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Current Work

Daring the last quarter single cryayals of iodide sirconium were 

oxidised in an effort to determine any lattice relationship existing 

between zirconium and the oxide overlay* in the early stages of oxide 

tion a single crystal of the oxide famd an a single cryetal of 

zirccniume With continued oxidation the oxide single crystal degener- 
ated to a polyerystalline structure. This deg one rot 1m occurred before 

the oxide had grown to sufficient thickness to allow orientation deter**

minaicns by the back-reflecticn Lens method. Glancing techniques

may prove to be fruitful in determinng the oxide orientation before 

it become polycrystalline.

!
A comprehensive review of experimental data and proposed theories 

to explain the oxidation behavior of zirccnium has been mado. This
revieu suggests the possbility thet grorth of sirccnium in air and

I cqgen occurs by two distinctly different mohaniam. Also, the possi-

bility of zirconiun ions diffusing outwardly through ths seals above 

1000PC, thus explaining the absence of hlgb~t way era two groth, again 

appears feasible. Esperimantal work is now in progress to clarify these 

points. The results of this work will be reported in the next report.
Studies of the diffusion of ocen and nitrogen in zirconium during 

scaling have also been made during the last quarter* Them results are
reported belove
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Diffusion Studies

Daring high temperature scaling of zirsonzum in oxygen or nitrogen 

the reacting gas is distribated between the scale and the netal. Below

-

traneformation temperature)s oxygen or nitrogen 

diffuses in alpha-mirccnium, the diffusing gas being supplied by the 

scale overlay. The depth of cantamination cannot be measured metallogruph-

ically with any definiteness. Above 862°, houever, oxgen or nitrogen 

diffuses in beta-zircoium, resulting in the dovolopment of the alpha-sane
at the scale netal interface. Fig. 1. On cooling, the alpha--one la 

roe<11 ly outlined between the scale and the trensforned beta phase after

Fran measuremento of the depth of the outlined alpha sone it is

poasible to calculate not only the anount of gas dissolvinc in the natal 

but the dirrusic rate in apha-zirconfem as well, mhe anount of dis- 

solvod gas subtracted from the total weight-gain in the acalinc reactian 

yields the amount of gas contributing to scale formation, from which the 

rate of metal consunpticn may be calculated These calculaticns were made 

for the temperature range 900°-1200°c, enploying available specimens of 

varics grades of zirccnium which had been scaled in air, axygen, aM 

nitrogen. The rate of netal consupticn at lower teegwa turee was est- 

mated from solutions to the diffusion equation.

---------------- ------------------ n——a--- ■
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Depth of Contemination

The dssolution of gas in iodide zirconium above 862° follomua a 

parabolic rate law, as suggestod by th* ntraight lines obtained in plots 

of the square of the depth of the alpha-diffusion sone versus scaling 

tins. The slopes of these plots, i.e., the rates of movement (k) of the 

alpha-diffusion sone, are listed in Table X for runs in air, cxgen, and 
nitrogen." The values for the air-runs are the cane as those for ths 

oqEen-runs» indcating that cygen is the major diffusing gas in air- 

scaling*

—
■

These data were utilized in determining the dffusion coefficients
of oxgen and nitrogen in alpha sirccnium assuming that

2 - Lx2 Dt - kt (X)

X, • depth of alpha-diffusion mcne, cme 

X • dinensionlsss porumeter

Pa 

t

• diffuscn cvefficient in apha-zirconium.

-time, sec.
k • rate of inrr—ant of alpha-diffusion um.

per SOCe 
.i

22” 4 E 222 ~'" . > ‘ 212
The solution for q in the present moring-bouniary prcblem la available

(l) and is given by

The k-values are only valid for estimating the depth or contamination 
for scalinc tims less thu those reguired for breakaway. After break- 
auay, the depth of the apha-zcre appear* to be about the sane an that
existing immediately before breakaway.

