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ABSTRACT Zircafoy-4, which Is widely used as a cole structural material In Pressw'ueb 

Water Reactors (PWR), pfd<s up hydrogen during serulce. Hydrogen solubility in Zircaloy-4 Is 

b w  and hydrides precipitate after the Zircaloy-4 maw becomes supersaturated with 

hydrogen. These hydrides embtlttle the ZircaJoy4. To study hydrogen pickup and 

concentration, a postirradiation nondestnrctive radiograpNc technique for measuring 

hydrogen concentration was developed and quaMed. E.rcperiments on hydrogen prckup were 

conducted in the Advanced Test Reactor (ATR). Ex-reador tests were conduded to 

determine the conditions for which hydrogen would &solve, migrate, and predpitate. 

Finally, a phenomenological model for hydrogen diffusion was indexed to the data. This 

presentation describes the equipments and the model, presents the resub of experiments, 

and compares the model predictions to experfmental msutts. 

KEYWORDS: Zircaloys, hydrogen, corrosion, diffuslorr, hydrogen redistribution, hydfogen 

solubility 

INTRODUCTION 

During service, arcaloys pickup hydrogen, prima@ drogen that ts liberated a 

part of the oxidation of zitcatoy by water (1). Hydrogen in solutlon will diffuse down a 
thermal gradient and concentrate in cold regions of zircaloy components (2). Due to the low 

solubility of hydrogen in Zircaloys, zirconium hydrides form at relatively low concentrations of 

hydrogen, especially on coollng to near room temperature. These hydrides are briwe and at 

low concentration begin to degrade the mechanical properties of zircaloys (3). These 

changes in properties need to be consklered In component evaluations. Fundamental data 

and models that describe hydrogen pickup and redistribution can be used In thls evaluation 

process. To provide the bases for such evaluations, heactor and outsf-reactor 

experiments were conducted to develop a database for a fundamental model that provides 

insight into the phenomena invohred. 

The low solubliity of hydrogen In rlrconiurn abys and the effects of ttyddch 

was recognized in the 1- (4) durjng early development of zlrmium tiby8 for nuclear 

applicatlon. Under normal condit.lons the influx of hydrogen in-reactor b quite low. Fwther, it 
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ditiuses rapidly in the Zrcaloy maw and the hydride does not form at the conodlng surface 

and propagate into the metal as does the oxide. Rather hydrides prdpitate heterogeneously 

as delta hydride, Zr,H,, throughout the metal at sites that can best accommodate the 

seventeen-percent volume increase on formation of the hydride. Due to the protective nature 

of zirconium oxide, corrosion and hydrogen pickup are limited. As long as the environment 

is not too redudng, the only hydrogen pickup in the metal is from the conosion process (5). 

Therefore, hydrogen is not a concern to dad integrity under normal operating amjitkm, at 
least untii much conoslon has occurred or hydrogen has concentrated in cold rq$om. 

One of the first modes of fuel rod failure Is mmerdal  power reactors was from hydride 

blisters, which consisted of a high concentration of hydrides br a kjcal dadding mgbn (6). 

Hydride bkters fonned either from internal moisture in the tuel rod, e.g., moktwe in the fuel- 

pellet open porosity, 01 from coolant entering through fud-daddlng defeds. Hydrtde failures 

were almost eliminated in the 1970s by special drying methods for fuel pellets and by 

reductions in defects of other types. 

Performance of Zircaloy-dad fuel rods has been excellent since 1980 (7). However, 

isolated instances of hydride failures have occurred. Steep local temperature gradients may 

have caused concentration of hydrogen in daddlng on PWR fuel rods (8). These 

concentrations of hydrides may have been suffident to efnbrittfe the Zimaloy4 metal and 

pIomote dad cracking. More recently, use of zkconiwn liners on fuel dadding may hiwe 

promoted both hydrogen pickup In defected fuel rods, due to the rdathly ~ o o r  corrosion 

resistance of zirconium liners, and high stresses from the finer volume expansion as it 

oxidizes (9-1 1). An intermediate step may be the preferential hydride formah h the 

zirconium liner over that of the adjacent Zircaloy-2, despite the higher Rner temperature, due 

to the lower strength of the liner (Figure 14 of Reference 10). Hydrides form preferentially in 

regions of low strength due to the volume expansion during hydride formation (12). This 

expansion may increase stresses In ttre 23rcaloy-2 ptior to full (Iner oxidatlon. Subsequent 

oxjdation of the liner removes evidence of this step. This failure mode Illustrates the 

complicated nature and importance of hydrogen diffuston and hydrlde formation. 

Understanding hydrogen behavior becomes m e  Important as fuel bumups are Increased, 

which resutts in increased corrosion and hydrogen p W p  (13). 

Fundamental experiments and modeling of diffusion kinetics were reported during early 

development of zirconium 8lbyS for nudear q@catbm. Approprtate ref6rences am 
provided below In the dlscusslon of the resub presented herein. Recent work prhwlly 

addressed hydrogen In Zt-2.5Nb pressure tubes, as reported by Canadlan res8arWs (5,lC 
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17). These experiments are characterized by studies by hydrogen concentration profiles 

rather than bulk hydrogen pickup measurements. Little recent work on zircaloys has been 

reported. These data and assodated models are required to predict the pickup, movement, 

and precipitation of hydrogen. As shown by the discussion above on the impact of hydrogen 

on fuel performance, such a CapabiMy is important if it can be used to avoid designing and 

operating fuel elements in a region where large concentrations of hydrides and stresses 

develop. 

