurifiéd ZrOp are shown én the following

. two_pages. (See also Havens et al, . Rev., 71, 165, 1947). Zirconium has
a resonance cross section also but its value is ccnsiderable Yelow that of
hafnium.

" The resonance integral,' 0 4 for wirconium has been calculated to
have an upper limit of 4 barns by measurement, of the epi-cadmium capture cross
section.* Since the resonance intégral is d dE . for the range of E from
thermal neutrons (.025 ev) ‘through the fast neutrons (at least 1 Mev) and
-the predomlnance of this absorption lies in the lower or thermal regions,
zirconium appears more useful to fast piles or to power reactors where a

,sacriflce in neéutron economy is not so important. For the high flux pile
or a breeder pile, the resonance integral-of 4 barns is an important factor.

T p—

* - - —r — - 4 - ™
Communication from A. §.' Langsdof, Jr., ANL, dated July 7, 1948, .
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CHAPTER VI

THE PRODUCTION OF THE DUCTILE ZIRCONIUM METAL

The preparation of zirconium metal in various degrees of ductility has
been achieved by the reduction of the following:37

Halides by the "hot-wire" dissociation method

Chlorides or double chloride with sodium,calecium,

or magnesium N '

Oxide with calcium, magnesium, or aluminum i
Double alkali fluoride with sodium or &luminum.

Oxide with dorbon or the carbide with oxide

Double fluoride or double chloride by fusion electrolysis
Aqueous solutions by electrolysis

o P

TN

th HO o

Of the above methods only the hot-wire dissociation of the tetra-iodide,
the calcium reduction of the oxide, and maegnesium reduction of the chloride
are commercially practical todey. The thermal decomposition of zirconium tetra-
iodide is the most expensive of the three but also gives the highest purity, -
disregarding the element hafnium. No one of the three methods apparently has
an advantage over any of the other for hafnium removal (see Ghepter XT coff= ™
se¥ndng: kafnium separation) '

The relative rwity of the zirconium produced by these three methods has
been discussed in Chapter IV (see page 16).

Tetra-iodide Decomposition

The iodide dissociation method for preducing ductile zirconium by de-
position of zirconium for the decomposition of the tetra-chloride can be
carried out in the apparatus shown in Figure 4 at the end of this chapter.
A complete description of this method fol;ows;38

The preparation of ductile zirconium is accomplished in a pyrex glass

epparatus in which the vacuum is maintained at about 10-% mm. of mercury.

The raw materials are zirconium powder and iodine. The zirconium powder should
be thoroughly degassed by heating in vacuum before the iodine is admitted. A
tungsten or zirconium filament is used as the core of the deposited crystalline
rod. This filament is-nvaintained at 1400 - 1500° C, and the zirconium powder
in“the neighborhood of 3000 C. The iodine acts as a carrier and very little is
required. It reacts with the zirconium forming the tetra-iodide vopor which
deposits the metallic zirconium by thermal decomposition of the iodide on the
hot filament. The current in the filament may be increased from about 1/ amp
to 100 - 200 amps before @ zirconium rod of 1/4 inch diameter is deposited.

The cost of producing ductile Zr by the iodide method set a commercial
price of $235.00/1b in the spring of 1948.
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Magne31um Reductlon of Chloride58’7h 87’

The Kroll or magnesium.reduction of the chlorlde method (or also referred
to as the Bureau of Mines method) involves & somewhat complicated but in- -

- genious process. Zircon sand is coverted into a carbide by heating with
carbon in an electric furnace (see figure 5). The resulting carbide is then
converted into the chloride by chlorination and the raw zirconium chloride
which is then purified (see figure 6). The chloride is subsequently vaporized
in a gpecially designed reduction furnace and reacted with molten magnesium
metal in an atmosphere of helium. The residual salts are then removed by
vacuum distillation and the spongy mass of zirconium which remains is melted
in an arc furnace under purified helium. A process diagram is shown in
flgure .

The Bureau of Mines laboratory at Albany, Oregon estimates the cost of
production at $10.00/1b.

Calcium Reduction of the Oxide58 o

Oxide reduction with the alkeline earth metals has been accomplished in
heavy-walled closed vessels known as "bombs". Such a reduction involves a
closed system and no control is possible for the gas impurities particularly.
Since the ‘ductility of zirconium is very dependent upon the control of
.gaseous impurities, Lilliendahl and Rentschler of Westinghouse improved the
bomb method of oxide reduction through the use of very pure calcium.and improved
techniques which allow the reactions to be controlled and effected in vacuo or
in an inert atmosphere (sec Figure 8). This development of the process made
it posgsible to produce pure zirconium by reducing the oxide with calcium or
magnesium contained in a molybdenum crucible in an atmosphere of argon. A
special glass bulb possessing the high temperature resistance qualities of
quartz was pleced around the assembly and '‘the crucible heated by high
frequency to 1000 - 1200° C. An excessive vaporization of calecium or
mognesium at these temperatures was suppressed by the inert gas filling. The
metal obtained by this reduction method is produced in powder form with the
average analysis as follows: ,

C 0.02%
8io 0.02%
Fe 0.05%
Ca 0.10%
Ti 0:01%

The powder is compressed in hardened steel dies into compacts involving
pressures of 40 - 50 psi. These compacts are strong and can be handled. They
are elther sintered or melted in high vacuums of at least 10~ 3 mm of Hg or
better in a suitable refractory (see flgureKJ)

* For the most recent publicatlon of the Bureau of Mines ductile zirconium
program, see reference 87.
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Fig. ¢ Arc furnace for the production of zirconium carbide.74
1, Grephite plate crucible, 2, Grephite plete bottom, 3, Charcosl filling,

4o 01d betch filling, 5. Graphite bottom of crurible, 6, Grephite powder

seal of bottom, 7, Graphite powder top sesl, 3, Refrectory lining, 9, Iron
shell, 10, Water-cooled contact plate, 11, V.ater cooling, 12, Bus ber to
bottom, 13. Iron bottom plete, 14, Vertical furnace columns, 15, Hood

16, Exhgust duct, 17, Window opening for feed, 12, Asbestos cloth,

19, Graphite electrode, 20, Electrode holder, water-cooled, 21, Electrode
arm, 22, Guide, 23. Hollow sheft, 24, Arm for horizoatal movement in
picture plant, 25, Arm for horizontal movement perpendicular tn picture
plene, 26, Ceble contact, 27, Drum, 28, Hend wheel, 29, Counterweight
and csbles, 130, Rolls, 31, Cross ber for verticel electrode movement,

32, Vertical columns of electrode 1ift, 33, Bese plate.
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Dravwing # 6545

\

Fig. 6 Apparatus for producing dense zirconium chloride, 74
1. Crucible, 2, Reduction furnace, 3, Fusible metal seal., 4. Heat=-
ing coil, 5. Flosting top,. 6. Condenser, 7. Compressed air,
2, Zirconium chloride ingot, 9 Steel wire suspension, 10, Pulleys,
11, Counterweight 12, Oxide residue., 13, Needle velve stem,

o
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'Drawing . # 6538
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CHAPTER VII
THE ’PRODUCTION OF ZIRCONIUM POWDER

Berzelius first prepéred zircbnium as a powder in 1824 by reducing
pot3881um-flu021rconate with potassium 36, Zirconium powder cennot be made
by the reduction of the oxiide by hydrogenh2 It cen however be made by a
thermit reaction in steel bombs thrbugh the reduction of the oxide with
sodium, mignbsium, aluminum, or ealcium.l,42,58 Such a powder is uedd in
the iocdide deposition method for produclng ductile zirconlum

DeBoer states that a very good crude zirconium powder is prepared using
a mixture of calcium and sodium in & vacuum. De Boer also reports tha* the
reduction of the oxide with a mixture of magnesium and eodium gives good .
results.

The reduction of zirconium oxide by calcium is done in specially designed
vessels which are resistant to both high temperatures and pressures. The
reduction product is digested in hydrochloric acid to remove the acid soluble
salts. A typical enalysis of the zirconium metal powder produced by the
calcium reduction of the oxide followed by the hydrochloric -acid wash is as
follows: total zirconium, 98.3%; Ca, 0.02%; Fe, 0.008%; AL, 0.008% and Si,
0.002%. The balance of about 1.7% is probably combined oxygen and nitrogen.
The average particle size of this metal powder is about 5 micronms.

The ignition point of zirconium powder of ‘this size is about 190° C, It
is extremely pyrophoric and must be handled with precautions in shipping. The
hazards of handling are considerably reduced bK shipping the metal wet or in
paste form running about 25% moisture content. :
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CHAPTER VIII

" THE FABRICATION OF ZIRCONIUM

' Zirconium produced by the thermal decomposition of the tetra-iodide of
by magnesium reduction of the purified chloride is termed "malleable” or

“ductile" and can therefore be fabricated in many ways. Zirconium produced
by powder metallurgy from the powder cannot be either hot or cold worked to
- any relative degree and is therefore not ductile.l

- Since zirconium like many metals, can be much more satisfactorilyi.hot
worked than cold worked because of work hardening in the cold state, it pre-
sents a problem unique to itself and bo a few other metals that have great
affinity to gas absorption at elevated temperatures. Even the annealing of
zirconium cennot be done in hydrogen or other reducing gases.such as carbon
monoxide because of the great affinity of zirconium for all gases, excepting
the rare and noble gases at elevated temperatures. The annealing of zirconimum
- 1s generally accomplished in purified helium,argon, or krypten.

, Since the hot'rolling of: zirconium would be extremely diffiéulf and
burdensome in the presence of a controlled atmosphere, an iron cladding can be

o placed around zirconium for hot rolling or extrusion in much the same manner

‘as 18 done with beryllium. Copper can also be used for eladding.21

Rolling Zirconium

Zirconium sheet with a bright smogth finish produced by cold rolling in
polishéd ground rolls in commercially svailable in thicknesses as small at
0.001 inch. The volume of metal for any one sheet had previously been limited
to-the volume.of one crystal bar deposited by the iodide method until the
" magnesium reduction method was perfected. .

The size of the crystal bar itself is limited to the size of the apparatus
which determines not only the volume of the charge and the vacuum problems,
but most importantly the electric current limitations, In the tetra-iodide
decomposition method of ductile zirconium production the current must be in-
creased as the diameter of the crystal bar increased in order to maintain de-
compoeition temperatures

Vacuum melting of several crystal bars to obtain a large ductile :ingot has
always resulted in some small gas absorption (most likely from the crucible
itself). with the best attainable vaecuuns and with resultant loss in ductility
through'slight embrittlement. :

, Now, however, zirconium can be produced in 10 1b ingots by the vacuum

casting of the "spongey" metal produced by magnesium reduction of the purified
chloride. Also, an experiment at MIT has indicated that a large billet of
ductile zirconium can be produced by the hot extrusion of a bundle of crystal
bars which are encased in an iron can for protection against rapid gas absorp-
tion. This same experiment gave an extruded billet which possessed strength
and ductility superior to those of the crystal bar itself.

it P ———t—
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When hot rolling zirconinm, W. J, Kroll, et al., state that 50% reduction
can be achieved between reheating of the iron clad billets.

Heavy billets can be hot rolled without cladding by heating to 7000 C if
one wishes to sacrifice some of the swrface of the billet in conversion to an
oxide scale. - This scale is yellow to brown in color on the hot rolled magnesium
reduced zirconium. The yellow is probably due to the presence of iron.T The
scale is soft and can be removed with ordinary abrasives. The rolling of .: .clad
billets at temperatures above 9500 C should bé avoided because the iron and
zirconium unite between 800-1000° C. 1In a trial run at the Electrodevelopment
Laboratory at Albany, Oregon, a zirconium sheet which was s eathed 1n iron and
rolled at 1,025° C suddenly ignited and burned vigorously.

Zirconium hot rolied to nearly the finished size end then cold rolled as
.a polished sheet to 0.010 inch thick can be bent sharply at an engle of 180°
without cracking: T* Fully annealed 0.005 inch thick zirconium sheet can be
readily bent through 1800 on a 0.010 inch redius without cracking.

"Without specxal highly polished roll mills, zirconium can be rolled from

. 0.002 inch to 0.001 inch thick by inserting the zirconium sheet between clean.
dry sheets of nick- It has been observed -that softer metals have a tendency
to tear the zirconium h .

Drawing:

Zirconium wire is produced commercially today in diameters of 0.002 inches
to 0,040 inches. 'The greatest difficulty in drawing zirconium has been the
selzing of the zirconium to the die during the drawing operation.  The Phillips
Laboratory et Eindhoven, Holland, and the Foote Mineral Compeny in Philadelphisa,
have both observed that this seizing cen be reduced considerably by the presence
. of an oxide film on the slug. A short time treatment in air at 650-700° C gives
the zirconium slug an oxide scale which apparently acts as a die lubricant.
Alnutt abd Scheer claim.thut o other die lubricant which they tested could;
withstand the presbures that the oxide £ilm could, The oxids film is hard, !
about 7 on the Mohs geale™, and the life of the die is ‘limited.

Welding

Spot welding and électric arc butt welding of zirconiud can be achieved
without much difficulty if the current time is properly controlled by meintaining
the currﬁnt Just sufficient to cauwse a weld and limiting the time of weld to a
minimum.*»32 : .

Heliarc welding of zirconium has been successfully carried out.(,31

Riveting, Crimping, and Slotting

Sheet metal parts made of gzirconium are most readily fabricated.by rivetlng,
crimping, and slotting according to Scheer and Alnutt,
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Splnning and Bending

As has already been mentioned, a fully annealed 0.005 inch zirconium
sheet can readily be bent 180° on a 0.010 inch radius without cracking.

A 1limited amount of drawing and spinning, perhaps with 10% deforma-
tion, can be accomplished before the metal must be annealed before further
¢old working can be done. Cold working causes smbrittlement through work
hardening ond frequent annecling at temperatures in the range of 800 to
1, OOO C. in purified helium or argon gas will restore nearly all of the
orlglnal ductility.

Anneallng can be done in air only on lgrge pieces, and should be done
quickly and not repeated more than two or three times.

