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ABSTRACT: Over a core lifetime, the reactor materials Zircaloy-2, Zircaloy-4, and hafnium may 
become embrittled due to the absorption of corrosion-generated hydrogen and to neutron 
irradiation damage. Results are presented on the effects of fast fluence on the fracture 
toughness of wrought Zircaloy-2, Zircaloy-4, and hafnium; Zircaloy-4 to hafnium butt welds; and 
hydrogen precharged beta treated and weld metal Zircaloy-4 for fluences up to a maximum of 
approximately 150 x 1024 n/m2 (> 1 Mev). While Zircaioy-4 did not exhibit a decrement in K,c due 
to irradiation, hafnium and butt welds between hafnium and Zircaloy-4 are susceptible to 
embrittlement with irradiation. The embrittlement can be attributed to irradiation strengthening, 
which promotes cleavage fracture in hafnium and hafnium-Zircaloy welds, and, in part, to the 
lower chemical potential of hydrogen in Zircaloy-4 compared to hafnium, which causes 
hydrogen, over time, to drift from the hafnium end toward the Zircaloy-4 end and to precipitate 
at the interface between the weld and base-metal interface. Neutron radiation apparently affects 
the fracture toughness of Zircaloy-2, Zircaloy-4, and hafnium in different ways. Possible explana
tions for these differences are suggested. It was found that Zircaloy-4 is preferred over Zircaloy-2 
in hafnium-to-Zircaloy butt-weld applications due to its absence of a radiation-induced reduction 
in K,c plus its lower hydrogen absorption characteristics compared with Zircaloy-2. 

KEYWORDS: Zircaloys, hafnium, butt weld, fracture toughness, irradiation effects, hydrogen 
redistribution 

Reactor core components, especially weldments, often contain regions of local stress 
concentration such as notches and small linear separations. The structural analysis of these 
components utilizes linear elastic fracture mechanics (LEFM). Therefore, it is important to have 
available the plane-strain fracture toughness (K,^ of PWR type cladding and control rod materials 
as a function of fast neutron fluence, temperature, hydrogen content, and hydride morphology. 
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irradiated to 20 x 10 2 4 n/m 2. The maximum test temperature was 316°C. The present work 

extends the fluence and hydrogen ranges to 150 x 10 2 4 n /m 2 and 4000 ppm, respectively. In 

addition, results are provided for irradiated Zircaloy-2, hafnium and Zircaloy-4-to-hafnium butt 

welds. Particular emphasis has been placed on the effect of hydride morphology in the Zircaloy-4 

and the hydride redistribution within the butt weld on the toughness of reactor core components 

over lifetime. These factors are of critical importance in developing a useful K,c database. 

Experimental Details 

Materials and Test Specimens 

Fracture toughness tests were conducted on the following materials: alpha-annealed Zircaloy-

2, beta-treated and weld metal Zircaloy-4, alpha-annealed hafnium, and Zircaloy-4-to-hafnium butt 

welds. All materials were reactor grade with nominal compositions shown in Table 1. The tin 

content of the Zircaloy-2 and Zircaloy-4 was 1.50 wt.%. Modified compact tension (CT) 

specimens (Figure 1a) were machined from various source pieces. Alpha-annealed specimens 

((S-T) orientation per ASTM E616) were machined from a wrought plate and were fatigue 

precracked prior to irradiation. Also, the beta-treated and weld metal Zircaloy-4 specimens were 

fatigue precracked and hydrided prior to irradiation. Rgure 1b shows the typical 0-*a 

Widmanstatten or so-called basketweave microstructure within the prior-beta-phase grain 

boundaries. This microstructure was typical of ail the beta-quenched and weld metal Zircaloy 

specimens. The Zircaloy - hafnium butt weld was made by a single-pass tungsten-inert-gas 

(TIG) autogenous weld with 100% penetration. Hafnium and Zircaloy-4-to-hafnium butt-weld 

specimens were machined and fatigue precracked after irradiation. Specimen orientations relative 

to the weld region are shown in Figure 2. The initial hydrogen concentrations in the hafnium and 

Zircaloy-4 were both ~ 10 ppm. The in-reactor exposure to high-temperature water resulted in 

a modest increase in the hydrogen inventory. 

Hydrogen Precharging and Hydride Morphology 

Two methods were used to hydrogen precharge the Zircaloy-4 specimens. One method 

equilibrated the test specimens with a predetermined amount of zirconium hydride powder in 

evacuated vycor bulbs at 550 °C or 649 °C. The second method utilized a Sievert's apparatus 
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in which the desired amount of hydrogen in the specimens was established by maintaining the 
appropriate partial pressure of hydrogen gas at 527°C. 