Hydrogen Pickup 

Expetimental 

Hydrogen plckup was measured on alpha-annealed Zircaloy-4 coupom that were 

irradiated In the Advanced Test Reactor at 31OOC ( S O O F )  and 360°C ( 6 8 0 O F ) .  A 

hydrogen overpressure fs dntalned in the cdlng water to control the oxygen level in the 

coolant. Under normal conditions #is molecular hydrogen does not act as a hydrogen 

source as the oxide film Is essentiany Impervious to the moleaRe. The source of the 

hydrogen entering the Zkcaloy Is that produced in the corrosion reaction. A nondestructtve 

method of measuring hydrogen content was developed and qualffied. This method 

measured the neutron attenuatlon by absorbed hydrogen as a neutron beam passed through 

a specimen (Figure 1). A neutron beam with a white nolse spectrum was filtered by passing 

it through lndiumcadmkrm material. Thls removed most neutrons with energies that 

activated M u m  atoms, resuHIng In the spectrum shown in Fwe 1 as the inddsnt notched 

spectrum. Passing this beam through a thin foil of M u m  On Detector @I) in Figure 1) 

activated this foil in pfOpOttion to the remaining number of neutrons at the indium activation 

energies. This fofl was counted to produce the slgnal v8lue 0,. The neutron beam then 

passed through the Zitcaloy-4 sample. The neutrons Interacted with hydrogen atoms in the 

Zircaloy-4, whlch reduced the energy of many of the neutrons. This neutron scattering 

resutted In many neutrons having their energies decreased to the energy bands for Indium 

advation. This new neutron beam energy spectrum Is shown in Figure 1 as the moderated 

notched spectrum. The moderated beam passed through another M u m  fdl (in detector 

(DJ in Figure 1) and activated the indium In proportion to the numbers of neutrons at the 

indium energies. This foil was counted to determine Dr The relative difference between D2 

and D, was proportional to the amount of hydrogen in specimen, (D2 - 0,) i 0,. The 

attenuatlon of the beam was calibrated to the hydrogen content of Zkcaioy-4 by the use of 

standards. In addition, each set of specimens induded a standard with a known 

concentration of hydrogen. Slnce the method was nondestnrdive, lnterim measurement8 

were made on coupons uslryl an on-she neutron beam. Thls allwed the hydrogen pkkup of 

lndMdual samples to be tdlowed as 8 furdon of tadtation exposure. W4-reactor 



WAPD-T-3W7 
Page 5 

hydrogen pickup was measured after autoclave exposure by destructive hot vacuum 

extraction to obtain reference data 

Results 
Out-of-reactor reference pickup data Zircaloy-4 coupons from three ingots are shown in 

Figure 2 for 316OC exposure. Autoclave water was degassed and deionized at pH 7 with a 

resistivity above 1 million ohm centimeters. Pressure was held above that for saturation at 

316OC, about 10.65 MPa. Similar in-reactor plckup data are shown in Figures 3 and 4 for 

exposure at 360°C and 31OoC, respectivety, for three neutron flux levels: high flux or tp > 

IO'* n/m2/s8c: medium flux or 10" n/m*/sec > > 10'' n/m*/sw, and low Ikor 01 Q 

10" n/m2/sec. The data are Iisted in Table 3 for autodave exposures, and Table 4 fw b 

reactor expwures. Table 5 Usts the dwnktry of the fkdoy-4 used h the testfng. To 

determine If the hydrogen pickup was correlated with sample oxIdation, the measured 

hydrogen content was plotted as a fwrctlon of measured oxygen comxntratkm, 8s 

determined by welght-galn measurements and as shown in Figure 5. Thls suggested that 

most of the hydrogen absorbed during servfce was from the oxidation. Further, it supported 

use of a factor to estimate hydrogen pickup from measwed or predided oxldation. In 
genera), the hydrogen pickup Is correlated to the oxldatb. Above loo0 (mg/sq dm) the 

pickup ratlo (AHIAO) tends to deviate in both d\rections from the averaoe value. Ms Is due 

to a sensitivity of the hydrogen pkhp  ratlo (AHIAO) to temperature and fluence as 

suggested in Figure 6. 

Hydrogen Content of Oxlde Films 

Expetiments/ 

The hydrogen concentration h the oxide film may be different from the hydrogen 

concentration in the Zircaioy4 metal. Several studies have shown this to be the case (14, 

18). High or low hydrogen concentrations in the oxide can have an impact on interpretation 

of hydrogen measurements to detedne AV/AO ratlos and hydrogen migratlorr. To 

determine the'lmpact of this effect, Secondary Ion Mass Spectroscopy (SIMS) was used to 

determine the concentratbn distribution through the oxide and metal of an autodam 

Zircaloy4 specimen. The hydrogen distribution is shown in Figure 7, kt which hydrogen rS 

uniformly dispersed in the oxide and concentrated in hydrides in the metal. 