Machingbility

Experience at Eindhoven in the Fhillips Laboratories, in Philadelphia
at the Foote Mineral Compaony, and at various AEC instcllations: indicates '
that the ductile zirconium can be easily machined. Experience at ORNL has
shown that it machines with as little difficulty as a low grade carbon
steel.



CHAPTER IX

THE CHEMICAL REACTIVITY OF ZIRCONIUM

(This section is econcerned mainly with the chemical reactivity of zir-
conium with other elements, especially the gases, at room and elevated temper-
atures. A separate section concerns the corrosion of zirconium in aqueous
solutions.)

Although powdered zirconium is pyrophoric and reacts with air at temper-
atures of 190-210° C., massive zirconium is quite stable to all gases at roam
temperatures. Zirconium has a heat of formation of 129.5 Kg cal. per gram
atom of oxygen, a value second to aluminum among the corrosion resistant metals.
The reaction of zirconium and oxygen can take place at low temperatures and
when the exposed surface area of @ach particle of zirconium is large, such
as 1n the case of powdered zirconium, the reactlon proceeds almost violently

In the case of the compact or massive metal however, the oxide film forms
immediately upon exposure to oxygen and aids as protection against further
corrosion. At moderate temperatures the oxygen ions, molecules, or atoms
probably do not diffuse interstitielly through the oxide layers. One would-
expect this oxide layer not to exceed 50A as is the case for’ aluminum and
chromium at moderate temperatures.

At higher temperatures, however, zirconium will dbsorb many different
gases with the excéption of the rare and noble gases. Oxygen, nitrogen,
carbon monoxide, carbon dioxide, hydrogen, and water vapor are particulerly
reactive at high temperatures where the surface film offers less protection
against the interstitial diffusion’ of at least one of the reacting substances
through the film itself. It appears that considerable quantitiee of the
reactive gases mentioned above can be absorbed without the formation of o
new phase. However, de Boer says that oxygen free zirconium has a sharp
trdansition point {or phase change) gt 862 5° ¢, which can be shifted to 1150°C.
or more by the presence of oxygen. ' ' '

Because zirconium is such a good absorber -of  gases at high temperatures,
its first principal commercial use was in the coating of elements in electron
tubes for the purpose of gas obsorption. These remorkeble "getter" properties
make zirconium difficult to heat even in the best vacuums without absorbing
some even minute quantltles of gas,

Tge absorption of gases in vacuum at 1000° C. for 24 hours is shown
below: '

TABLE I
Pressure, mm Hg =~ Weight gain, %
3.0 x 1072 ~ 0.5
3.5 x 104 < 1.25
1,5 x 1072 ~ 2.9
5.0 x 1072 : ~3.5
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A. R. Kaufmann and P. Kulin of MIT have found that the only way to
attempt a heat treatment of zirconium such as annealing without a change in
chemical purity ‘is to do it in the best vacuum possible and surround the
specimen itself with a zirconium envelope.3l
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Oxyeen Absorption and Oxidation

Various and somewhat conflicting data are available concerning oxygen
absorption. J. D, Fast states that oxygen is absorbed at temperatures above
700° C. whereas Ehrke and Slackt0 believe the minimum temperature to be 8850 C.
Furthermore, S. Hukagawa and J. Nombo%*l show that oxygen is absorbed at
temperatures as lov as 180o c. with optimum absorption at 650-700° C.

Figure 10 at the end of this chapter shows the work of Hukagawa and Nambo
" and indicates that after the first rapid absorption at 180° to 2300 C. a
stable condition exists until further oxygen absorption occurs at 450° C,
W. M. Raynor theorizes that the first reaction at 200° C. may be a formation
of @ "solid solubtion" with oxygen and that the second absorption interval of
450-600° is the result of the formation of the oxide.

Another more generally accepted theory is that the protective oxide film
that forms even at room temperatures becomes thick enough to stop absorption
at 230° C., but * beccmes dissolved in the metal at around h50°C allowing
further ahsorption.

De Boer ‘states that a piece of zirconium covered with an ozxide film be~
comes 1ustrous when heated in vacuum. His belief is that the oxide dissolves
into the metal. Several properties of the metal &re noticeably affected by
this absorption of oxygen and a comparigon of these properties with those of
the pure gas free ductile metal offers a quick determination of relative gas
content. . The electrical resistivity is increased, the melting point is
raised, the temperature coefficient of the electrical resistivity is decreased,
and the.atomic distance ‘is somewhat increased, Obviously the ductility is
elso decreased.*3 : . o

. Some of the lack of sgreement in the'york of Past's and dlso of Ehrke
and Slack as compared with that of Hukagawa and Nambo may be due to the fact
that the former three used massive dutile metal whereas the latter used
molybdenum ribbon sprayed with zirconium powder. It is quite likely that the
greater surface areas of exposure of the powder may be responsible for the
obsorption of gases at lower temperatures than with the massive or compact
metal., Actual electron tube production and research shows that'Hukagawa and
Nambo are correct in the absorption temperotures of the powder. k2

W. M. Raymor of the Foote Mineral Company stntes thet the oxide film
does not dissolve rapidly until temperatures above 865 C. However, tests
at MIT on the oxidation of iodide produced zirconium indicate that temper-
atures in the neighborhood of 400° C. would be the maximum safe operating
temperatures of magsive zirconium metal for long periods of ‘operation (say

-2,000 hrs.) in air. (See figure 11.).



L

The only recent_data on oxygen absorption of iodide deposited zirconium
for three different elevated temperature runs are given below:9

@ 5160 C. o weight gain of 0.023% was experienced in 1% hours and
0.08ks% in 173 hours. '

@ 7OQ°‘C. o weight gain of 0.235% in 164 hours was noted

@ 1,000° C. a weight gain of 3.46% in only 3l hours followed by
rapld oxidation was experlenced

The data shown in Table II below .are indicative of not only the oxygen
absorption but the nitrogen absorption, both which can be, loosely termed
"corrosion" in a gaseous medium. .The effect of the presence of larger amounts
of impurities in the magnesium reduced zirconium on the corrosion of Zirconium
in air is also graphically represented in figure 11.

Pable II9
Corrison Data of Foote Zirconinm in Air at BElevated Temp;ratures

Surface area Original. Weight gainfunit surface area, gm/m"

of sample Weight of 47 1623 W8T 555 1029 2312
oC tested cm sample gm hours hours hours hours hours hours
200 .5.8130. . '5.3228 1.548 o ) : : 1.720
300 5.5943  5.0787 0.894 . " 1.787
400 5.7207 5.2729 1.223. 2.272 4.370 : 6.293

500 5.6544 5.1274 6.720 10.081 : 27.235 78.670
. - NOTE: Samples were held in porcelain boats. -

Table TIIZ

Co;rosion Data of Bureau Zirgoniumiin Air at Flevated Tempgraturs@

Surface area Original Weight gainfunit surface area, em/m®

of sample, Weight of 70 7 1k2 237 51 59
oC tested cm gample gm hours hours Hours hours  hours
200 5.7258 -~ 5.37717 175 Sk L175*
300 5.7258 | 5.3063 349 .52k ‘ 349 < 1,397
Loo s5.7258 - 5.3129 . 1.921 2.969 3.493 4,541 6.462
500 5.7562 5.3397 9.902 13.029  17.199 28.491  49.338

. % TInaccuracies in weighing may account for this drop.

As to the liberation of absorbed oxygen st elevated temperatures, oxygen
is retained even at temperatures exceeding 1500° c.k2 According to de Boer,
however, the oxygen can be shifted from one end of a zirconium rod to the other
by pessing direct current through the rod at 1500°C. The oxide ie believed to
migrate to the anode as in electrolysis.}7 Alputt and Scheer claim that the
ductility can be. restored to the cathode end of a zirconium bar containing the
oxide by passing ’a DC current through the bar allowinﬁ it to reach 900. They
also concur on the migration of oxygen to the anode. Such experiments have
" recently been tried on the removal of oxygen from beryllium but met with no

success in removing the oxygen.
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As to the quantity of oxygen absorbed,.J. D. Fasth5 claims that up to 40
atomic per cent of O, can be dissolved without X-ray evidence of the presence
of a compound.. Hell, Martin; and Rees (in Trans. Faraday, Sec. kl, 1945,p.306)
report as high as 50 atomic percent absorption of oxygen in what they term
"true solid solutions". W, G. Guldner and L. A. Wocten claim 38 atomic per
cent of oxygen can be dissolved into ductile zirconium strip without the for—
mation of a new phase.93

‘The measurement of oxygen in zirconium is a difficult problem. Fast
reports the pressure of oxygen in equilibrium with the. saturated solution pg
oxygen in zirconjum was too low for direct measurement - even less than 10
atm. at 2700° F.” Kroll, Schlechton, et al., investlgated a method of oxygen
determination that depends on the chlorination of the metal with purified
chlofine that is especially free of -oxygen, nitrogen, and carbon ‘dioxide.

The purification of the chlorlne is performed by condensing the cylinder

. chlorine with dry ice. This causes the oxide bearing materials to Jbecome a
residue. The method is limited to zirconium vwhich is- free of carbon, tungsten,
“and the metals of the fifth group of the periodic table as these elements form
volatile oxychlorides. (See appendix for Dr. Knoll's own. description’ of the
test procedure ) U S

. W C. Lllliendahl, et al, 86 have also developed a quentitative method
of -evaluating oxygen in 21rconium by the direct determination of the zir-

. conium- oxide content by vaporizotion of the method in chlorine ges. This
~method is essentially the same as that proposed by Kroll but higher tempera-
tures are involved, i.e.,, 800° C. instead of 500° ¢. for the chlorination of
the zirconium., The zirconium oxide residue must be corrécted for side

‘reactions with carbon. They claim & precision of approximately 0.02 per cent
with 2.0 g samplee. . :

Reactivitygwith Water Ve@g:org5

Guldner and Wooten ‘in -their experiments for determining the gettsring
"propertiee of zirconium for application to ‘electron-tubes, noted a water vapor
"absorption nearly at the same rate as oxygen for the temperature range of
. 200-350°, A specimen thus treated was observed to liberate hydrogen when the
© témperature was raised. It was-further noted on exposing & zirconium coated
plate to water vapor in the temperature range of 700-800° C that hydrogen
. was formed and liberated in the system.

Nitrogen Absorption

Nitrogen, according to Fast, is absorbed at temperatures exceeding 1,000°C.
and again we have conflicting data of Hukagawa and Nambo who claim that nitrogen
1s completely absorbed at 600° C.41 Their curves (Figure 12) indicate that
. some of the nitrogen may be réleased at higher temperatures. "W, M: Raynor

' believes this 1is probably hydrogen present in the .zirconium, however, which
) would account for the increase in pressure shown above 650° :

: Guldner and Wooten" state that. the reaction of nitrogen with zirconium
* does ‘not- occur at room temperature but begins elowly at 400° C. 95 at 8oo° C.
they further note that "the gas is cleered up very rapidky" -
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Again it should be reiterated ‘that some of the differences in the results’
of Fast and Hukagawa and Nambo are due to the facts mentioned under "Oxygen
Absorption and Oxidation" (see p.43). Table XIII in the chapter entitled "The
Mechanical Properties of Zirconium" shows the effect of a nitrogen atmosphere
on the hot properties of zirconium. ‘

Zwikker believes that n1trogen also shifts the transformation point
gimilarly as does oxygen.

Fast, in his studiss of the influence of nitrogen gas on zirconium, claims
that it is not released upon heating. .However, van Arkel relates that at least
small amounts of nitrogen are released at elevated temperatures.ll

Guldner and Wooten observed on heating a sample that had "sorbed" 13 atomic
per cent of nitrogeh to 1300° C. that no gas was liberated and therefore con-
cluded that a very stable compound had been formed.

The effect of nitrogen absorption on the.physicel properties of zirconium
is similar to oxygen. The hardness, tensile strength, and electrical resisti-
vity are raised and the ductility decreased. The nitride is a better metallic
conductor than the metal itself. Because of this fact, there must be a point
where the resistivity reaches a meximum, after which the resistivity will be
diminished again., P. Clausing found such a point,l

Nitrogen diffuses more slowly than oxygen in zirconium which.permits the
longer hot working of the metal in a nitrogen atmosphere before embrittlement
became too great. .

The solid solution range of nitrogen in zirconium is smaller than that of
oxygen ‘and .is estimated to be in excess of 20 atomic per cent. 32,42, . D.
Fast claims that up to 20 atomic per cent nitEogen can be dissolved without
X-ray evidence of the presence of a compound, Recent work with X-ray dif-
fraction patterns by Guldnér and Wooten of the Bell Telephone Laboratories
evidences a compound formation of zirconium nitride.9)

Absorbed nitrogen, like oxygen, can not be completely reversibly released
after absorption.39;42 It can readily be determined, however, by the Kjeldahl
method.39 Kroll observes that the compound of zirconium, zirconium nitride,
starts to dissociate in vacuum at 500°, but feels that complete dissociation
would be only problematic. Kroll further relates that a dissociation of the
nitride, produced by the reaction of pure sublimed zirconium chloride and
ammonia gas, may take place at the melting point of zirconium since a slight
gas evolution is sometimes perceptible. He finally adds however, that 1t is
questionable whether or not even Prolonged heating of molten zirconium would
remove all of the nitrogen.

Hydrogen Absorption

The use of hydrogen gas ag a reducing agent in &leaning the oxide f£ilm
from many metals at high temperatures is not applicable to zirconium., Zir-
conium being in the fourth group of elements in the periodic table, has a
high affinity for hydrogen, as well as the halides, sulfur, nitrogen and carbon.
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, The hydrogen absorption curves of J. D. Fast and Hukagawa and Nembo are
shown in figures 13 and 1l& at the end of this chapter.

The graph of Fast's work shows that the hydrogen is absorbed from 300 to
400° C. and again liberated between 500 and 850° C, resbsorbed at 862° C., and
again released above 862° C.