The hydride morphology of the precharged specimens depended on the hydrogen content 
and the hydriding temperature, and was consistent with the known equilibrium and kinetic 
characteristics of the binary zirconium - hydrogen system (see Figure 3). On cooling specimens 
that had been hydrided in the alpha phase, hydride platelets precipitated on crystallographic 
habit planes within the alpha platelets (See Figure 3a). This was typical of specimens containing 
up to approximately 600 ppm and hydrided at either 649°C or 527°C. For higher hydrogen 
levels, the resulting hydride morphology depended on whether the hydriding temperature was 
above or below the Zr-H eutectoid temperature (550 °C). At 649 °C the alpha and beta zirconium 
phases are present for hydrogen concentrations > 600 ppm. A study [2] of the nucleation of 
the beta phase in an alpha platelet type structure showed that in this two-phase field, the beta 
phase forms at the alpha/alpha platelet boundaries where the beta-stabilizing elements iron and 
chromium are also located. Because the solubility of hydrogen is much greater in the beta 
phase, these interfaces become rich in hydrogen and on cooling become preferred nucleation 
sites for hydride precipitation. Figure 3b shows hydride at the alpha/alpha interface in a 
specimen containing 1480 ppm hydrogen and hydrided at 649 °C. At 527 °C the phases present 
were alpha zirconium and zirconium hydride. In the Sievert's apparatus, the hydrogen concen
tration builds up slowly. When the solubility of hydrogen exceeds the solubility limit, zirconium 
hydride precipitates at the prior-beta-phase grain boundaries, while that hydrogen in solution 
precipitates within the alpha platelets on cooling (see Figure 3c). In this study, the hydride 
morphology is described relative to the prior-beta-phase grain boundaries. That typical of Figures 
3a and 3b is classified as transgranular and that typical of Figure 3c as intergranular. 

Irradiation Histories 

Compact-tension specimens of unhydrided Zircaloy-2 and hydrogen precharged Zircaloy-4 
were irradiated in deionized pressurized water (DPW) at260°C ± 5°C in an average fast neutron 
flux of 1018 n/m2-sec. Fast fluences ranged between approximately 10 x 102 4 n/m 2 and 150 x 
1024 n/m 2 (E > 1 MeV). Compact-tension specimens of hafnium and hafnium-to-Zircaloy-4 butt 
welds were machined from material that had been irradiated in deionized pressurized water 
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(DPW) at 285°C ± 5°C in an average fast neutron flux of 1017 n/m2-sec to a fast fluence of 
approximately 50 x 102 4 n/m2. 

Fracture Toughness Testing 
Constant-displacement-rate plane-strain fracture toughness K,c tests on Zircaloy-2 and 

Zircaloy-4 were conducted in accordance with ASTM E399. Several specimens tested at elevated 
temperature did not meet all of the criteria for valid plane-strain fracture toughness and are 
identified in the data presentation. 

Because of the relatively low yield strength of hafnium and the limitation on the butt-weld 
thickness to 5 mm, the hafnium and hafnium-to-Zircaloy-4 butt weld specimens were J^ tested 
in accordance with E813-87 in an attempt to obtain valid fracture toughness values. However, 
due to the tendency of hafnium and zirconium-hafnium alloy welds to exhibit successive pop-ins, 
no valid J 1 C tests were obtained. Alternatively, the J, c load-displacement curves were analyzed 
per E399 for plane-strain fracture toughness. Table 2 summarizes the yield strength values used 
to evaluate the validity of the K,c fracture toughness tests. 

Results and Discussion 
Hydrogen Precharged Zircaloy-4-
Table 3 summarizes the plane-strain fracture toughness data obtained for beta-treated and 

weld-metal Zircaloy-4. The bulk of the specimens tested had a transgranular hydride morphology 
and exhibited a transgranuiar fracture relative to the prior-beta-phase grain boundaries. The 
remaining specimens had an intergranular hydride morphology and fractured along the prior-
beta-phase grain boundaries. 

Figure 4 shows that at room temperature increasing the hydrogen content of the transgranular 
hydride specimens results in an exponential decrease in K,c. Specimens with an intergranular 
hydride morphology had K,c values ~9 MPaVm less than those with a transgranular hydride 
distribution. Both nonirradiated and postirradiated specimens are included in Figure 4. 
Examination of the data in Table 3a shows no detectable effect of irradiation on the fracture 
toughness of these Zircaloy-4 specimens. Figure 5 shows the general trend that increasing the 
test temperature increases the fracture toughness of beta-treated and weld metal Zircaloy-4. 
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Figure 6 shows three subsets of these data, namely, 10-46 ppm hydrogen, 240-267 ppm 

hydrogen and 441 -559 ppm hydrogen. From these latter two hydrogen ranges a brittle-to-ductile 

transition at approximately 260 °C to 300 °C is inferred. This transition is thought to be due to 

the decreased strength of the matrix and to some extent the increased ductility of the hydride 

phase at higher temperatures. This transition is independent of fluence levels. Similar behavior 

has been observed in Zircaloy-2 (6) and Zr-2.5 w/o Nb [5]. Figure 6 also includes the data for 

unhydrided, highly irradiated alpha-annealed Zircaloy-4. These data do not exhibit as sharp a 

transition, the fracture toughness gradually increasing with increasing test temperature. The two 

data points for irradiated beta-treated Zircaloy-4 at room temperature are consistent with the 

irradiated alpha-annealed Zircaloy-4 results. 