To quantify the hydrogen concentrations in the OW and metal, autoclaved and In- 

reactor moslon coupons were tested for hydrogen ##Ks8nttBt1on, with and wtthout the 

'All fluxes are for E> 1 MeV. 



oxde film, as shown in Flgure 8. The oxIde was removed with silicon carbide paper or Mth a 

Dfemel tod. Both were used under flowing water to avoid heating the material. The results 

from autodave spedmens, tested at 360°C, 19.2MPa in deionized degassed water, are given 

in Table 1. The resub from in-reactor testing are shown in Figure 9 and 10. Out-of-reador 

samples exhibited similar hydrogen concentrations in the oxide and metal. However, In- 

reactor samples had hydrogen concentrations in the oxide much greater than that in the 

metal. Fgures 9 and 10 show how the in-reactor hydrogen concentrations h the oxide varied 

with fast fluence (3 1 MeV) and oxide thickness. There is considerable scatter kr both and no 

sign of a simple dependence of thickness, Iluence, or fast flux. The hydrogen content of the 

oxide saturated quickly and thereafter was Independent of oxide thkArws, Uuence, or dw, 

The orlginal coupon thickness was about lo00 pm. Snce the hydrogen concentration h the 

oxicle in-reactor after about 20 pm of oxide was Independent of exposure and oxide thidmss 

(Figures 9 and to), the relathre amounts of hydrogen in the oxMe and meta! depended on the 

relative vdumes of oxide and hydride as well as the amount in the metal, which does depend 

on exposure. In thin coupons the hydrogen in the oxide can be a significant fraction of the 

total hydrogen content of the oxidized coupon. 

Hydrogen Migration in Zircaloy-4 

in hydddes when the metal hydrogen concentration exceeds solubility in the OOM regions of a 

zirconium alloy. However, hydrogen migration models can not be based 011 equillbrlum, 

principally because volume mbmatch between metal and hydride densities results in tattioe 

distortion on precipitation. The energy required to induce this distortion delays predpitatlocl 

unffl the metal hydrogen concentratlon exceeds the equllibrlum concentration. A model for 

the migration of hydrogen In Zrcaloy (29, modified to accommodate a difference h the 

soluMli limits for dissolution and predpitatkm of the hydride, was used to describe the 

process. The metal concentration at equilibrium between metal and hydrMes was used for 

dissolution of the hydrides, C-. PredpitaUm of hydrides requires a supemturatlon of 
hydrogen relathte to a solubility llmlt for predphtlon Cma which Is somewhat hlgher than C,,,. 

When the hydrogen concentration In. solution In the metal is between C, and Cm, hydrlde wlll 

not precipitate and existing hydrides will not grow. Hydrides dissolve in equilibrium with the 

metal matrix at the equilibrium concentration C,. The model Is summarized in Table 2. 

Qua(ification experiments were designed to confirm the model and to provide data for 

indexing constants. 

Hydrogen migration down temperature gradients results in a concentration of hydrogen 
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Eryoetfrnent8/ 

To determine the solid-solution diffusion coefficient, diffusion couples were made by 

precharging half of the sample (Figure 11) and then annealing the sample at temperatures 

between 260°C and 482*C, for 3.9 days at 427OC (Figure 12). The material used was that of 

ingot B in Table 5. Specimens were precharged with hydrogen by gaseous equilibration 

when the desired hydrogen distribution was uniform. Spedmens where only a portion was to 

be precharged were cathodically precharged by partial immrsbn in 1N suIfuric acid, 

poisoned against hydrogen recombination with 0.25 grams per liter of sodium arsenate. The 

current was I60 ma/cm2 and the temperature was 80°C. 

Resuits 

The diffusion coeffidents determined from these ShKnes are shown in Flgure 13, and am 
in reasonable agreement with the resub of Keams (19) but be&w r& reported by 

Somerno (20), Sawatzky &1,26), and Mallett and Albrecht (22). Data in ttre ltterature have 

demonstrated that a hysteresis exists in the predpkatbn and dlssdutbn soM (Rgure 14). 

Hydrogen Dissolution 

Ekpen'mental 

To determine the hydride dissolution sobus, similar diffusion couples were made but the 

two sldes wsre allowed to come to equilibrium at each temperature (Figwe 15). The hydrlde 

dlssdution soivus as a function of temperature was determlrred by measudng the PoStaMlesJ 
hydrogen concentration of the initially uncharged hali of the samples. 

Results . 

The resub are shown in Rgure 16 and compared to the resub of other researches. 

The resub agree well with those of Sawatzky (21), Slattery (23), and barns (24) Hlho used 

two different techniques. They do not agree with the results of €rickson and Hardie (25). 

Based on the agreement of three Investigators, it is concluded that the data presented her& 

accurately reflect dissolution of zirconium hydrides kr Drcatoy. In addition, there appears to 

be no difference between the dissolution SOM for Zircaloy-2 and Zrcaloy4. 