Guldner and Wooten found the optimum temperature . for hydrogen absorption
to ve 300° .95 |

Hukegawa and Nambo's work reveals a reversible cycle but also shows that
a certain guantity of hydrogen can be permanently removed by heating to 600° C.
or over and following through with one complete cycle of heating and cooling
(see figure 1k4). 2 W. M. Raynor states that there must have been some hydrogen
present (as in the nitrogen curves of Hukagewa and Nambo) beceuse the pressure
increases with the temperature and does not show that hydrogen is absorbed at
300 to 400° C., which J. D. Fast found to be the case with pure zirconium. 2
A spread between the curves indicating that a proportiocn of the hydrogen has
been permanently absorbed after one complete cycle of heating and cooling is
difficult to explain since although a hydride is formed at lower temperatures,
this hydride breaks down at approximately 400°C. The hydrogen must be retained
in s0lid solution according to this thinking. However, the work of Hukagawa
and Nambo was done below 800°C., and therefore they did not experience the
phenomenum of the transition temperature of 862°C., and its effect upon hyérogen
abgorption. The solubility of hydrogen increases suddenly at this point.

Van Arkelll gtates that all the absorbed drogen can be removed in vacuum
at 1500° €., therefore agreemng with J. D. Fast*2 on the reversibility of
hydrogen absorption. Guldner and Wooten note the reversibility of hydrogen gas
absorption and cleim a temperature of only 800 C as sufficiently low enough
for complete gas liberation.?

The effect of hydrogen gas ih solid solution in zirconium is to lower
rather than raise the transition temperature between the o< and /3 phases.
Hydrogen is more soluble in the o phase than the = phase, whereas oxygen is
more soluble in the < phase zirconium,32

G, Hagg has shown by X-ray analysis that up to 5 atomic per cent of hydrogen
dissolves into zirconium to give a true solid seolution . He further reveals
that two phases, both expanded zirconium 1att1ces11 are present in compositions
ranging from 5 to 33 atomic per cent of hydrogen. 9

Carbon Dioxide Absorption95

, Guldner and Wocten have studied the ' sorption" of carbon dloxids and
observed & 0.45 oc. mm (pressure) carbon dioxide /mg of zirconium at 400°C.
At 800° C. they state the rate of uptake to be rapld. No gas was given off
when this sample was heated to 1300° C. ' '

X~-ray diffraction analysis indicated the presence of zirconium oxide,
Z2r0,, and zirconium carbide, Zr C. Both chemical and X-ray investigations
reveéal stable chemical compounds are formed when zirconium absorbs carbon
dicxide at temperatures in the neighborhood of 800° C.
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Carbon Monoxide Absorption99

Guldner and Wooten observed thet the behavior of carbon monoxide with
zirconium was very similar to that of carbon dioxide. Both chemical and
X-ray examinations reveal the compound formation of zirconium dioxide and
zirconlum carbide. :

Absorption of the Rare and Noble Gases

As has been previously stated, the rare and noble gases are not absorbed
by 21rconiug Thus for example the heat treatment of zirconium euch as anneal-
ing at 1000~ C. is usually done in helium or argon gases.

An experiment on 1od1de deposited zirconium at l,OOO €. in unpurified
-argon gas resultsed in a 1.3073 gram sample gaining only 0.0075 grams in 3 hours.
Thie was a weight gain of O. 575% in 3 hours in argon gas as compared to 3. L69
gain in 3- hours in oxygen which furthermore was followed by rapid oxidation.9
A-test of 100 hours would probably have found the oxygen surrounded gpecimen
completely gone and the argon gas enclosed specimen still absorbing any im-
purities in the unpurified gas itself, but not however, disintegrating, =8
would be the case in oxygen. Z1rcon1um shavings have been suggested as 4o
purifiers for the rare and noble gases; viz. halium,neon, argon, and krypton.

Redctivity with the Halogens

. Zirconium is known to react readily with all of the halogens at moderate
temperatures (200-400° C) to form the volatile tetrshalides. It is also known
that under certain conditions, the less volatile dihalides, which offer some
protection to further attack, mey be formed. This fact particularly apparent
in the iodine reaction for it has been noted at all temperatures above SOQ-GOO
C. the di-jodide is sufficiently volatile to preVent the formation of an
effective protectlve f£ilm,

The sublimation of the icdide without decomposltlon in vacuo mekes it
possible to produce zirsonium by the thermal decomposition of the sublimed
iodide. A complete treatise on this preparation of the ductile zirconium by
thermal decomposition of the tetra-iodide under the chapter entitled "Productlon
of the Ductile Zirconlum ‘Metal".

The reactivity of the halogens towards zirconium decreases with increas-
ing atomic number and the iodide is the least stable of the halides. This
factor determines the choice of the halogen, iodine, as the carrier for zir-
conium in the halide thermal decomposition method of zirconium production.

Experiments have shown that_ oxidized zirconium is apparently not attacked,
at least not readily, by iodine.l This is probably truc of the other halogens
also ‘

Chlorine is also reactive with zirconium. The temperature at which this
takes place however, has been described as a "dull red heat" by de Boer. The
tese~chioride has also been employed in the production of ductile zirconium by
the thermal decomposition of the tetra-chloride. However, the "hot wire" must
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be meintained at a higher temperature than with the tetra-iodide since the_
decomposition of the tetra-chloride proceeds at. higher temperatures. Tungsten
wire cannot be used as the "hot wire" in the thermal decomposition of the tetra-

chloride because tungeten forms a low melting point eutectic with zirconium at
temperatures required for the tetra-chloride decompesitinn%ll

Reactivity with Carbon, Silicon, Boron; and Sulfurd2

Each of the elements carbon, eilicon, boron, and sulfur'reaetslwith,
zirconium at temperatures in the neighborhood of 1400° C. However, at low
temperatures the reactions proceed slowly. ‘

Finely powdered carbon in the form of graphite reacts readily with zir-
conium at high temperatures. However, melten zirconium is ‘reported not to
react with massive graphite but is ¥nown to wet graphite very well. 3

Reactivity with Annnonie32

Zirconium is quite stable tQ ammonia at moderate temperatures but at
higher temperature (1000° C.}, Zr3Né is formed.
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CHAPTER X
THE CORROSION RESISTANCE OF ZIRCONIUM

Zirconium hag been observed to have high corrosion resistance to many
ageuous media. It is, in general, even more resistant to acid corrosion
thean the metal titanium but not quite as good as tantalum which is used 32
widely in the chemical industry because of its good acid corrosion resistance.
Zirconium, however, has superior alkali resistance to tantalum. Uhlig states
that zirconium is resistant to strong alkalies and molten caustics.

Aéids and Bases

Specific data concerning the corrosion of zirconium in various acids and
bases are given in the two following tables compiled from tests at the Foote
Mineral Company on iodide deposited zirconium:

Table IS4

The Effect of Various Common Corrosive Agents on Ductile Zirconium
: ' ’ at Roon Teggf_ature

Size of specimen -- 6 2x1.3x0.13mm (2 5% 0.5 x O, 005 in. )
Surface preperation - degreased.

Agent ~~ Concentration _Time,- days Cdfiosibn-rate;‘ipy

HF

All dilutions

Rapid attack

H,S51Fg Conc. ~—- Rapid atteck
AglOy 0.5 3 No attack#*
H,S0], 10% 1k 0.0002
HC1 Conc. 1k 0.0001 .
HC1 5 1k No dttack*
HNO3 Conc. 1L 0.00001
HNO3 10% 1 0.00001
H3P0)+ Conc. 1k 0.0000k

H, POy, 10% 14 - 0.00002
Citric acid 10% 14 - N6 attdck*
Oxalic acid 10% - 1 No attack*
NaOH 10% 1k No attack*
KOH 10% 1k 0.00002
NH), OB 28% 1k 0.00003
NaP 10% 14 0.0003
Io in KI 0:1% e . No attack*
Atmosphere -—— Years . No attack¥*.

* No attack ;

loés less.ihan 0.1 mg.

1

* Research Laboratory, Foote Mineral Co,, Philadelphia, Pa.
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Teble TIOF

The Effect of Various‘Common Cofrosive Agents on Ductile Zirconium at 100° C..

Size of spe01men -6.2%1.3x0.13mm (2.5 x 0.5 x 0.005 in. )
Surface preparation - degreased.

Agent . R Concentration Time, days  Corrosion rate, ipy
HoSOy 10% 14 0.0007

HC1 Congé. 1k 0.0002

HEC1 5k 4 : No attack¥
HNO3 , conc. 14 0.00005

HNO 10% 1% _ 0.00003

H3POy , 10% 14 0.00005
Citric acid - 10% 14 0.00002

Oxalic acid 10% 14 0.00004

NaOH 109 ’ 14 0..00002

NaOH 50% L 0.00017

KOH 10% 14 No attack®
NH},0H 28% 1k Gained weight
HgCl, Sat. soln. 14 No attack¥
NaCl 20% - : 5 Slight tarnish

* No attack = loss less than 0. l ng.

* Research Laboratory, Foote Mineral Co., Philadelphia, Pa.

Discrepancies in the results of isolated corrosion studies have been
'noted.by various investigators and these have been attributed to the presence
of very small amounts. of impurities. For eéxample, early reports indicate that
2zirconium is readily attecked by hydrochloric and dilute sulfuric acid but
other more recent tests show differently. This can be expleined by the
Presence of aluminum and other impurities. Another . example is shown by
comparing some early work at the Battelle Memorial Institute with some more
recent work atthe Foote Mineral Company. Battelle reported zirconium .as quite
resistant to attack by aqua regia. Foote, however, found that the metel
was severely attacked even at room temperatures and that: boiling aqua regie
completely dissolved a thin strip in a few hours. Both samples were reported
as the iodide deposited zirconium but there must be some ‘difference in the
impurities present 'which would have an affect on the corrosion resistance
of the protective film. 32

"The importance of impurities in the corrosion attack of water at elevated
temperatures is strikingly shown in a later part of this chapter which is
concerned epecifically with water corrosion.
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Besumejof Acigfand Base Corrosion

Reviewing tables I -and II and the literature, one obgerves that zir-
conium reeists nitric acid in all concentrations, even at 1000 C. , and eVen
the oxidizing solutions, concentrated hydrchhloric acid up.to 1000 C., hot’

' 20% sulfuric acid, chlorine gas either dry or -wet, hot 10% and 50% sodium
 hydroxide, fused sodium hydroxide, 20% sodium chloride solution at 100° C.,
acetic and oxalic acids, hydrogen sulfide gas, and cold dilute sllver nitrate

Potassium hydroxide only slightly attacks zirconlum Zirconium -is
attacked more by concentrated sulfuric acid at 100° C., and also by ferric
chloride, 75% phosphoric acid, nascent chloride, bromine, fluorine in water,
and hydrofluor-silicitic acid Zirconium dissolves rapldly in. hyurofluoric
acid.

Alkalies
The corrosion resistance of -zirconium t¢ alkalies is definitely
‘superior to that of both tantalum and titenium as well as that of 18-8 stain-

less.32 It is also resistant to molten caustic as well as strong alkelies.

Tests at the Argonne National Laboratory have shown that .zirconium holds
up well in .hot (600° C,) Nak.7

Water Corrosipn Testa

Various corrosion tests both static and dynamic have been run on zir-
conium in-moderately high temperature water under high pressure.

A 500 hour dynamic erosion-corrosion test .run by the Detroit Edison
Company gave the following comparative results: >0

Table III

‘Summery Of Detroit Edison Erosion-Corrosion Test

Avg, Avg.
" Water Préssure Avsrage
Temp :Differential, Avg. -Conductivity Weight Loss,
Deg F psi pH Micromhos . grams
. Carbon steel 401.3 - 300 7.3 0.59 0.5610

18 chromium - 8 nickel 0.0062
Zirconium* ' . 0.0003
Beryllium 0.4713
Aluminum® 2.,1211
Columbium 0,04t

*Slotted helf lost 0.0007, plain half gained 0.000k.
"ORemoved after 65 hours test.
- 4Gained- instead of lost.
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Results of_163 Bour Dynemic Corrosion Test at ORNL

A photograph of the specimens used in the Detroit Edison test is
included as Figure 15 at the end of this chapter.

A dynamic corrosion test at ORNL operated for 163 hours and with
water at a temperature of 2500 C., and 1250 psi and moving at a
rate of approximately 43 fps (baeed on 1 gpm flow of water through a
0.094% inecH hold for the zirconium specimen only) gave the following

results.7
Table IV
Material - Weight. (Initial) Weight (Final). % Weight Gain
' grams -groms ’
Foote Mineral Co. Zr 8.9000 8.9046 0.052
Bureau of Mines Zr. 11.1141 11.1309 0.151
Fansteel Columbium 4.5591 L.60h1 0.987*

*NOTE: The ratio of surface area to volume for the columbium eample

"«  was considerably higher than for the two zirconium specimens
and hence a comparison of corrosion rates of zirconium end
columbium based upon per cent weight gained is meaninglass.

One of the first recorded elevated temperature high pres e water
tests in an autoclave or pressure bomb is reported in MIT-1001.” Reference
is made there to iodide deposited (Foote Mineral Compeny) zirconium which
has been tested 1613 hours in distilled water at 250° C. A fairly constant -
weight was maintained 1nd1cet1ng no corrosion. A magnesium reduced (Bureau
of Mines) zirconium specimen also tested for .corrosion under identical
conditions showed an increasing weight gnin with time. The Bureau of Mines
zirconium- speC1men in 213. hours gained three to four.times the weight gained
by the Foote zipconium, zpecimen in 1613 hours.and also had not reached a
constant weight es,had the_Foote zirconium specimen..

The graph in Figure 16 at the end of this chaopter shows the comparison -
of the corrosion resistance of Foote and Bureau zirconium showing the constant -
weight or zero weight gain per unit of time achieved by the Foote. zirconium.
ORNL tests ruﬁ in 315° C., dietilled H;O0 in sutoclaves graphically illustrate’
the comparative corrosion resistance of iodide deposited Foote zirconium and
nmagnesium reduced (Bureau of Minee) zirconium. - Here agein. the increasing
corrosion rate of the magnesium reduced (and impure) zirconium is shown as "\
is reported in MIT- -1001.