■■■ ■ "

---- emetncaE



- L -

c,„-. . (6,1-6,-,2• -1 VTer8 xnr-errcxrj
where

(II)

- ;

‘s • concentretien of th. diffuse cas an alpha-zirconium at 

the mala natal antertace, 1.e., maximam solubility.

Su ,1 " ooncentratien of the ezrfustng gas in alpha-zircomtu «t 

the aljihe ■ beta interface. Thia la the concentration obtained 

from the phase diegram at the boundary between the alpha 

and alpha ♦ beta fields at a civen teperature.

Cx,r - concentration of the airfuning gas in beta mirconiu at the

“-Pha-beta interface This is th, concentration obtained 

from the phase dingram at the boundary betwcen the beta 

and algha ♦ beta rieldn at a given tesperature.

C. - initial concentratian (■■will mero).

erf • error fanu Uuu
- a

The concentrations at the varioua boundarios were taken rro th. z,-o 

and -r-“ phase diagrame. The values for the diffusion or

wero ansumed to be the same as those
♦

of cogen and nitrugen in alpha-zirccnum

end are Hated in Table X and plotted la Vig,
-
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Da cm’/cec • -030 •

1000

This is in good agri—nt with the results of renmler (3) for iodide 
-

sirconium, and Hallett et al (2) for Zircaloy-2.
Limited data indicate that the diffusion of nitrogen is about 20

time slower than oxygen in nlpha-aircanium• The equation for the dirfu- 

sion coefficient of nitrogen in alpha-zlrccnum, based on data at 900 

and 1100°, is given by:
D_» cm*/oec - 1.9 e

Distributin of Gas During Scaling

In the ecaling reactian the anoont or gas dissolved in zirccnium per

bq• cme of initial surface area, S, was determined b utilizins the follou-

ing soluticns to the diffusion equaticn:

Belo 862°C: S - 2C

Above 862°C: 8 • 2(Ss-1,2 VT * Cnt^a. * 21 \l^ 
,II V T

Here, the concentrations (n/cm3) are the same as defined before and x

is the thicknoss (cm) of the alpha-dirfusien zcne. Values of D below 
jjh,qfiedzc: e % ..4-- -140 , S -ersu"a— 2 -i".n

862 °C were extrapolated from the Arrhenius plot. Fig. 2.

The amoumnt of gaa dinsolved in zirccniun as a function of time at

After breakamy, the mount of gas dssolved in toe natal is represented 

as being the same an that existinc fwwerll ately before hr an )raway aince the 

depth of the diffusion none reearin a relatively constant. The anouunt of
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dianolved Ean euhtreoted from the total weicht-gain cives the amount of 

gas contributine to scale formaticn.

In air-runs, the aw amt of gas insolved before breakmay (primarily 

cgen) ranged from 25 to 50%, depending on temperature. The maxtmum

occure at about 900°. In cygen-runs, the percontage of goo dissolved 

would be omnihat higher nince the acalinc rate in air la greater than 

that in axygen.

In nitrogen-runs, abcut 958 of the total weight-gain la duo to

a

nitrogen dsaolutio; only S5 catribuutes to acale formatian.
Wrom the aount of Gas eantributing to scale formation, the equivalent 

depth of metal consumed in air-runs may be calculated. But. In air studies 

la the range from 700-1050°, another factor must be considered. In this

temperat re renge grouth occurs by a deformation process, i.e., the sur-

face area la incrensed with a correepcnding reduction in thickness. 

during ecaling the natal lo reduced in thicknesa by acale fommatia and 

by deformation. The total depth or natal "consumed- la shom in Fig. L 

ae a funetion of time at temperature for various cradss of sirconium and 

z±rcalo-2." The initial apecinen thicknass won 1/16= • The ^raokway 

tinea and average growth rebec vhhich were utilized in computing the depth 

of natal "consumed" by deformation in air-runs are assobled in Table II,

alcng with similar data for oqygen-runs.
-

si» 
-

"To obtain redaction in motal thick » maltply 3 a.
L
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In Eeneral, breakauay occurs *t shorter pooling times and the growth 

rata inereases ant a) the ipurity level of airconiun lo ratsod, and 

b) the seeling atmosphere la changed from ogen to air.