Hydrogen Precipitation 

E q ~ h 8 t t t d  

To determhe the hydride precipitation sohs,  uniformlyhydrogen-charged spedmem 

were annealed in a temperature gradient that varied Unearfy and monotonlcany from one end 

of each sample to the opposHe end (Figure 17). Hydrogen precharge levels were choserr 

s M  that the entjre sampk was in the single-phase state at the beg- &'the tsst TIM 

cold ends of each sample were held at either 260°C, 316OC, 371 O C ,  or 427OC Md the 
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temperature gradients were either 6.6OC/rnm or 8.7OC/mrn. Hydrogen diffuses down the 

temperature gradient until the concentration gradient provides suflident counter drMng force 

to balance the thermal migration. At equilibrium the hydrogen mnt ra t l on  in soiutlon in the 

Zircaloy matrix will have the distribution 

Ccr) = C,, exp (Q*/RT&). 

This will be the temperature and spatial distributlon, as T = TO, of the total or measured 

concentration when the total concentradon is below that required for predpitatlon of the 

hydride. When the total concentration is above C(T) there has been predpitation. For 

example, the hydrogen concentration profile when a prOme dose to Ccr) has developed 

except at the cold end Is shown in Figure 18. In this case, the hydrogen concentratbn at the 

cold end of tt4e specimen k well above Cm, lndicatlng p r e d p m  7he cmcmtration Cw 

for dissolution of the hydride is also shown by the dashed he, whkh at 371 O C  is welf below 

that for predpitatlon, C,. 

Resutts 

The results from each test am shown in Rgure 19, where they are compared with 

literature data. At temperatures above 316OC there is reamable agreement among the 

resub of the three literature references and the data repated herein. Out data may have a 

slightly lower slope. At 260°C the precipitation concentfation reported her& is greater than 

that reported by Eridtson and Hardie or by Stattery, 

Dlscusston 

The heat of transport, Q* in equation 1 in Table 2, was determined for each sample from 

the slopes of log ((HI) vs inverse temperature, as shown In mure 18 for a sample with a cold 

end at 371 OC. The results are shown in Figure 20. The repredpttation constant, o in 

equation 2 in Table 2, determines the repredphtjon kinetics k tMs model and can be 

determined by measuring the surface and mtdplane predpbted hydrogen cxmwntratlorr, as 
shown Ih Figure 21. Samples were corroded in concentrated utMa&d water at temperatures 

between 288OC and W 0 C  In autoclaves at pressures high enough to maintain temperature 

below the saturation temperature, 2.79 MPa and 18.65 MPa, respecthrely. The r q u b  are 

shown in Figure 22. 

Thls model for hydrogen diffusion was bm&mark& to several outdqW 

experiments. One sample (Figure 23) was placed In a steep temperatwe gradlent and the 
other sample (Rgure 24) was placed in a shdiow temperature gradlent. After mallng, the 
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samples were sectioned and hydrogen concentrations were measured by hot vacuum 

extraction. The resutting hydrogen-concentration profiles are shown in Figures 23 and 24, 

along with the temperature profiles and the model predictions of the hydrogen 

concentrations. The model predicts ?e observed concentrations adequately for the sample 

with the steep temperature gradient (Figure 23) but not for the sample with the shallow 

temperature gradient, for which the model over predi i  hydrogen concentration in the cdder 

regions. The most likefy cause of the model m isp red i i  is hydrogen trapping at lattlce 

defects or a second phase. Trapping would result In higher required drMng forces, Le., 

thermal gradients, to redistribute the hydrogen. 

For application to fuel designs, the above rnigratim madel must be comMned with a 

model for hydrogen pickup. Based on the dtscussion in the previous sedfon, the pickup 

model must properly refie the relathre amounts of hydrogen in the metal and oxide. 

Conclusions 

To describe the embrittlement of zirconium alloys due to formation of hydrides, the 

following a s p a  must be understood: hydrogen picicup rate, holdup of hydrogen In the 

oxide, diffusion rates in a matrix with hydrogen traps, hydrogen concentration in the metal for 

hydride dissolution, and metal hydrogen concentratkm for hydride predpttation and 

dissolutlorr. The experknents described provide qualific;ation databreach aspet& although 

additional data am needed in some areas, e.g., no hddup of hydrogen h the oxide. The 

model described is adequate for steep gradients but overpredids hydrogen redistrEbutiOn for 

shallow temperature gradients. This deficiency is thought to be due to the lad< of a 

description of hydrogen trapping at latttce defects, Le., the model shouM reflect the binding 

energies between the hydrogen strain field and lattice defect strain fields. 
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TABLE 1 - Hydrogen Retained in Oxide Autoclaves Samples 

Hydrogen Content @pm) 

Sample Thickness Wt.m oxideon* oxideoff** 
sample 

*Measurements of hydrogen concentration in both metal and oxide. 
+*Measurements of hydrogen concentration in metal only. 
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TABLE 2 - Model Used for the Migration of Hydrogen 

I. Hydrogen diffuses through the alpha (hcp) phase in response to temperature and solid 
solution concentration gradients. 

D - Difhskm coefficient of hydrogen through a Zircaloy 

C - Solid solution concentration of hydrogen In a ZlrWoy 

Q' - HeatofTranspoct 

T - Temperature 

The rate of change in hydrogen concentration at a point is II .  