Three additional and simultoneously run tests at ORNL on icdide de~ -
posited zirconium made in air saturated demineralized water at 315° C.
(600° F.) for 6k hours show that the rate of corrosion is negligible after
the initial 16 hours period. The graph figure 17, further substantiates the
MIT, tests, and previous. ORNL tests, figure 16.
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The corrosion data of nine zirconium ebecimens with various histories
for each group of three appears in the table below: 9 ' :
TABLE V
Corrosion Data of Nine Zirconium Specimens
Surface Weight.gain per surface area
_Area - e /1 : -
Sample No. . em? . 24 hrs. 48 hrs. 111 hrs. 251 hrs.

1.0kk7  1.436 1.532 1.436 2.585

907 43,109 97.133 261.521  884.34k4
.985 48.731 106.802 279.695 883.0k6-
1.366 65.’081 145,461 380.600 1027.598

Foote Mineral Co.
Crystal bar melted

in graphite crucible
10-15 minutes between
1830-60°C.* Graphite
machined off and _
sample taken from center.

Foote Mineral 1
Company Crystal 2 1.1199 1.429 2.054 1.518 2.679
Bar Zirconium - 3 1.2479° © 1.683 1.923° 2.003 2.885
Bureau of 1 966  7.143  11.387 19.772  36.128
Mines 2 1.247 6.175  8.821 17.322 - 32.879
" Zirconium 3 1.398 7.296° 10.515 - 17.668  32.690

1

2

3

A comparison of the corrosion resistance of zircbnium, beryllium,
Carpenter #20 stainless steecl is given in the table VI at the end of this
chapter. _

-Although beryllium eppears poor in comparison to zirconium, Cerpscter
Stainless Steel #20, and the GT~-45 alloy, and has in some tests practically
disintegrated at 3000C. in 2k hours (see CORNL-48-8-57, p.hk), the effect of
the presence of gaseous and other impurities in beryllium upon corrosion.may’

- be as compelling a factor as in eirconium corrosion. As no apprecieble
guantity of- truly gas-free and ductile beryllium has ever been produced, such
o test has obviously been impossible to substantiate this belief. The effect
of electrolytic corrosion and pH value of the beryllium corrosion testing
medium is also of prime importance for investigation.

This section has included corrosion data on three widely consgidered
coolants for thermal reactors, water and the liquid metal, NaK as well as
corrosion data obtained from other common corroding agents. Information on
the third important reactor coolant, the gases, ie given in the section
entitled "Chemical Reactivity of Zirconium". )



I 60

Table VI

Comparison of Corrosion Test Results for Zirconium,
Beryllium, Cavpente: #20; Stdinleaa Steelf’& GT-45 Alloy Steel**

Conditiqnsf Samples inserted into 50 ml air saturated demineralized
' water in 100 ml. autoclave and held at 315° C.

Initial Final Area Gain Total

o weight weight 2 /C 2 Time _
Material Grams ‘Grams , m Hou:s “pH" Bemqus
zZr 1.8062 1.8073 20 0.6 -64 6.16 Lost original lustre but
smooth. Had few white
streaks.that do not wipe
off.
‘Be 3.70kk  3.7070 16  1.62 ST ~6.2  Sample had bluish cast

and white spots

Corp.#20 15.0472 15.0484 16  0.75 .57 ~6.2  Somple had very light
orange rusty color on
surface

Gr-45 - 19.1677 19.1677 20 0, 1265~6.2 Sample tarnished a little,

" %-Typical chemical analysis: 29.0%. ¥i, 20% Cr. 2. 0% - mo. min. » 3% Cu. min.,
0.07% C mex., 0.75% Mn, and 1.00% Si.

*%& ARM Co's. - gas turbine alloy with typical chemical gnalyaie of 14,0% Ni,
17.25% Cr, 2.8T% Mo, 3.14% Cu, .0.076% C, .1.45% Mn, O. hg% 51, O. 026% P,
"0.009% S, O. 22% Ti and 0.36% Co.
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Chapter XI

THE SEPARATION OF HAFNIUM FROM ZIRCONIUM

Borth zirconium and hafnium occur in the fourth group in the periodic
table, have the same valence, possess nearly the same ionic diameters, and
are very similar in chemical affinity to other elements or compounds which
are commonly used for separating various metallic elements. In fact the
degree of resemblance of hafnium to zirconium far excggds that of nioblum
(columbium) to tantalum or of molybdenum to tungsten.

Thepe factors ‘make separation of the two extremely difficult. .oNowhere
‘in the periodic table are there greater resemblances hetween.the chemical
similarity of elemernts- than in the two-horizontal rows which-include zirconium
and hafnium.

“Séveral.physical and chemical differences no matter how slight have been
" studied by many investigators for:the possible separation-of hafnium from
zirconium. These differencés are listed below:

Vapor: pressure of the two.metals and their salts.
Solubility of hafnium and zirconium salts leading to
fractional crystallization.

Rate of fractional precipitation

Mass

Ionic diameters ,

Distribution ratios of metal ‘chelates

Decomposition temperatures of some of the compounds.
Electrochemical potentials of the zirconyl and hafnyl ions.

-

®-3 OV FWw

Separation by VaCuum.Distillation

~ The speed 'of evaporation and vapor pressures for zirconium and.hafnium
differ appreciably De Boer and Fast. have determined the vapor. pressure from
the basic formula

log p(mm Hg) = -A + B

T
to be

log p

-30200 + 9.46
T .

for hafnium and
log p

-13000 4 0.77
- T

for zirconium,ee- C. Zevikker (Physica, Vol.8,.1928, p.2kl) attributes this

abnormal behavior to the oxide lay on zirconium which holds back the vapor
_pressure. Zirconium is much better protected by the oxide layer than hafnium
- against the action of iodine .22

— — D

~—



I | 4
65

This difference in the vapor pressure of various salts of zirconium:and
hafnium makes it practicel to separate the two by vacuum distillation. ,R. A.
Stauffer of the National Research Corporation suggests centrifugal fractional.
distillation of ammonium zirconium fluoride. Equipment for separating solutions
whése boiling pointe differ by only 2- 3° C. by centrifugal vacuum fractlonal
distillation has been developed and good separatlon is reported. 7

Van Arkel and De Boer found that by heating a mixture of ZrCly and PCls,
a compound of 2ZrCl *PC1l_. was formed which could be distilled quite readily’
The distillation tempera%ure they observed was 416° C. On coolihg it crystal-
lized to a hard compact mass.

Further experimentation of theirs revealed that a compound between ZrCly
and POCl, corresponding to thé formula 22rCl), *POC1, had even a lower boiling
point, viz. 363 or 364° C. and on cooling congeaWea to a glassy viscous mass.
Zirconium fully free of hafnium, silicon, 'imon,titanium and thorium can be
successfully produced through the distillation of this compound. They observed
that two distillations removed the iron and another the hafnium. All fraction-
ations revealed that hafniym distilled off as a volatile compound before Zir—
conium 59

\Separation by»Fractional Crystallization of Selte by Difference in Solubility

The geparation of not more than two closely related elements is fairly
rapid even where the differences in solubilities are not great. For fractional
crystallization in aqueous solution, the salt used must yield an anion con-
taining zirconium, because it has been found that salts containing a cation
bearing this element are too easily hydrolyzed.39

One method of separation of hafnium from zirconium by fractional crystal-
lization is by the preparation of potassium hexafluoride of the mixture of
the two metals. Potassium hafnium hexafluoride, HfF, is 1.5 times as soluble
Z2rFg and hafnium can be collected from the soluble end of the series
- leaving zirconium at the less soluble end. 39 Sulfuric acid can be added to
give the sulfates which are ignited and K,S0, is extracted with hot water.
Zirconium oxide is finally converted to the gxychloride and recrystallized.
from hydrochloric acid.

Ammonium hexafluorides can also be used but the ratio of their solubilities
is not as favorable. However, they are more solible than the potassium com-
pounds and consequently require less volume of solution.

Zirconium citrate, COntfary to what might be expected from the literature,
was found by D. H. Drophy and W. P. Davey of the General Electric Company to
be relatively insoluble in pure water, while hafnium citrate is quite soluble.*

¥ W. M., Latimer and J. H, Hildebrand82 also offer an exception to most
literature agreement concerning the solubility of the zirconium citrate.
They state that there exists a great difference in the solubilities of
the citrate compounds of zirconium and hafnium.
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Zirconium citrate is also soluble in ammonium hydroxide or in an excess of
citric acid. By adding a limited amount of an agueous solution of citric
acld to a solution of crude zirconium nitrate, a precipitate of pure zir-
conium citrate is obtained which they identified by its X-ray absorption
spectrum. The conditions of the separation are, however, such that although
the precipitate is free frOm hafnium, the soluble portions also contains some
zirconium.

In addition to the above differences in the solubility of zirconium and
hafnium compounds, hafnium oxalate is knowm to be soluble in excess oxalic
acid and its oxychloride is less soluble than that of zirconium.39

Separation by Fractional‘Precipitation

Perhaps the only separation method tried thus far on a nearly commercial
and economically practical basis has been the fractional. phosphate precipitat-
ion method. Work has been done on this at the Foote Mineral Company since
the winter of 1947-48. With yields in the neighborhood of T0~-80%,. the follow-
ing results were reported from a series of precipitations:72

Table I

Results of Fractional Pho‘phate Precipltatlons at Foote Mineral Co..

Bample No. f X lOO[Zr Samplg‘Nq. Hf X lOO[Zr .
A 2.34 12-0 0.81
B 2.25 12-A 0.73
C 2.17 12-B 0.59
D 2.07 12-C 0.51
E 1.95 12-D 0.49
F 1.72 12-E 0.45
G 1.41 12-F 0.36

12-G 0.34
12-H 0.33
12-1 0.34
12-L. 0.33
12-Lo 0.30
12-M 0.27
12-N 0.23
12-0 0.20

Progress resulting from improved techniques has since netted separation
under 0.1% ratio and a pilot plant is now being set.up at the Foote Mineral Co,
to produce the oxide with this percentage ratio of Hf/Zr. It is estimated that
it will be early in 1949 before the ductile zirconium metal is produced with
Bf/Zr ratio of less than 0.10%.

The preparation of the eight gram sample by Dr. Edward Wickers group at

the U. S. Bureau of Standards for cross~sectionldeterminationrat ORNL, gave the
lowest recorded hafnium and zirconjum. Fifteen or more precipitations with a
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low yield of about 3% finally gave a sample with : 200 dpm of hofniudzle:It .
. was with this sample that E. Pomerance of ORNL established the presently
accepted value of O.h* barns for the thermal neutron absorption cross-section.

Another fractional precipitation method was reported by Prandtl (Z. anorg.
allgem. Chem., Vol. 208, 1932, p. 420ff.) which depends upon the fractional
precipitation of the ferrocyanides of airconium and hafnium from a solution
containing oxalate and sulfate ions, the purpose of which is to form complex
.ione of different stability. The hafnium is enriched in the precipitates.
Prandtl's early work described a procedure for yielding a product containing
90% hafnium oxide and 18% zirconium oxide starting with a material containing
about 1% hafnium oxide. ' . '

Schumb and Pittmsnse in further developing and checking Prandtl's process
also improved the chemical analysis method of @laasen (Z. anal. Chem. Vol. 117,
1939, p.252ff.) for hafnium and zirconium determination which is reportsd in
the chapter of thig work entitled "Methods of Analysis for Hafnium". 'Schumb
and Pittmen also found ambiguity %o the description by Prandtl of his own
work but eventually were able to take a mixture contaeining 12¢% Hafnium oxide
and 88% zirconium oxide and convert it in four operations by the ferroxyanlde
method to yield an oxide mixture containing 80% hafnium oxide and 20% zirconium
oxide.

Separatipn by Electrpmagpetic Msphods

Zirconium and hafnium could feasibly be separated on an isotope separation
scale such as is used in the electro-magnetic separation of the uranium isotopes
from the chloride. The mass difference of zirconium and hafnium, atomic weights
91.22 and 178.6 resgectlvely, is much more favorable than in the case of the
uranium isotopes, U<35 and U=38.

Such an isotope separation of hafnium and zirconium is reported by Mr:
Boyd Weaver at Y-12 in Oak Ridge to be on their schedule early in 1949 mainly
for the purpose of vbtaining pure zirconium for further cross-section determin-
ations at ORNL and separating each of the hafnium isctopes for similer nuclear
measurements.

Here again, as in the analysis of hafnium in zirconium by the mass’
epectrometer, (see chapter XII) the contamination: of 7x90 by the doubly charged
HEf180 ions is a problem. Although the isotope separating calutrons are but
large scele duplicates of the mass spectrometers in principle, the problems of’
the chemical preparation of the chloride and the difference in vapor pressures »
of zirconium and hafnium chlorides are actually not problems at all but factors
aiding in the separation of the two metals.

* The value of 0.27 given in C., E. Winters memorandum on the Minutes of the
First Meeting of the Zirconium Committee of ORNL, dated August 10, 1948.
(ORNL - Central Files 48-3-360) has since been considered doubtful -and
H. Pomerance has recently calculated a value of 0.32 barns based on the
summation of measured cross-sections for each of the 5 isotopes and taking
into account the abundance of each of the isotopes-:



The chlorination of the Zr-Hf alloy. for the preparation of the raw
materials for the calutrons and mass spectrometers results in a partial separa-
tion of hafnium from zirconium which of course, chenges the original ratio
of hafnium to zirconium in the raw materials unless the chlorination procedure
is precisely. controlled under certain equilibrium cond1t10ns

68

It is in the "source" (the ionization and ion beam foqusing chamber) of
- the mass spectrometer that the ionization of the vaporized chloride occurs.
This process is affected by the difference in the rate of vaporization and the
difference in the temperatures of vaporization of the zirconium and hafnium
‘chlorides and & true relationship of the Hf/Zr ratio is not obtained.