Lastly, it should bo noted that Fig, 4 representa the findings with 

1/16" Plata opani—no* Netal consumption with cither thinner or thicker 

SPecimens “o-d probably ba lass since the growth rata appearo to ba at 

a naxizmun with 1/16* thick t or Iwano,

Worit

Fperimental work will contime in order to doteruino the axact 

mechaniss by uhich zircontum grows in air and oxygen. As a portion of 

this work, the pomaibilty of the outward diffusion or zirconiun above 
2000° will be investigatod further.

-
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TABLE X : DIFFUSION OF OXYGEN ANO NITROGEN IN ALPHA-ZIRCONIUM

TEMP-’C MEDIUM

RATE OF MOVEMENT (k)
OF ALPHA DIFFUSION 
ZONE®, cm/sec.

DIFFUSION 
COEFFICIENT 
cm/sec.

•DO AIR OR OXYGEN 
NITROGEN

2.2 X 1o-9

c

»ooo AIR OR OXYGEN 3.3 X 10-8 4.2 xco-e

I too AIR OR OXYGEN 
NITROGEN

64 X 1-8
4.0 X 1o-9

29X104
I.SX 0o-9

1200 AIR OR OXYGEN 1.6 x no-7

Il • .WHERE X^ IS THE DEPTH OF THE ALPHA- DIF FUSION ZONE,

ANO $a IS THE SCALING TIME IN SECONDS.



■

■

C

TABLE S: BREAKAWAY TIMES AND GROWTH RATES OF VARIOUS 
GRADES OF ZIRCONIUM IN AIR AND OXYGEN.

■ 1

TEMP., °C IODIDE
O,. -AIR

■

- 
ARC-MELTED GRAPHITE

SPONGE WELTED
O&_ AIR O& .AIR

ZIRCALOY-2
AIR

BREAKAWAY TIMEe-pHOURS

GOO

700

800

800

» 1009300 — 300,82°

270 IOO 45,95,15"

13 20

» 100

» 100

~-10O
12

.8

IO

.5

30,20*

1,5*

4.2*

7,541

2

IOOO

700

3 .5 S

GROWTH RATE (SURFACE AREA)•%/HOUR 
... —. ..... —....................... „

.02 .10 O

800 .3 04 .3 .02

800

IOOO —

a) KENDALL (9)

11
9

.8

.8
-

It

30*82 8 3

b) GULBRANSEN AND ANDREW (6) 
c) MALLETT AND ALBRECHT (7) 
d ) PHALNIKAR AND BALDWIN (8)
• ) EXTRAPOLATED

■

> 1 8
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BETA

4o)

METAL INTERFACE

ALPHA t>O

BETA

Cx,a

X 1
(b)

FIG. 1 : DIFFUSION OF OXYGEN OR NITROGEN IN BETA-ZIRCONIUM 
ABOVE 862 •c, THE ALPHA PHASE DEVELOPING FROM THE 
SCALE METAL INTERFACE. THE BETA PHASE TRANSFORMS 
TO ALPHA ON COOLING.
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FIG. 2. DIFFUSION COEFFICIENT OF OXYGEN AND NITROGEN IN ZIRCONIUM
AND ZIRCALOYS.
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SCALING TIME IN AIRe-HOURS
51002 • 100O

FIG. 3: TOTAL WEIGHT-GAIN AND WEIGHT OF GAS DISSOLVED IN THE METAL DURING SCALING
OF IODIDE ZIRCONIUM IN AIR. TOTAL WEIGHT-GAIN MINUS WEIGHT DISSOLVED IN 
THE METAL EQUALS THE WEIGHT OF GAS CONTRIBUTING TO SCALE FORMATION.
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FIG. C DEPTH OF METAL CONSUMED IN THE AIR-SCALING OF VARIOUS GRADES OF ZIRCONIUM 
AND ZIRCALOY 2.
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