The rate of change in hydrogen concentration solid solution ln the Q Zircaloy i8 

i C  - = -9 J - a2(C-Cm) 8 C >,Cm 
bt 

i C  - = 0, C = Cq if hydrides are dissolving. 
i t  

- total hydrogen concentration 

C, = C, exp (U,/RT) concentratlon for predpbtion 

Cq - C- exp exp (-Q,,,JRT) concentratlon for dissolution 

t? = a t  exp (-2 Q,/RT) fitted rate parameter for predphffon 
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TABLE 3 - Weight Gain of Alpha-Annealed Zircaloy-4 Exposed at 
316OC ( 5 8 9 O I Q  In Autoclave (rngldm sa* 

SPEC INGOT DAYS O-WrGN KWGN hi0 

1 
2 

3 
4 
5 
6 
7 

0 

8 
10 
11 

12 
13 
14 
15 

16 
17 
18 
19 
20 
21 
22 
23 

24 

25 
26 
27 

28 

29 
30 
31 

32 

33 
34 

3s 
36 
37 

38 
39 
40 
41 

42 
43 

A 
A 
A 
A 
A 
A 
A 
A 

A 
A 
A 

A 
A 
A 
A 
B 

B 
B 
B 
B 
8 
B 
B 
B 
0 
0 
8 
B 
B 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

' 1470.0 
854.0 

910.0 
1078.0 

266.0 
1276.0 

796.0 
1470.0 

742.0 

154.0 

350.0 
686.0 

2267.0 

516.0 
1844.0 
742.0 
9 1 0  
266.0 

1694.0 
854.0 

1078.0 

m0 
127e.o 

1470.0 
518.0 
1470.0 

154.0 

350.0 
2267.0 
910.0 
1470.0 
1070.0 

198.0 
1470.0 

1691.0 

2267x) 

350.0 
742.0 

854.0 
154.0 
266.0 

516.0 
1276.0 

95-30 
49.70 
52so 
6320 
21.10 
78-70 

48-00 
95-00 
47.10 
1830 
26m 
40s 
155.40 
27-90 
111.40 
38-30 
52-90 

23.10 

116.40 
52-00 

62.m 

4820 
81 90 

9750 
29- 
97- 

21 -30 
20.10 
150.70 
5 3 s  

92.30 

60.70 
4920 
81 so 

1- 

147.70 
24.10 
47m 

51.20 
20m 
2420 

30.00 
76-70 

5-60 
230 
2.40 

2.00 
030 

3.30 
2.00 
3.90 
1.90 

0.70 

1.W 
1.50 
WO 
1.10 
350 
1.70 

210 
OS0 
4.50 
2.00 
240 
1.00 
3.m 

a40 
1.00 
3.30 

090 
480 
210 
3.80 
2 3  
180 
540 
4.00 

5.40. 

O S  
1.10 

am 

im 
am 
0.80 
1.00 
230 

0x1588 
0 . W  

0.0456 

0.0443 
0.0427 

0.w 
0.0417 

om1 1 

0xw13 
0m03 
OmE 
0.0370 
0x1951 
0x134) 

aarnr 
0xw41 
0m7 
O.#BO 

0.0385 
0.9083 
0m13 
0x1068 
0.0349 
0.0345 

0.- 

40329 
0.0320 
0- 
0.- 

0.0390 
0.0379 

0.0368 
0.0072 
0 . m  

011366 
w 
00359 
0.0352 
0.0345 
0.0331 
0.0333 
OXKKY) 

am7 

*Surface InHlalfy etched 
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TABLE 4 - Weight Galns (mg/dm sq) of Alpha-Annealed Zircaloy-4 
Exposed in the Advanced Test Rsactor 

3 W C  @$l Kl 
SPEC INGOT FllM DAYS AVFLUX FUIENC€ OWGN KWGN HK) AvlEMp60 

1 

2 

2 

2 

3 
4 

5 

S 

6 
7 

8 

a 
0 
10 
11 

11 

11 

12 
13 

13 

13 
14 

. 15 

15 

16 

17 
17 

16 

18 

18 

19 

20 

21 

21 

' 2 2  

23 

B 
B 
B 
B 
B 

B 
B 
8 
B' 
B 
C 
C 
C 
L 

C 
C 
C 
L 
D 
D 
D 
0 
D 
O 

L 

E 
E 
E 
E 
E 
E 
F.  