Sepa;ation yy‘Thermnl Diffusion

The separation of uranium isotopes by thermal diffusion of the liquid
uranium hexafluoride was achieved during the war. Although such a method was
found inefficient for separating uranium isotopes, it seemed advisable to
undertake such a study for hafnium and zirconium in order to explore all
possible means of separating the two. J. I. Hoover9h of the Naval Research
Laboratory (where a uranium hexafluoride thermal diffusion pilot plant wes :
operated early in the war) was assigned the problem to determine the feasibility
‘of such a method.

The gaseocus or liquid thermal diffusion separation is possible because
of the fact that when a temperature gradient exists in a gas or liquid, the
heavier molecules concentrate at the colder end and the lighter ones at the
hotter end. Thermal diffusion processes also take advanBagesof the fact that
thermal convection currents arise in gases and liquids when the molecules are
at different temperatures. The thermal convection currents set up counter
.current flow and thermal diffusion causes the preferential flow of the heavy
molecular outward acrose the interface between’ the two currents.

Preliminary results at the Naval Resecarch Laboratory indicated a large
change in the. WFB and UFg ratio by liquid thermel diffusion of solutions of |
and WFg. - In one 95 hour run the ratio o§ WF6/UF at the top of a thermal
. éfusion column changed from 0.05 to 19. (9%) Such promlsing results stimulated
. the investigation of hafnium separation from zirconium by liquid thermal dif- !
.fusion.

.Three organic compounds was considered: zirconyl stearate, zirconium
~tetra igoamylate, and zirconium tetra 2-ethylhexylate. ' The last of these
three was chosen because it had the best over-all physical and- chemical

- properties.

The results of several runs using zirconium tetra 2-ethylhexylate
contalnlng ~9T% Zx( 008H17)h and,~J3% Hf(OCGH17)h are given below:
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Table I*
Results of Thermal Diffﬁéion Experiments. of Hf-Zr
Separation at USNR Laboratory
Temperature Length of run Hf/Zr Bottom
, Gradiant {continuous) Hf/ _
Run # .c/cm hours zr Top Remarks
1 ~ 5500 ' 198 1 The temperature gradients
_ . were achieved by chang-
2 ~- 2500 140 1 ing hot & cold wall
4 temperatures and/or
3 ~- 1450 140 1 spacing
L ~ 3750 190 1
5 ~ 2240 95 1

~The expected change in ratio however, did not take place. J. I. Hoover.
relates that decomposition of the 2-ethylhexylate occurred in each case and
that such a decomposition posgsibly explains such a lack of separation. Hoover
further postulates that the products of decomposition were separated accord-
ing to molecular weights but since there was no preferential decomposition
of either the Ef(OCgHys)l or Zr(OCgHyp)) in the originel salt, then each group
of molecules of equal golecular weight would contain the same hafnium to zir-
conium-ratio. ' '

Hoover concludés that regardless of the explanation for the lack of
separa ation, the results indicote that the use of the zirconium tetra 2-ethyl-
‘hexylote compound is not applicable to such a separation but that a more ideal
compound of zirconium might be used successfully, however.

(The complete communlcation from Mr, Hoover is given in the Appendix..xFurther
details may 'be found there.)

vSeparaﬁién,by the .Ton Exchenge Method

Even though hafnium has more neutrons, protons, and electrons. then zir-
‘conium, it lies at the bottom of the Lanthanide contraction and hns an ionic
diameter smaller than that of zirconium. Elements whose valences are identical
can be separated by ion exchangs methods by virtue of differences in ionic
diameters and the ion exchange rates.

Since the ionic diemeters of zirconium and hafnium are within 1% of each
other, such a method, although practical, would be most difficult and even the
‘preparation of a 10 mg. sample of pure zirconium by ion exchange would be no
simple task.
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Separation by Preferential Extraction of Metal Chelates®’7:60,67,69,93

The separation of zirconium from hafnium by the preferential extraction
of zirconium from an acidic aqueous solution into an organic solution contain-
ing TTA has generally been referred to as the TTA method. TTA is the abbrevi-
ation used for the solid compound, thenoyltrifluoroacetone.** The reaction of
this compound with various metals is as follows:

(1) nET, Mer; — Mely(0) # nE, (in equilibrium)

where Me refers to a metal of valence n and HT refers to the acidic enol form
of the TTA molecule, and the subscripts A and O refer to aqueous and organic
phases. The mechanism of the reaction is a combination of hydrogen replace-
ment and coordinate bonding.

The TTA method of separation is the basic chelating method used in the
separation of the radioactive zirconium from the fission products of uranium
fisgion. It involves the mixing of an aqueous solution of the metallic salts
with an orgenic solution (such as benzene, toluene, or carbon tetrachloride)
of the TTA compound. The chelating agent graduelly complexes with the zirconium
with resultant extraction of the zirconium chelate into the organic solution.

The reaction for zirconium in solutions of very high acidity is probably
as follows:

(2) LBET % z:-"* > 22T~ bE*
but R. BE. Connick and W. H. McVery67
as acidic as 2 molar perchloric acid:

postulate the following for solutions

1. 2r(0H)*3 is the predominating epecies {not Zr*4);
2. Extraction has & third power B* dependence; and
3. A fourth power TTA dependence

~ Assuming these conditions, the simplest expression of the extraction
would be

(3) 4T - 2r(0E)*3 = zyT), + 36 4 H0

E. H. Buffman and L. J. Beaufait?d3 found a similar ‘TTA dependence for
hafnium. Therefore the same extraction expression probably holds for hafnium
because of its chemical similarity to zirconium.

* The author gratefully acknowledges the'assistaﬁcé 6fiMf: J. P. McBride
of ORNL in preparing this section of Chapter Xi.

*¥* For preparation of the thenoyltrifluoroacetone compound, see Reid, J. C.

and Calvin, M. I. MDDC-1405 (BC-75) dated August 13, 1947.
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- The equilibrium constant would then be represented by the formula

. (zrmy)(E+)3 - D.R,_ 0 (8+)3
() Xgr ZHTWFZr(OH) 3 & a(m

For the extraction of gr from perchloric acid, Connick and MoVey67"
calculate a Kgp of 7.6 'x 10 A constant calculated for the extraction of
hafnium according to' the above expression (3) would have a value of 3.3 x” lO7
Hence, a preferential extraction ratio of zirconium over hafnium of about 20:1
is to be expected at constant TTA concentratlon and constant ac1dity.

Separation by Electrochemical Means

If a great enough dlfference in the oxidation potential of the 21rconyl
and hafnyl ions existed or if eilther of the two could be separated by electro-
lysis from a solution containing them, it would be possible to separate omne
from the Other by controlled cathode potential.

W. M. Latimer in his text, “The Oxidation States of the Elements and
Their Potentials in Aqueous- Solution , reports a difference in the ox1datlon
potential fgr the zirconyl ion, zr0**, and the hafnyl ion, EfO**, of about '
0,15 volts.

Latlmer gives the free energy of formation of the zirconyl ion, Zr0*+,
to be -198 lOO cal. and the oxidation potential as follows:

B0 + Zr - zrO*" + 2 B* + be”, E° = 1.53 volts.

Although Latimer found no value in literature for the free energy of
formation of the hafnyl ion, HfOt+, he assumed tlie free energy of hydration
of the oxide the same as for ZrOp and also notes that HfOp is slightly more
basic than ZrOp. By the assumption of the identity of the free energies of
hydration between the zirconium and hafnium oxides, he calculates the free
energy of formation of the hafnyl ion to be -212,100 cal. The oxidation
potential (1.e the Hf-HFO+* couple) of the hafnyl ion, HfO+*, follows'

H20 + BHf -» HEO'* + 2% + he”, E© = 1.68 volts.

This d4fference in oxidation potential (1.68-1.53 or 0.15 volts) between
the hafnyl and zirconyl ions stimulated an investigation by.J. C. Griess of
ORNL to see if it was possible to develop an electrochemical method of
separating hafnium from zirconium. He made polarographic studies and
observed no intermediate valences for hafnium. In fact he found no polaro-
graphic waves for hafnium. Consequently, this element will} not plate by
electrolysis of aqueous solutions. He did observe that it was possible to
get polarographic waves for zirconium from relatively simple salts of zirconium,
viz. the chidride and the perchlorate, but he was got_eble to electroplate any
appreciable amount of zirconium (see Chapter Xv).T

Latimer83 and Laubengayer and EatonSl also found that the quadrivalent
zirconium unlike its neighbors in the periodic table cannot be reduced to &
state of intermediate valence by electrolysis of solutions of zirconium. The
latter two observed that the quadrivalent zirconium can be reduced under some
conditions to the metal (see also Chapter XV on the plating of .zirconium).
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ﬁaﬁbéngayer and Eaton also state that zirconium is more like tantalum
than itézneigthrs, or the rare earths, or the elements titanium, vanadium,
and dolumbium, all of which exhibit step-wise reductions.

. Since attempts to electro-deposit either hafnium or zirconium in any
appreciable amount have met with failure, it would seem impossible to separate
either from the other by electrochemical methods. '

Separation by the Decomposition Temperatures of Héfnium and Zirconium Compounds

At least one further means of separating hafnium from zirconium is known.
It -has been determined that hafnium sulfate remains stable to nearly 500° C.
whereas zirconium sulfate starts to decompose at temperatures slightly in

excess of LOO° C.



Chapter XI1

THE METHODS OF ANALYSIS FOR HAFNIUM IN ZIRCONIUM .

At least four methods of analysis have been tried in determining the amount
of hafnium present in zirconium either quantitatively or qualitatively.. Naturally,
the chemical method is the oldest and probably the most thoroughly explored.
However, it has great limitations and is not practicable for use in the range of
low hafnium content below a few percent. This chapter reviews the chemical method
as well as other work done to date on the other three methods. '

Chemical Method of Analysis

Although much effort has been expended towards the separation of hafnium
from-zirconium, the various methods of separation such.as, for example,; the
triethylphosphate fractional precipitation method, do not offer a sultable means
for quantitatively determining the hafnium content in zirconium. Apparently
the method involving the determination of the ignited oxides is thg most
satisfactory chemical means for evaluating the hafnium contentlsl' a

By: determining the density of the oxide mixture, one is able to caloulate
the percentage of hafnium oxide present because the molecular volumes of the
two oxidgs are very nearly the same. The formula used £6r calculation is as
follows 61

d(mixt.) - a(Zr0p)  4(EHFOp)
RHEOp = . X X 100
a(Efo,) - a(2r0p)  da(mixt.)

The determination of the density of the finely powdered oxide, however,
is attended with a. certain amount of difficulty due to the absorption of gases
by the finely divided material, and the accuracy of the result is always open
to question because of the uncertainty concerning the density of pure hafnium
oxide. Schumb and Pittmanﬁa therefore discarded the density déetermination
method and adopted a procedure basically worked.out by Z. Cleasen. (Anal. Chem..
Vol. 117, 1939, p.252). This method depended on the fact that zirconium and
hefnium form selenites ;Zr, Hf{Se0;)ot of constant and definite composition
vhich can be converted quantitativeély to the oxides. The percentage of HEfOp
is calculated as follows:

374.86 wt. of oxides - 0.35702 (wt. of selénites)

%H.‘fOe =
wt. of oxides

This method is claimed by Schumb and Pittmen to have an accuracy of within
0.5% but 1s good only for a hafnium content of at least 25%.

Larsen, et a161 caompared the results of the two methods above, the

former of which dépends upon the exact knowledge. of .thé dehsity of pure hafnium
oxide and found agreement within the limits of the accuracy of the methods

excepting in the Hafnium oxide rich region.. '
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Mass Spectrometer Analysis7

The analysis of hafnium in zirconium using the revised Nier mass spectro-
meter has been attempted at ¥-12 in Oak Ridge under the guidance of Roger Hibbs.
'Various difficulties have been encountered and thus far this method is con~
siderably unperfected

The dlfference in vapor pressures of zirconium and hafnium chloride (a
fact that makes vacuum distillation of the two metals possible by distilletion
of their salts) causes HfCl;, to vaporize at a lower temperature* and more
repidly than the other and although the ionization potentials of the two
chlorides are nearly the same, such a difference in vapor pressures causes
considerably error to be introduced into mase spectrometric'analysis.

Also adding to the difficulties involved is the fact that the doubly charger

f 180 inn appee&rs coincidentally with singly charged Zr90 ion in the receiver
of’ the instrument and it is necessary to compare the isbtopes of zirconium,
zﬁEQ and Zr92 for example, to determine the contribution of the doubly charged
Hfl8 ion to the apparently high Zﬂg ion peak or use another isotope of g£ir-
cohium for comparison. .- : .

Obstacles have also arisen in the chemistry of sample preparation by
chlorination. Here again, the difference in the vapor pressures of ZrCl, end
HfCl) acts in effect as a separation factor between the two metals end a pro-
cedure must yet be detérmined which will not change the Ef/Zr ratio during
.preparation of the sample for analysis.

Spectrochemical Analysis

Spectrochemical anelysis of the hafnium content in zirconium is possible
by at least two methods, the optical emission type, involving either the high
voltage spark or the low voltage arc, and the x-rey emission type. The X-ray
emission spectrography hes certain advantagea over the optical in that a
hafnium free zirconium is not important as the X-roy emission system involves
only the inner electirons of hafnium.? Thus e pure zirconium matrix is not

. necessary. Much of the work has been done with X-ray emission analysis but it
is time consuming and the necessary apparatus is not always available.

C. Feldman of ORNL has developed a technique for hafnium determination
which uses g 10% sulfuric acid solution with a porous cup electrode and spark
excitation. A porous cup electrode of graphite 1/4" diz. x 13" long with a
1/8" dia. hole drilled along its axis to within 1.3 mm of the end serves as
the upper electrode. A 1/8" dia. s¢lid graphite rod serves as the lower
electrode. The liquid feeds through by wick action constoantly renewing the
surface-film of liquid as it is dispersed by the spark. By this method HE/Zr
ratios in the renge, (Hf x 100)/Zr = 0.073-9.28 by weight, can be determined
without the aid of Hf-free zirconium preparations.If the concentration. of
hafnium in a hafnium preparation is known, its concentrations in the zirconium
preparation can be determined. The intensity ratio, Hf II 2641.406/2r II
2761.911, is measured and the Hf/Zr ratio read from a standard curve.65

¥See - footnote to chapter, p.80.