F 
F 
F 

F 
F 

11.18 

11.17 

11.17 

11.17 

10.38 

11.18 

11.18 

W 
Qoo 

11- 

1 1 s  

1134 

ldb 

lldo 

11- 

lido 
124 

10.35 

10.36 

10.36 

033 

933 
$33 
1400 

1201 
fzol 
10.78 

10.76 

10.76 

1 1 s  

1242 

1242 

1 1 s  

1159 

ian 

ian 

71.7 

886.3 

723.8 

4121 
71.7 

8882 
4121 

5586 
71.7 

71.7 

4121 

sbh4 
806.2 

461 b 
a862 
723.8 
4121 

481.5 

6862 

1236 
4121 

8862 

4121 

558.6 

611.8 

4121 

S58.6 

8862 

723.8 
412.1 

8062 
71.7 

4121 

558.6 

71.7 

8862 

0.539 

O.7sO 

0.782 

0.797 
0.873 

1261 
1.1m 

1261 

0539 
0.873 
1.199 

1261 
lltn 
O m  
0.760 

am 
am 
1 2 4  

0.m 

0.782 

0.m 

1261 
1.m 

1.281 

1.360 
1.190 

1.261 

0.m 

0.782 

0.797 

1261 

0.539 

1.1s 

1261 

0.8n 

0.760 

3.3 
58.2 

40.9 

28.4 
5.4 

%.6 
a 7  

60.9 
sa 
6.4 

42.7 

rn 
96.6 

1.0 

a2 
48.9 
a .4  

50.9 

582 

48s 
28.4 

96.6 

427 

do0 
73.4 

427 

00.8 

582 

48.9 
28.4 

96.6 
9.3 

42.7 

60.9 
5.4 

582 

9.4 

1010.6 

814d 

445.1 

54.8 

1-4 

5472 

m 

651 
4a.O 

m.4 
1209.8 

2826 

933s 
740.0 
4089 

eo52 
1006.6 

814.7 

CIhO 
1318S 

546.0 

m 
1926 
5396 
154.7 

10036 

61 12 

441.7 

13069 
4U.o 

543s 
m.2 

4.7 

10425 

sa 

1.1 

21 A 

170 

9.0 
13 

28.1 
12.8 

a 7  

11) 

to 
1- 

a.4 
2bl 

19 

21s 
10.5 
7.6 

11.1 

a 1  

170 

Q.3 
29.1 

141) 

21.1 

lbd 

lZ8 

MO 
21.7 

18.0 

9.7 
29.1 
1.4 

132 
16.8 
1.4 

220 
23 11.80 723.8 0.782 489 82w 19.0 0.m2 62M 
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23 
24 
25 
26 
27 
27 
27 

28 
29 
29 
30 
31 
32 
33 
34 
35 
36 
97 
31) 
3Q 
40 
41 
42 
43 
44 
46 
46 
47 
48 
‘49 
50 
51 
51 
52 
53 
51 
55 
66 
57 
58 
58 
58 
59 
80 
61 
62 
63 
64 
6s 

F 
F 
F 
F 
0 
0 
0 
0 
0 
0 
D 
0 
0 
E 
E 
E 
C 
N 
C 
N 
C 
N 
N 
Q 
0 
0 
8 
B 
B 
0 
0 
Q 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
P 
0 

0 
a 

1 1 s  
10.78 
0.4 1 

0.83 
12.m 
12.63 
12.83 
12.84 
12.83 
12.83 
8-62 

11.41 
1229 
11.41 
0.6s 

11.41 
11.41 

1218 

1295 
207 
1.86 

10.58 
11.46 
11.46 
1236 
1033 
11.47 
248 
2.a 
248 
248 
0.63 

14.06 
1736 
13.a 
1366 
14.4 

im 

1.86 

i4.m 
i4 .m 
14.00 
14.08 
1401 
1.86 
0.00 
-248 
0.4 1 

0 1 24 

4121 
8862 
71.7 
71.7 

8802 
723.8 
4121 
8862 
412.1 
6686 
s702 

w.9 
5101 
mo2 
mr.9 
6702 
723.8 
5702 
829.6 
7679 

15812 
4815 
so2 
6702 
mo 
5702 
sm2 
757.9 
MBd 
4816 
481.8 
623.6 
-6 
8862 
4121 
829.6 
71.7 
71.7 

4121 
8862 
5586 
412.1 
111 

829.6 
829.6 
568.8 
723.8 
55Bd 

0.797 
1261 

b0.m 
0539 
0.760 
0.782 
0.m 
1281 
1.199 
126l 
1282 
0218 
Qooo 
1282 
0218 
0.m 
l a  
OS00 
0.218 
Qooo 
O.Oo0 
0401 
0X)sb 

1282 
0.218 
QoOo 
1282 
0218 
0- 
0.916 
lace 
0 
Qooo 
Qooo 
0.315 
0.104 
O.OO0 
0.000 
0.17s 
1.147 
1210 
1215 
O m  
O b b l  
0- 
0.m 
0- 

a 4  
m 
54 
3.3 
12 
48.9 
a.4 
OB6 
427 
W 
632 
10.7 
Qo 

83.2 
la7 
0.0 

632 
AD 

0.0 
0.0 
0.1 
2.3 

632 
10.7 
0.0 

632 

0.0 
442 
41.7 
0.0 

c 0 . 0  
OA 

24.1 
a7  
0.0 
0.0 
1.1 
40.8 
924 
56.6 
0.0 
8.3 
0.0 
0.0 
0.0 
0.0 

t a t  

iar 

u7.6 
1319.8 

512 
555 

m 4  
m.0 
4185 

124U 
5199 
t3bo 
8119 
432.4 
2321 

m7 

2163 
7- 
m1 
410.4 
281.6 
2165 
Sl# 
345.5 
7569 
426.7 
228.9 

4378 
240.4 
dlQ1 
S81 A 
193.7 
2210 
2Bal 
m 7  
2m4 

15.2 
38.6 

Ha4 
12842 
toao 
103.1 
84.4 

2678 
288.1 
2312 

763.5 

ma 

(Kwa 

2es.a 

0.1 
219 
1.1 
1.0 

241 
17.1 
a2 

m.6 
134 
23.9 
18.3 
0.8 
6.4 

159 
ULO 
6.7 

l6.7 

6s 
4.t 
6.T 
64  
4 3  

18.0 
103 
4.8 

M 4  
74 
47 
la8 
(26 

2s 
M 
bo 

4 8  
74 
0.3 
0.5 

13.4 
25.8 
17s 
2.0 
1.4 
6 2  
5.7 
a7  
4.1 

183 

4a 

14.8 

628.3 
627.6 
630.9 
630.4 
e6.5 
638.9 
828.3 
6276 
629.8 
6283 
e a 2  
w2 
6272 
6202 
6262 
6272 
82b2 

6a.2 
-1 
6272 

6M.9 
6282 
6262 
6272 
62&2 
628.2 
6272 
ea3 
(1292 

-4 
628.1 
8272 
627.1 

6279 
6272 
(1926 

6S.8 
628.1 
$28.0 
6S.1 
630.0 
-.a 
$28.1 
a27.a 
631 A 
630.8 
629.4 

twn 

mal 
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TABLE 4 (Cont’d) (360OC) 

3 1 0 0 c m  0 9 
iNWT FILM DAYS A W W X  ).LLJl!NC;+ H-m H/O AVKXqRJ- 

89 B 
90 B 
91 F 
92 U 
93 0 
94 0 
94 0 
95 E -_ 
96 E 
96 E 
97 C 
98 C 
99 c 
100 G 

12.00 
102.5 
11.10 
16.17 
8.77 

11.41 
11.41 
9.68 

10.44 
10.4 
11.41 
1 1.41 
11.41 
9.70 

1569.9 
997.5 

8042 

907.7 
1464.3 
8975 
907.7 
1464.3 
897.5 
907.7 
1464.3 

1210.3 

m75 

9975 

O.Oo0 
1 A71 
1.471 
1.489 
1.661 
0.594 
0.609 
1 .a1 
0.594 
0.609 
1.661 
0.594 
0.09 
1.661 

0.0 
l a 7  
1538 
1035 
143.1 
46.6 
77.0 

143.1 
46.6 
774 

l a 1  
46.6 
77.0 

143.1 

41 .3 
2062 
943.8 
163.3 
337.7 
213.5 
513.8 
326.5 
192.3 
4m.a 
229.3 
153.8 
41 1.0 
509.9 

1-6 
72 
11.5 
1 3  
4.0 
4.7 
10.2 
5.5 
4.6 
10s 
5.3 
1.8 
8.7 
5.8 

om76 s80.1 
0.0346 584.4 
0.0122 584.1 
0.01 16 562.1 
0.01 18 586.1 
0.0220 s a 4  
0.0199 5882 
0.0168 5861 
0.0239 5884 
0.0218 5882 
0.0231 586.1 
0.0124 588.4 
0.0212 5882 
0.01 16 3881 



TABLE 4 (Cont’d) (310°C) 

DAYS AVFLUX F U t a  O m h  K m  H/O A m  

101 
101 
102 
103 
103 
103 
lo1 
104 
105 
105 
106 
1 07 
107 
108 
109 
109 
110 
110 
111 
111 
112 
112 

113 
114 
115 
116 
117 
118 
119 
120 
121 
121 
122 
123 
124 
124 
12s 
125 
126 
126 
127 
127 
128 
129 
130 
130 
131 
131 

0 
0 
8 
6 .  
8 
8 
I 
I 
i 
I 
H 
H 
H 
J 
J 
J 
6 
B 
V 
V 
V 
V 
8 
S 
W 
W 
W 
W .  
W 
8 
B 
8 
B 
A 
A 
A 
A 
A 
F 
F 
F 
F 
F 
8 
8 
6 
0 
0 

132 0 

10.59 
10.59 
12.35 
11.46 
11.46 
11.46 
11.70 
11.70 
1227 
12.37 
13.18 
12.91 
123l 
1281 
14.49 
14.49 
11.73 
11.73 
13.96 
1 3 S  
15.01 
15.01 
2.05 

13.67 
1 0.00 
1o.m 
10.40 
1o.m 
10.00 

9.92 
9.92 
9.80 
1 A6 
9.75 
9.75 
9.75 
9.75 

1057 
10.57 
9.76 
9.76 
0.98 
0.65 
0.74 
0.74 
0.94 
8.94 
8.94 

asa 

907.7 
1464.3 
9975 
907.7 

14643 
2107.6 
8382 
994.0 
w.8 
8382 
899.8 
999.8 
0302 
899.6 
999.8 
8382 
8382 
899.8 
8382 
999.8 
099.8 
8382 
1406.5 
0042 
543.3 
543.3 
1553 
1553 
367s 
538.0 
1745.4 
2048.0 
536.0 
2045.7 
12973 
2045.7 
12973 
2045.7 
12973 
2045.7 
1297.3 
w . 7  
2045.7 
12973 
1297.3 
2045.7 
12973 
w 7  
12973 