Radiation-Activation Method of Analygis*

5

Following the discovery of artificial radioactivity, %he possibility of
detecting impurities quantitatively by the observance of the radiocactivity in
the artificially produced radioactive isotopes of the impurities became
apparent. It has only been recently however, that fairly intense sources of
either energetic charged particles or neutrons necessary for such a method of
-analysis have been avallable in various locations. The development of radi-
ation detection instruments has advanced considersbly and thies new method of
analysis 1s becoming important in certain fields. Although the radiation
detection instruments are themselves not expensive, the sources of radiation
are not cheap to conétruct and are not widely available at the present. Hence,

“the widéspread use of this method of analysis is limited today.

~ Both hafnium and zirconium contain at }gist fad§oactive 1eotopee after
' bedng subjected to neutron bombardment. , and zr97 are
-the four rddioactive-isbtopee of importance. '

Both- Zr95 and Hf181 have decay,’g’s ‘of nearly equal energy levels.. . How-
ever, “their half-lives differ enough in length to make it feasible, although
not practical to compare the decay curves of these two isotopes for a quanti-
“tative analysis of one in ‘the other.

The .procedure followed in studylng the decay curves of the radiocactive
‘isotopes for quantitative analysis is one which involves comparing both a
sample of unknown Hf/Zr ratio to a sample of a known concentration or ratio. .
Both samples must be subjected to radiation simultaneously and under identical
conditions. Simultaneous bonbardment of the unknown sample with the known
standard dispenses with inaccuracies arising from such variables as flux
deénsity, time of exposure, etc.

It is much more practical in the case of most elements, particularly thoee
with 1cng ha1f~11vee, to distinguish an impurity by virtue of the difference
in the energy of .7 and-; “~rays found between the radioactive isotopes of the
different elements. When an impurity such as hafnium is known, then by dif-
ferential absorption or coincidence counting, a measure of the amount of the
impurity can be established with the aid of a Geiger-Miller counter.

The most useful means of radio-activation analysis is probably the com--
parative method wherein a standard sample is subjected to-the identical radie -
ation as the unknown sample This method kas been developed for accuracy to
diminish the dependence upon establlshed decay schemes and uncertainties in

* The author gratefully acknowledges the aeeietance of Mr H. Pomerance of
ORNL in editing this section of Chapter XII.

*¥The 19 second radicactivity of Hafnium hss been ascribed to Hf179 by E. Segre
in MDDC 184 (A chart of Iosotopes) dated Mag 15, 1945. Segre's reference
for the hafnium isotopes was A. Flammersfeld?( who in 19k wrote "Es is also
wahrscheinlich, dass die beobachte Halbwertszeit von 19 Sek. 17THe. order
179g¢ darstellt" Therefore it is apparent that the 19 second half-1life
1sotope had not been definitely assigned to either Efl7T or Ef1T9. Flammere-
feld also gives the half-life length a8 19 * 0,5 seconds.
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counting efficiencies which are likely to introduce appreciable 11mitations
in the possibility of determining the absolute amounts of impurities. Caution
must be taken -in choosing standard samples which contain the samé general
impurities and no foreign constituents with large absorption cross sections
and subsequent high counting rates such as boron, lithium, cadmium, and the

- rare earths for example.

To calculate the weight of the element hafnium, it is onl& a matter of
.comparing ‘the counting rate of .the unknown with that of the standard at the
same time. . Such a calculation is set up by the following formula:

L;otal activity of Hf in unkno Mass of Hf in unknown
" (Total activity of Hf in standardgt Mass of Hf in standard

G. E. Boyd of ORNL cautions that the chief source of uncertainty in the
-comparative method is the uncertainty in . counting, particulerly in the low
.energy level. ' :

-In general, there are three methods of determining hafnium in zirconium
- end -one method particularly adaptable for determining zirconium in hafnium.
‘The -first and most obvious method. involves subjecting both the unknown sample
and a knéwn - sample-(both of very low Bf content, say < 5%), and a pure zir-
conium specimen to identical radiation condltions., A quantitative analysis
of the hafnium in-the unknown sample can be achieved by sscriblng the excess
‘counts over and above those due to Zr99 to Ef18l, This is done after the -
samples’ have been removed from the source of: radiation a couple of days, at’
which time the 17 hour zr97 nas decayed considerably. S. Reynolds of ORNL has
developed this method, end.results thus far agrees with spectrochemical analyses.

A secaond hafnium analysis method utilizes the. principle of delayed 181
coincidence counting wherein the counting o6f both the decay electron from Hf
(the £ 0.45:-Mev p') and‘the conversion electron of the 22 microsecond Tal8l is
_carried out. -H. POmerance and F. MacGowan of OBNL have employed this method

M .Goldhaber .and E. Mateosian of ANL have developed a third’ hafnlum
analysis -method which involves counting the 19 secdnd hafnium 1sotope act1v1ty
and comparing the act1vxty of an- unknown with a known sample.

For determining zirconium in hafnium where the ercentage of hafnium 19
great in comparison with zirconium, the 17 hours Z2r97 activity is counted. This
method can be used for zirconium assay in most zirconium bearing meterials.

For reference convenience, the decay schemes of Hf181 and'Zr95'are given
at the end of this chapter on hafnium analyses methods.
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DECAY SCHEMES FOR.zr 2 aND HelOl

The most recént scheme for the disintegration’ of 65 4 Zr 2 >35 a cp??

was proposed at OBNL-by W. S. Lyon7 and J. E, Hudgens, Jr.

It is as follows:

654 ng?

i . -340 3 (see footnote)

| S (19%)

s \ uoo (79%)
8871:1 {—733 5]
(2%)( ‘ } (

b 37
90h Cb9E 57082
216 5, % 2
)
: A |
354 Cb95

6 N. Sugarman in 194
7r®> decey to 35 day Cb >. ]
February 21, 19h5 $ C8-2Th5 4 -

' 90h Cb%5 4

3

Ty
5

f»-;"\/\évrf*./\,/‘ oty

gave the following scheme as "plausible" for 65 day
"Project Council - Information Meeting (Chemistry)

2&'%(converted)

354 Cb95

Mev units.

All energy values given for the decay schemes of Zr95 & 2e10L are in



J. 8. Levinger in 1911-5 published a comparison of Nedzel's proposed dis-.

integratlon of 656. a8 follows:

Gsaz®
L 0.39,
VT o)
N
VN
1.047% X
(1) {0,713 ) 0.2
Ll ()
Energy check: | q \) ’
1.0°-0.39 + .73 PR {
0.73 + 0.83~0.92 gonee® ) ¢
OETT
0
R S
354 Co9?

J. 8. Levinger and Steinberg also published & possible variation with
complete tonversion of the.0.24 Mevy assumed as follows: 91 ,*

65d Zr’s
O 20
?‘98%)
Energy check: " N
1.0 + 0.24 .39 + .73 .05 7
' 0 ?.%) : ._\\ o
20.73 7
§
{
90n Cby S
> 5
0. 214*5 \
35d Cb95
i DR — ™ T L T L pa—
~ Also given on page 6 of MUC-NS-3046 of PRR.VGL..9B,7.15.11
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A feurth scheme is included by R, E. Connick and W. H. McVey®T in their
repert "The Aqueous Chemistry of Zirconium". No reference te the author ‘of

the schemé 1s given in their report. It is presented below:

654 2;95
TS 0. 3943~
\ ~.£98%)
1.16 e
(%) ) go 23 ¥191%)
N
\ oio6 7+
)(T8) 0137
90 hr CBI5Y g\
0.2k 7 | 3
(2%) )
> ¢
,_ i b
354 (b7
. 0.15k 5"
L
0.775 ¥ .

Mo95 ( Stable)

19
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Cork, Shreffler, and F 1er92 give the generally accepted gamma values of
f181 dislntegration to Tal 1 vhich can. be arranged as in the scheme below: .

464 nr181

‘\o 454 (041 8)%F

\\* 7181 (22 microseconds)
- 'T" Sy . .
0.4787 O
) 5 0.342 77
\ .
2
Sl
¢ 0.1326 7~
5 - T-iel
¥} Ta""" (stable)
L5 | 1oy

Hedgran, A., et al, ” have determined the half-life of Hf as 47 days.
They have also given the /3” a value of .460 Mev end the three 7 's as 0.128,
0.342, and 0.472 Mev., all of which agree fairly closely with- Cork, Shreffler,
and Fowler , ,

* Ref. 8, p.167 (Aleo given are gammae of 0. 52 /0.30, and 0.07 Mev)

** Private communication, Bruce Ketelle, ORNL.

Footnote to Chaopter XII1: This lower sublimation temperature of HfClh compared
to ZrClh (referred to on page T4) was deduced during & mass spectrometer
analysis at Y-12 in Oak Ridge when a change of the Hf/Zrlsgtio was ob-
gerved to occur during this analysis. W. Fischer, et al published
a paper in 1939 stating that HfClh appears to sublime at a lower tempera-

; ture than 2rCly. C. Hell, H. R. Hoekstra, and J. J. Katz of ANL de-

t termined the vapor pressure.of zirconium borohydr i&g Zr(BH), ) » to be
52.7 mm Hg and that of Hf(BHh) to be 56.9 mm Eg." ¥an Arkel and de Boer>9d
found in thelr experiments in separatlng zirconium from hafnium that
hafnium was the first to distill off as a volatile compound in all
their fractionations. : :
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CHAPTER XIII

THE EFFECTS ON VARIOUS PROPERTIES OF ZIRCONIUM BY
A FEW MISCELLANEQUS IMPURITIES

In the chapter titled "The Chemical Reactivity of Zirconium" and in
the chapter concerning the physical properties of zirconium, the effect of
the gases on various properties of zirconium has been covered. Therefore,
it is only within the scope of this chapter to include the effect of such
impurities not generally assumed to be chemically reactive with zirconium,
at least not at low temperatures. Such impurities are the elements carbon,
silicon, aluminum, titanium, hafnium, and tin. The following can be written
concerning these: ’

W, J. Kroll, ct 8139 state that the inclusion of carbon
and the carbides in small amounts has only slight effect upon
the hardness and malleability of zirconium.

Aluminun does not detract from the malleebility of zirconium
according to van Arkel and titanium which forms a solid solution
over the whole renge hardens zirconium.

The presence of small percentages of hafnium (i.e., 2-3%)
does not decrease the ductility of zirconium.ls3( ,* :

Tin, however, -should be aveoided according to Kroll ang
Schlechten as it has an adverse effect upon the ductili'.'l:y.?’7

Silicon has a debatsble effect on zirconium. De Boerol
finds it harmful and van Arkelll thinks small emounts of
silicon as well as iron are tolerable.

*This fact clso verified by E. G. Enck, Foote Mineral Co.,
Philadelphis, Pa., in discussion of paper given at the
Annual Meeting of the Electrochemical Society at Louisville,

Ky., on April 11, 1947. Bee p. 297, ref. 3k, _
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CHAPTER XIV
THE SUTTABILITY OF ZIRCONTUM FOR THERMAL REACTORS®

The selection of a structural material for thernal reactors depends
upon many factors, the most important of which ore as follows:

a. Physical stobility (viz. mechonical strength to withstond design
load stresses, residual stresses, and thermal stresses).

b. Radiation stabiiity

c. Chenical stobility ogainst the corrosive action of the reactor
coolant.

d.+ Minimum thermal neutron acbsorption.
e. Good modsrating properties to thermal neutrons.

f. Ductility for febricotion and possession of the properties of
fabrication such as mochinecbility, weldebility, the ability
to be cold or hot worked without excess cracking, ete.

g. Moderote cost.

Various metals and metericle fulfill these prerequisites to different
degrees. Table I on the following pcge lists those under consideration
for thermal reactor vonstruction cnd their various properties.

The radiation stobility of zirconium and the other metericls listed in
Table I is apporently good Vith the exception of grophite and beryllium oxide,
BcO:. The former undergoes gerious domnge with accompan%ing loss in tensile
strength and o tremendous lqgss in thermal conductivity. 1 fThe latter,
beryllium oxide, suffers a slight loss in thermol conductivity which reaches -
a plateau after o definite length of time D1

The chemical stobility of zirconium is covered in detail in Chapter IX.
A troctise on the chemical stability of the various other pile structural
noterials is not within the scope of this report on zirconium. However, a
brief resume of the water corrosion work done at ORNL on the metals in Table I
can be presented here.

A1l of the metals with the exception of iron show good corrosion
resistance to water at low temperatures, i.e., below 2009C. However, in the

*¥ It is not the purpose of this report to present the cormercial and literature
uses for zirconium ond its compounds. Kroll and Schlechtenin their Informotion
Circular IC 7341 entitled "Survey of Literature on the Metallurgy of Zirconium”
give good references on pp. 10-21 to previous work in this aspect. W. M.
Raynor in his article "Zirconium--an Abundent ‘Rare' Mctal" (Foote-Prints) and
J. D. Fast in his article "Zirconium as o Getter" (Foote-Print Vol. 13, #1,
1940) eloborate on the greatest use of zirconium thus for -- as a gettering

‘meterial in vacuun tube manufacturing.