0.594 
0,609 
1.661 

0.594 
0.- 
0.623 
1.897 
1.713 
0.300 
0.304 
1.713 
0.300 
0.304 
1.713 

0.300 
0.304 
1 . a 7  
1.713 
1.697 
1.713 
0.300 
0.304 
1388 
1.489 
0.000 
1 s  
1340 
1340 
1340 
0528 
1.196 
1.198 
1271 
0.465 
1 S 7  
1.585 
0.437 
0.465 
0.437 
0.465 
1.537 
1.585 
0.465 
1.537 
0.437 
0.465 
1.537 
1.585 
0.437 

46.8 

143.1 
48.6 
774 

1 l a 4  
122.8 
148.0 
25.9 
22.0 

148.0 
25s 
221) 

l a 0  
25.9 
220 

1229 
148.0 
122.8 
l a 0  
25.9 
22.0 

168.7 
103.5 

0.0 
634 
18.0 
18.0 
4449 
24.5 

180.4 
212.0 
59.1 
e2 

172.3 
200.1 
49.0 
822 
49.0 
822 

1723 
280.1 
822 

1723 
49.0 
822 

172.3 
280.1 
49.0 

77.0 
175.0 
568.9 
3195 
21 7 2  
502.6 
m1.1 
983 
283.0 
103.5 
76.1 
396.6 
106.0 
7s.4 
4702 
95s 
68.4 
108.6 
237.4 

a 2  
1163 
84.5 
744.7 
113.0 
12.4 
57.4 
13.0 
13.9 
28.1 
372 

10515 
1421.6 
32.7 
7222 
3942 
1215.5 
3362 
727.1 
351.1 
648.5 
923.0 
2279.8 
8113 
665.4 
352.0 
776.7 
631.7 

lea 

1 ~ 2 7 3  

3.9 
6.6 
5.8 
5.0 
9 s  
185 
3.6 
4.4 
3.8 
2.8 
0.6 
3.7 
2.4 
6.7 
4 2  
21 
3.2 
S.8 
3.5 
0.3 
3 3  
4.6 
14.7 

15  
0.1 
1.1 

02 
0.8 
0.8 
18.4 
a.0 
0.5 
9.6 
SA 
17.0 
5.6 
11.1 
113 
24.8 
15.6 
30.8 
21 s 
9.3 
5.4 
14.0 
129 
24.7 

a7 

337.1 7.1 

0.0223 
0.01 18 
0.0182 
0.0230 
0.0198 
0.- 
0.- 
0.0155 
0.0368 
0.0368 
0.0218 
0.0347 
am25 
0.0122 
0.044s 
0.0301 
a0292 
0.024Q 
0.0216 
0.0173 
0.0281 
0.0539 
0.01 98 
0.0130 
0.01 21 
0.0183 
0.0522 
0.0151 
0.m 
0.0212 
0.0156 
0.0141 
0.01 53 
0.0132 
0.0137 
0.0140 
0.0167 
0.0152 
0.0322 
0.0290 
0.0168 
0.01s 
0.- 
0.0140 
0.0153 
0.0180 
0.0204 
0.0128 

588.4 
5882 
586.1 
588.4 
5882 
s80.0 
584.6 
5842 
580.1 
580.7 
5842 
58Q1 
m 7  
a42 
m 1  
s a 7  
584.8 
5842 
584.7 
5842 
500.1 
580.7 
5062 
582.1 
5884 
588.7 
me.? 
sa&? 
5%$2 
584.4 
5873 
S72 
5812 
5882 
5849 
584.6 
5883 
5882 
5883 
5882 

SEWS 
5881 
5643 

.%83 
3882 
w.9 
584.6 

0.021 1 5883 
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TABLE 4 (Cont'd) (310OC) 

INGOT DAYS AVFLUX RuE)JCE O-mGN I-Lm H/O A S  

132 
133 
134 
135 
135 
136 
131 
138 
138 
139 
140 
140 

0 
O 
E 
E 
E 
C 
C 
c 
C .  
0 
a 
a 

2045.7 
2045.7 
12973 
1297.3 
2ws.7 
2045.7 
12973 
1297.3 
2045.7 
1297.3 . 
1297.3 
2045.7 

0.465 
0.465 
1531 
0.431 
0.465 
1- 
1.537 
0.437 
0.- 
1.537 
0.437 
0.465 
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TABLE 5 - Chemistry of the Zlrcaloy4 Exposed in the Advanced Test Reador 
@pm by weight) 
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*The 'A' parameter A - Xt, loop (-79480/RTJ where t, and T, are post beta quench anneal 
times and tern eratures for the alpha annealed coupons produced from these lwts Is 
A 1 2 . 7 x I O ' .  18 
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Figure 1 Methods Use to Measure the Hydrogen Pickup 
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Figure 8 Method Used to Determine Hydrogen tr the Oxide Film 
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Figure 18 Diffusion Coefficient of Hydrogen In Alpha-Zirconium as a Function of 
Temperature 
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