TABLE I
Comparison of Nuclear, Physical, and Fobrication Properties of Various Thermal Reactor Structural Maoterials¥

Relative duct-
114ty (an indi-

Tensile - Aa cation of cold
Str. Room : Absorption forming, draw- General
M < Tempgrature Melting O - dg Mean Free ing, & stemping Welding Relative
Material Mass Den31ty x 103 Point °C Barns Barns Path, cm Properties Prop. Machinability
Al 26.97 2.7 12 . 660 0.2+  1.33 80 Very ductile Good 25 grade Aiffis-
. S ' : cult '
Be 9.02 1.85 27 1350 0.01 b 720 Brittle Very dif. Poor
BeO 25.02 2.85 "1k 25h7 0,011 8.1 1317*¥%*%%%  Very brittle{(must I Must be gromme
7 be molded or extruded)
c - 12,01 1.6 1 >3500 0.00k5 L.8 2500 Brittle (must be  ----- Easy
molded or extruded)
Cb - 92.91 8.57 43 2kl 1.2 6 15.0 Ductile Good Moderately 4iffg--
' - ' : cult
Fe 55.85 7.8 60 1375 2.5 11 4.2 Duct'ile Good Easy
Ti 47.90 k4.5 120 1775 5.96%% 1l 260k 2 gBkxeexDuctile “Good Difficult
Zr 91.22 6.45 38 1860 0.4 8.2 . 62 Ductile Good Easy
Type #3U47 weve - 185**  1385-1k21  ~2.7 --- --- Ductile Good Tough -

S.5.

¥Note: The inclusion of the chemical properties of these materials in this taoble would make the table burdensome.
Detoiled chemicel reactivity and corrosion studies of zirconium are given in Chapters IX and X respectively.
¥% Full hard thin gage sheet - Nordenholt, Kerr, and Sasso Handbook of Mechanical Design cl9h2
*%¥% Private communication of H. Pomerhnce, ORNL, dated July 26, 1948
#¥%% Moasurement of Goldhober and Briggs for TiOp (Ref. 8)
FFRHH Calculated from A = M where M-= molecular weight, o, = the cbsorption cross section to thermal neutrons,
0, PA '
(3 the density, and A = Avogadro's number, 6.06 X 1023,

€8
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region of 300-315° C., 2 S, 17S, 24S, and 53S grades of aluminum do not hold
up in distilled water. Tests at ORNL and MIT both indicate that the beryllium
produced thus far is also questioneble from a water corrosion standpoint at
temperatures even as low as 3000 C. Threc machined beryllium samples placed
in alundum crucibles in doubly distilled water at 3009 C. showed decided
disintegration in 2k hours in an MIT test.? 4 beryllium specimen cracked and
became white at the corners after 43 hours at 400° C. in distilled water in
a_stainless steel autoclave.l Another beryllium specimen coupled with stain-
less steel at 650° F (343° C.) disintegrute? in apparent stratified layers

at 3150 C. in some time’ 1ess than 2h hours. '

' Columbium was seriously corroded in less than 50 howrs in pure distilled
water at 315° C in a test at ORNL.J2 However, at a lower temperature a .
columbium specimen weighing cbout 125 grams ‘gained only 0.025 grams dn 500
hours during which time.a streem of water averaging 205° C. (k01.3° F) and
moving at gbout 180 fps passed through'a i" dia. hole in the bottom half of
the specimen striking a groove in ths top half of the specimﬁn (See figure

15 P

Exten51ve -tests by ORNL have shown titanium to possess remarkable
corrosion resistance to pure distillied water, woter containing dissolved .
oxygen, and water containing hydrogen peroxide at 300° C. (the HpOp was in
a. 30% solution at room temperature). ~

Of the metals which show good corrosion resistance to high pressure
water at 300° C. or lower, only zirconium hag a low absorption eross section
-to” thermal neutrons. Although the corrosion resistance:of titanium is
superior to zirconium, titanium has 8 o, value nearly fifteen times as
greot as zirconium. :

.High temperature applications of-zirconium in gas cooled piles, however,
would appeor imprectical because the mgtal has o maximum operating temperature
for an oxidizing atmosphere of L400© c.? (See also FPigure 11 ot the end
of Chapter IX.) If the coolont is an inert gas .and is exceedingly high in
purity, then this moximum operating temperature could probably be revised
upward but its use at 7600 C. (1400° F.), the temperature of the outlet gas
in the Daniels Plle, seems infeasible. Perhaps a metal coating con be :
developed for zirconium such as silicon, to protect the zirconium from
embrittlement due to reactivity-or absorption of the gas coolant or its
impuritdes. Zirconium's low cross section compared to the stainless steels
makes it still more desiruble thon the stalnless steels os a structural
materiul. ‘ :

A comparison of the high temperature ultimate tensile strengths of the
materials and metals under. consideration in this chepter is ngen on the next

page'



85

Table II 2,71

Ultimate Tensjile Strength in PSTI of Reactor Structural Materials*

Material  100°F .  .'500°F 1,000° F. 1,500° F.
Al 12,000 3;500 (1,500 @00° F) === -
Be 27,000 23,000 19,000 15,000

c 1,200 - 1,200 1,200 1,200

Cb 43,00 39,000** 32,000#%* 25,000%*
Feo 43,000 ., 40,000 18,800 ' 6,000
T 90,00098 6000098 35,00098 —
zZr 38,000  27,000%* 15,000%% 5 ,000%%*

* A1l materials fully annealed
*¥ Estlmated values

Since a reactor produces heat energy, which for power development must
be converted into either mechanical or electrical energy, efficient heat
transfer must exist between the reactor and the medium which carries away
the heat. The thermel stresges set up within the fuel element within the
reactor are a function of the heat flux and heat generation per unit volume.

Dr. W. L. Sibbitt in his report entitled "An Evaluation of zirconium as
a Structural Material for High Temperature Thermal Piles" (ORNL-1l) writes
that the critical thermal stress is proportional to a factor, F, which is
given by the equation :

W .o
Bq.(1) F = T aNT (1)
\1-.p /k

a basic thermal stress equation where

S
u

ultimate tensile strength

Poisson's ratio

. B = Young's modulus

il

o Linear coeffieient of thermnl expansion

Thermal conductivity.

~and  k

A disputeble assumption is made that perfect elasticity exists in these
materials and that the stress-strain relationeship of slasticity exists over
the temperature ronge of 100-1500° F. It is this author's opinion that
this relationship would hold nearly true for BeO only among the materials
Al, Be, BeO, C., Cb, Fe, Tiy and Zr. However, first approximations can be



obtained with the above formula and for the reader's benefit two sets of
‘calculations are presented below for comparison, one for zirconium and the
other for beryllium: :
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TABLE IIT 2

" Thermal Stress Calcwlations for Zirconium
(p= 0.3 est'd.)

Temperature Sy Ex 10 x (est 'd) o x 106 B-o F
°F., psi . psi BTU/br £t°F  oF-1 (1- 1k
100 38,000 10.7 34 3.6 1.615 23,600
500 , 27,000 9.&1 .32 4.2 1.76 15,300
1,000 15,000 7.8 30 5.0 1.86 8,060
1,500 5,000 6.0 28 6.0 1.8k 2,720
2
TABLE IV

Thermal Stress Calculations for Beryllium (u. - 0.3)
6 6

Temperature S, E x 10 k{est'd.) ax 10 E-a F
OF. psi psi BIU/hr ft Op O 1- u)k

100 27,000 38 80 6.0 L. o7 6,640

500 23,000 31.5% 70 7.1 4 .56 5,050

1,000 19,000 22.5% 56 8.5  L4.87 3,900

1,500 15,000 15% Lox 10.0 5.10

2,940
* Egtimated values ‘

If the proper units are substituted into the denominator of equation (1)
and multiplied by the heat flux in BTU/ft2 and the heat flow distance in
feet,; both of which when combined are indicative of the power generation per
unit volume, values for the thermal stress in psi are obtaineqd.

Since F is a factor independent of the desired power generatipn per
unit volume and dependent on characteristics of the material, the denominator
does not include a factor which would be an arbitrary constant dependent on
the reactor design. F can therefore be called a merit factor or an index
to the thermal stress characteristics of materials.

In the region of 500° F (which is 32° F. over the coolant water outlet
temperature for the proposed 66,00 KW water cooled naval reactor),
zirconium has an F factor three times that of beryllium. This can be inter-
preted as indieating thet for the same thermal stresses, zirconium can with-
stand higher temperature differentiale than beryllium. This may appear sur=-
prising in lieu of the higher thermal conductivity and ultimate strength of
beryllium over zirconium. However, the lower thermal expansion and lower
modulus of elasticity (which indicates that for an identical strain or de-
formation per unit length a higher strese must exist in beryllium than in
‘zirconium) contribute in equation (1) to make ¥ higher for zirconium at
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the two temperatures 500° and 1,000° F., but nearly the same ot 1,500° F.

principally because of the higher ultimate tensile strength of beryllium
at this temperature.

The reader should be reminded agnin however, that' these caloula-
tions. are based upon the assumptions of the existence of perfectly
elastic materials and of the validity of the stress-strain relationships
of elasticity. ' '
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Chapter XV
.THE PLATING OF ZIBCONIUM ON OTHER MATERIALS

The ‘remarkable corrosion resistance of zirconium has naturally led to
the desire to coat or plate other materials with an adherent, non-porous,
uniform cladding of zirconium. Various methods of coating metals with zir-
conium have been attempted or considered such as electroplating, sputtering,
vapor-deposition, and decomposition or reduction of the volatilized helides.
An account of various attempte and successes of these methods is preeented
in this chapter. : .

ElectrOplatlng

Apparently the eariiest record of attempts to electroplate zirconium
was that of M. Becquerel79 in 1831. Becquerel claimed the deposition of a
0.5 mm. film of a steel gray metal that tarnished in the presence of air.
Others had previously tried deposition by electrolysis of fused salts.
Becquerel however, used an aquecus chloride solution. His catholyte con-
tained -a high concentration of zircomyl chloride and a small amount of
ferric chloride. The anolyte was a dilute solution of sodium chloride.
After removing the iron from the steel gray deposit, the remainlug zirconium
vas oxidized to give a small amount of ZrOg

Kreman, Lorber, and Maas80 in 1914 tried electrolysls of an alkaline
tartrate solution but deposited no metallic zirconium. Apparently they had
chosen this solution because it contained the zirconium as a complex ionm,
which they believed would deposit -readily by -electrolysis. However, this
resulted in a2 poor hypothesis because such 'a solution hus been found to
‘have a low zirconium ion concentration.

Laubengayer and Eaton81 found in their polarographic experiments .(see
Chapter XI of this report) that high- zirconium concentration and high pH
favor electrodeposition. Bradt and Linford also agree to these findings. 7

Bradt and Linford succeeded in electroplating an exceedingly thin film
of metallic¢ zirconium by electrolysis of an aqueous solution of sodium and -
zirconyl sulfate. Their difficulties due to the hydrolysis of the zirconyl
sulfate were partially avoided by the addition of NaxS0). 17

L. Troost reports that the electrolysis of molten potassium fluozircon-
ate, or sodium chlorozirconate, furnished cpystalline zirconium but E. Wedekind
attempted thies and obtained only an impure powder, greyish-black in color
and eesily oxidized.T® J. W. Marden and M, M. Rich could obtain only the
impure amorphous metal by L. Troost's process. T

More recent work ot Battelle Memorial Imstitute is reported by B. W.
Gonser* to be also unsuccessful for electroplating zirconium by any methods
including the electrolysis of aqueous solutions of the salts.

Jd. C. Griess of ORNL found it impossible to deposit an appreciable' 6
amount of zirconlum by electrolysis either with s mercury or copper cathode. 70,7
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A1l recent investigations concur that it is impossible to deposit metallic
zirconium in sizable quantities electrolytically

Dep051t10n of Dlssociated.Voletile Halldes

) B. W. Gonser of Battelle reports that they have successfully coated other
metals with zirconium by adapting the "hot-wire" method used in the crystal
bar producg ion to other shapes such as plates.89 Messrs. Powell,; Campbell,

end Gonser®* developed an apparatus and techniques for the deposition of
tantalum and columbium by the hydrogen reduction of their pentachlorides. The
advantage of hydrogen reduction over thermal decomposotion of the halides is
that the hydrogen reduction permits deposition at lower temperatures than are
required for thermzl decomposition of the halides and therefore is more suit-
able to a wider variety of bese materials

, Dr. Gonser reports that zirconium can be deposited by the decomposition
of the iodide, the chloride, or the bromide. 89 He adds that the iodide and
bromide are more advantageous than the chloride because of the lower tempera-
tures necessary for the thermal decomposition of the tetra-iodide and the
tetra-bromlde o

o Battelle Memorial Institute has not only developed. techniques for plating
tentalum on iron, copper, nickel, steel, molybdenum, but have also applied -
coatings to such materials as quartz, alumina, and graphite.ah_ These deposits
were as thick as 0.030 inches or more and were adherent, ductile, and non-
porous. The forms coated included wire, rod, sheet, block, tube, and crucible

. - In the coating of tantalum. and columblum at Battelle, certain gﬁriables
were studied which are of applicable interest to zirconium coating. ‘
of these was the effect of ‘specimen temperature which was found to increase the
velocity of .coating with increasing temperature. However, lower temperatures
gave very .fine grained, almost amorphous.deposits, whereas higher deposition
temperatures caused the formation of more coarsely grained deposits. Accompeny-
ing this tendency toward coarser grain at higher temperature existed the
tendency to the formation of non~adherent powder deposits

A second variable studied was the effect of hydrogen gas’ veloc1ty over the
specimen. The uniformity and efficiency of plating were found dependent upon .
the rate of flow as well as to whether or not it wag a streamlined or turbulent
flow. Low gas flow rates were noted to give higher plating efficiency but
higher gas flow rates resulted in brighter, more uniform’ deposits, but with
lowered plating efficiency

Another cause of uneven plating-is the edge effect which causes 2 faster
deposit of the Eetal on sharp edges, points, or shapply curved surfaces.
Powell, et al 8 claim that this results in "rough, macrocrystalline deposits
( many times_thicker than the plate on the plane surfaces) along the edges and
corners of a specimen". When the specimen is uniform in cross-section and can
be heated by resistance heating, a good control of plating thickness has been
observed as being automatic. This is due to the fact that a heavy coating at

* Private communication of Novenber 29, 1948 substantiating indirect

commmmnication in reference 31, page 2.



one point will cause the temperature to fall at that p01nt thereby lowering
the rate of deposition.
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A third variable whose effects were obeerved at Battslle was the change
in concentration of the chloride which was found (within certain limits) t
increase the deposition rate with increased chloride concentration.

Plating by Sputteéring

To the knowledge of the author, this method has not been tried but has
been suggested by several metallurgiste and investigators interested in the
platlng of zirconium on other materials.

B. W. Gonser89 of Battelle and R. A.. Nol1and?© of ANL both agreed to the
possibility of aputterlng zirconium upon other metals in a tetra-iodide or
other protective atmosphere providing the specimen was cooled sufficiently .
to keep it below the thermal decomposition temperature of the tetra-iodide vapor.
Such an atmosphere would be neceassary in.view of the resulbs of recent attempts
to obtain a sufficiently good vacuum to ggohibit gos pick-up by the zirconium
ions and the deposited costing’ jtselr.T

Plating*bxfVapor-deposition-

R. A/ Noland of ANL has informed the author that an apparently non-porous
adherent but relatively thin coating of zirconium was deposited in the cooler
portions of the ionization chamber of simass spectrograph at Argonne.9C A
controlled procedure therefore seems likely whereby a coating of zirconium
could be applied by vapor-deposition of evaporated zirconium.
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APPENDIX

The original sketch for figure 18, the apperatus for the determination
of oxygen in zirconium, shown on page 102as well as the description of the
experiment itself were supplied by Dr. W. J. Kroll of the Northwest Electro-
development Laboratory of the U, S. Bureau of Mines at Albany, Oregon. His
communication to the writer is given as follows:

DEPARTMENT OF INTERICR
Buresu of Mines

Northwest Electrodevelopment
Laboratory ' ! Albany, Cregon
.October k, 1948

‘Mr. H. B. Fairchild

Staff Engineer

Power Pile Division

Oak Ridge National Laboratory
P, O, Box P

Oak Ridge, Tennessee

Dear Mr. Fairchild:

With reference to your letter of September 20, addressed to Dr. W. J.
Kroll, we are giving you the available information on the analytical method
used for some time at this laboratory for the determination of oxygen in
zirconium.

The use of iodine or bromine as reagents.for the determination was
abandoned because their reaction with zirconium is.relatively slow. Experi-
ments showed also that at 500° Centigrade Zth end ZrBr) break down to Zrlg,
and ZrBr,, respectively, which compounds are much less volatile than the
tetrachldrides. Difficulty in purification of HC1l discouraged its use as
a chlorinating agent. ’

Chlorine was chosen for use in the procedure, so means of its purifi-
cation were considered. Cylinder chlorine {Hooker Company) has the following
upper limits of -impurities, stated in percent by volume: COp, 0.05; Hp,
0.02-0.05; air, 1.0; FeCl3, 0.002; and CO, trace. Air disappears after a short
use of the cylinder. Information in the literature indicates that electro-
lytic chlorine may contain H20, CgClg and ClOs.

The purification method used is that of Moser (L. Moser Zeitschrift fur
anorgaenische Chemie, Vol. 110 (1920) p. 140). According to this, the cylinder
chlorine is condensed to a liquid in a flask with dry ice as a refrigerent.
The condensed chlorine is boiled for a time by removing the dry ice to elimin-
ate any foreign gases thot might have dissolved in-it, and the combustion
equipment is purged with some of this waste chlorine. 1In this way, any 002
dissolved in the chlorine is probably driven off. The CO does not condense

] .
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in liquid chlorine gince it boils at 19200 against -33.7°C for boiling
chlorine. O has too low a vapor pressure at -33.7°C to interfere
seriously. Ehe seme holds true for Cl10, (B.P, 9.9°C).

The chlorination method is not suitable for zirconium containing
carbon, tungsten, molybdenum, vanadium, columbium, or other agents that
form volatile oxychlorides, because the oxygen of the metal oxygen oxide
is carried off as oxychloride or other oxygen compounds. Typical re-
actions are, for instance, these:

1. Zr0242C-Trl+Cl2 — ZrCly, = 2 COCL,

2. Zro,+C 420, —> Zrcl), 4 Co,
3. Zro, + 2W46 012 . ZrCl, 4 2 WOCl,
L. ZrOop, + W 4 3 Cl, —» ZrCl) $ WOLCl;

There is.always about 0.02 percent carbon present even in the purest
iodide zirconium made. This means that a minimum loss of 0,026 percent
oxygen can be expected in the chlorination; however, this loss may be less,
because of a lack of contact of oxide and carbon. If reaction No:. 2 takes
place, the oxygen losses would be twice ns large as those shown in reaction
No. 1.

Zirconium produced in this laboratory when remslted contains 0.1-0.2
percent C. making the use of this method of oxygen determination entirely
useless, since all the oxygen, less than 0.1 percent, would be carried off
as COp or COCl,, presuming a good contact with-the reagents exists. Reactions
3 and 4 were investigated and it was found -that almost any amount of ZrO
could be driven off by mixing it with tungsten powder and heating in ¢hlorine.

Tungsten may be introduced by melting the metal in the tungsten arc.
Sometimes 0.2 percent W was found in the arc-fused metal. This amount of
tungsten may carry off 0.06 percent O or ‘half of this amount, depending
on the compound formed (equation 3 and L.)

By»reactionS'may seriously interfere with the oxide determination. It
is known that ZrCl) reacts with silica according to ZrClh + 5102-—5 SiClh +
Zr0p. As a matter of fact, the transparent silica boat used in"the determi-
nation changed its weight slightly and became opaque

Any ottempt at u51ng the chlorine method for the determinatlon of oxygen
in zirconium would have to consider the purification of the chlorine and :
the by-reactions in the chlorination causing oxychloride formation. As long
as these points are not well under control, the chlorination method cannot be
recommended. The method is probably entirely useless if low .oxygen, high
carbon, -or tungsten materials are being analyzed. We mentioned these facts
in a "Discussion” on the article by W. C. Lilliendahl, D. M. Wronghton and
E. D. Gregory, published in the Journal of the Electrochemlcal Society, Vol.

93, No.6, June, 1948.
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Attached is a brief description of the chlorination apparatus and of
the procedure used in its operation.

Yours sincerely,

/s/ W. J. KROLL

DETERMINATION OF OXYGEN IN ZIRCONIUM

Description of Apparatus: (Figure 18, previous page).

A. Gas washing bottle used as trap for collectlon of liquid chlorine.
B. Check value used as trap.
C. High Pressure check valve, SOu filled.
D. Low pressure check valve, HpSO, filled.
E. Quartz boat containing sample.
F. Glass reaction tube (Vycor).
G. Three-way stopcock.
Procedure:

"A quartz boat of sufficient size to hold 4~6 grams of sample is weighed
after ignition to constant weight, a weighed amount of sample placed in the
hoat, and the beat and sample placed in the reaction tube, F. All connections
are made tight and the stopcock, G, is turned so that A is connected to the
hood. Chlorine is now admitted to A which is immersed in & cooling bath of
dry ice in acetone contained in a Dewar bulb. Here the chlorine condenses
and is simultaneously freed of carbon dicxide and oxygen which do not condense
and are led to the hood along with any uncondensed chlorine. When 50-100 ml.
of chlorine have been collected the cylinder valve is shut off and A is con®-
nected to the train by tmrning stopcock G. By lowering the Dewar bulb so as
to warm the liquid chlorine, the vaporized chlorine is caused to flow through
the train and its rate of flow is easily controlled by raising or lowering
the cooling bath. By suitable adJuStment of the level of sulfuric acid in
C and D the chlorine will escape through C only if the path through the
train, and thus through D, becomes plugged, which quite frequently happens.
The bulb, B, serves merely as a trap to prevent sulfuric acid from being sucked
back 1nto the chlorine reservoir.

Chlorine is allowed to flow vigorously through all parts of the train
for several minutes to insurc displacement of air. The furnace 1is then
turned on and brought to a temperature of 500°C where it is held until the
reaction is complete. The reaction begins at about 400°C as evidenced by the
evolution of zirconium chloride which vaporizes and then condenses in the
cooler portions of the tube. The train must be watched carefully at this point
for in the initial stoges of the reaction, the rate of consumption of ‘
chlorine is so high in some instonces that there is danger that some sulfuric
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acid in D may be sucked ip;o the reaction tube.

In the case of zirconium metal, the reaction is highly exothermic and
the temperature of the sample undoubtedly exceeds considerably that of the
furnoce. The somple glows with a dull red heat as the reaction proceeds
and the course of the reaction cén be estimnted by its appearance. When
chlorinaotion is complete, the sample no longer glows red and may even have
disappeored entirely if no oxygen was present. After cessation of the
reaction the flow of chlorine is continued for several minutes at 500" C.
and then the furnace is shut off and the sample cooled to room temperc-
ture in o strean of chlorine. When the sample 18 cool, the flow of chlorine
ig shut off, and the sample placed in o dessicetor and subsequently weighed.

- From the weight of residue the amount of oxygen cen be calculated if
one assumes that the residue is pure zirconium oxide. - If there is o possi-
bility that there are other materials- present, the residue should be annlyzed
for its zirconium content."
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APPENDIX

Copy of the Comminication, dated November 19, 1948, addressed to the
author from:

J. I. Hoover, Nucleonics Division, Naval Research Laboratory,
Navy Department, Washington, D. C. Their reference: 3102§A)-123-49

SEPARATION OF HAFNTUM AND ZIRCONTUM

The large difference in mass of hafnium and zirconium has been utilized
in an attempt to change the hafnium to zirconium ratio in a molten zircenium
salt by:iliquid thermal diffusion. Preliminary results on liquid solutions
of UFg and WF g indicate that large changes in the WFg to UFg ratio can be
achieved by this methed. The folloving table gives the results of tests on

" sclutions of UFg and WFg:

‘.Time (Hours)
. 0 70 95
Run 1 gﬁ ] 0.0t7 8.1
\ 6;'/ °
Run 2 /YF6
\Wé_) Top 0.05 19.

Although no ldeal compound of zirconium was available, thrse organic
compounds were congidered: zirconyl stearate, zirconium tetra iscmmylats,
and zirconium te?r? 2~ethylhexylate, the latter two being developed especially
for the .purpose. Of the three compoundes the 2-ethylhexylate was chosen to
conduct the experiments since it had the best over-all physical and chemical
properties The stearate showed radical changes in physical properties after
a few hours in the apparatus, where as the isocamylate decomposed slowly when

-heated in glass ware at 150° . The 2-ethylhexylate withastood temperaturee of
200° ¢ in glass ware for extended periods ( ~~ 200 hrs.) and showed only a
slight tendency to decompose » The physical properties of the hexylate are as

follows:
Composition © Viscosity cp
of hexylate " MP B.P. _ 259 ¢ Mol. Wgt,
97% Zr(0CgH;7) . 607
Tk 0-20° ¢ decomposes »1
3% Ee(0CgH, 1), | 69k

The results of several runs using zirconium tetra 2-ethylhexylate, are

gliven in the following table _
(1) These compounds were developed in the Chemistry DiVision under the
direction of Peter King.




- -

Temperature Length of run (Bf/zl.) Bottom

(gradiant) (Continuous) §§7‘f -
Run # C/cm hours Z? Top _ Remarks
1 . 5500 198 1 The temperature
: gradients were achieved -
2 ~ 2500 140 1 by changing hot & cold
' wall temperatures

3 ~ 1450 140 1 end/or annular spacing

L ~s 3750 190 1

5 - 2240 9 1

In each case decomposition occurred in the apparatus; this was attributed
to the catalytic action of the large metal surface in contact with the 2-ethyl-
hexylate - There is & possible explanation for the lack of separation on the
grounds of this decomposition The products resulting from the decompositionm,
having a large difference in mass, were separated according to molecular weight;
the compound with the highest molecular weight being concentrated at the bottom,
and that with the lowest molecular weight concentrated at the top. Since there
should be no preferential decomposition of either the HF(OCBHI7)5 or Zr(OCngT)Q
in the original salt then it might be expected that each group of molecules
of equal molecular weight would contain the same hafnium to zirconium ratio.
Since the test samples were of necesssity taken from the separated compounds
the results in the above table seem reasonable. '

Regerdless of the explanation for the lack of separation, the results
indicate that the liquid thermal diffusion method is not applicable to
geparating hafnium and zirconium using liquid zirconium tetra 2-ethylhexylate.
However, the method might be used successfully with o more ideal liquid
_compound of zirconium should such become available.
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APPENDIX

(Because the author questions the accuracy and completeness of
hydrogen embrittlement tests performed by the Sun 0il Company for the

Foote Mineral Company, this information as given below has been. insertedin
the appendix. )

The Sun Qil Company has performed some hydrogen cmbiittlement tests
for the Foote Mineral Company in a hydrogen atmosphere between 235 to 250
pei and at 400-420° F.

The resulte of tests on three samples are published here. Specimen #7
was welded across the center, specimen #8 was tested as received, and speéimen
#9 was oxidized in a gas flame prior to the test,

Table I19
Specimen # Wt. Before Wt. After Gain
Cms. _ Gmg _ AGms
7 3.8371 3.8370 -0,0001
8 5.5905 5.5906 +0.0001
9 5.7884 A 5.7888 40.0004

| Results of the physical tests on the above specimens and two conirol
samples are given in the table below:

Table II 19
Description Ult. Tensile St. 4% FElongation in 2"
of Semple psi .
Sample #7 40,500 28
Control welded :
sample 1" wide 39,600 31
Control sample 3/4"
wide 0.0105" thick 36,000 24
Sample #8 15,500 2l
Sample #9 38,300 263

‘Interpretation of the above tables for corrosion data and physical
properties data 1s difficult if not impossible because of the paucity of -
data. One would suspect an oxidized protective layer to offer some protection
to specimen #9 but the available information on this specimen shows it to be
the one to have the greatest corrosion.

Also one would expect an unwelded and thus unembrittled sample .such as #7
and #9 to have more elongation before reaching the yield point then a welded
sample. Table II indicates otherwise. Therefore it is the belief of the
author that little value can be obtained from the resulte of this test.