The observations that the fracture toughness of Zircaloy-4 decreases with hydrogen content 

and that specimens with the intergranular hydride morphology have lower toughness than those 

with the transgranular hydride morphology is consistent with previously reported work on 

zirconium-based alloys [5]. It is therefore important that the hydride morphology of precharged 

specimens used to predict lifetime embrittlement have a hydride morphology similar to that 

developed under core operating conditions. Figure 3(d) shows the hydride morphology 

developed due to the absorption of corrosion-generated hydrogen during in-reactor exposure 

to high temperature water. This hydride morphology is transgranular. From an unstable crack 

propagation viewpoint, it is equivalent to that in the transgranular test specimens reported here. 

Irradiated Nonhydrided Zircaloy-2 

One nonirradiated and two irradiated specimens of nonhydrided alpha-annealed Zircaloy-2 

with an S-T orientation were tested at room temperature. As shown in Figure 7, these results are 

consistent with those reported for Zircaloy-2 tubing [3,4], namely, increasing the fluence 

decreases K,c 

The decrease in fracture toughness of Zircaloy-2 with fast fluence is in contrast with previouly 

reported results on Zircaloy-4 [1]. As shown in Figure 7, the fracture toughness of Zircaloy-4 

increased with fluence while that of Zircaloy-2 decreases. The difference in the behavior of these 

similar alloys may be explained in terms of their microstructure. The fracture toughness of 

nonhydrided zirconium alloys is determined by the nucleation and growth of voids and the linking 
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up of these voids, or coalescence, by ductile rupture. Common sites for void nucleation are 

second-phase intermetallic precipitates. While the important properties of strength and strain-rate 

sensitivity of the Zircaloys are expected to be essentially the same, one significant difference is 

the composition of their principal intermetallic precipitates and the manner in which these 

precipitates are affected by irradiation. For Zircaloy-4, the principal precipitate is Zr(Fe,Cr)2. 

During irradiation at temperatures of ~ 260°C, the Zr(Fe,Cr)2 laves phase both rejects iron and 

undergoes a crystalline-to-amorphous transformation. The reaction begins at the outer 

precipitate diameter and proceeds inward with increasing fluence [7]. It is suggested that this 

diffuse particle-matrix interface has a higher effective cohesive strenth and is more resistant to 

particle-matrix decohesion. Void nucleation is forestalled, which results in higher loads, which 

lead to an apparent higher toughness, in Zircaloy-2, the principal precipitate is Zr2(Fe,Ni). At 

test temperatures of 260 °C this precipitate does not undergo amorphization [8]. Furthermore, 

within the precipitate, helium is generated by the Ni (n,o) transmutation process. Although 

classic helium embrittlement typically occurs in the high-temperature regime, in this case the 

presence of helium atoms at the interface may decrease its cohesive strength. The radiation-

induced increase in yield strength (and hydrostatic tensile stress), the reduced strain-to-fracture, 

and the potentially weakening of the particle-matrix interface by helium generation are all 

contributing, presumably, to the irradiation embrrttlement of Zircaloy-2. 

Irradiated Hafnium and Hafnium-to-Zircaloy-4 Butt Welds 

The postirradiation fracture toughness results at room temperature and 149°C, along with the 

results from nonirradiated room temperature controls, are given in Table 4. None of the fracture 

toughness values was valid per E399 due principally to insufficient specimen thickness (5 mm). 

Examples of the load vs. crack-mouth-opening displacement curves at room temperature for the 

irradiated butt weld, wrought hafnium (T-L), and wrought hafnium (L-T) are shown in Figure 8. 

The specimen strength ratios, R s c , are listed in Table 4 and are compared graphically in Rgure 

9. The butt welds tended to exhibit the least toughness, while wrought hafnium in the L-T 

orientation had higher toughness than the wrought hafnium in the T-L orientation. 

The fracture toughness (KQ) of irradiated hafnium-to-Zircaloy-4 butt welds at room temperature 

ranged between 33 MPa Vm and 37 MPa Vm. Because the nonirradiated room temperature 

yield strength was too low to yield a meaningful KQ value, one butt weld specimen was tested 
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at -196°C in liquid nitrogen to increase its yield strength. The measured plane-strain toughness 
value was 45.3 MPa Vm and approximately 40% greater than its postirradiation value at room 
temperature. It was concluded that the apparent lower KQ and R s c values of the irradiated 
wrought hafnium and butt-weld specimens compared with their companion nonirradiated 
specimens indicated that there was a real decrease in their fracture toughness after irradiation. 
The reason for this decrease in KQ was the irradiation-induced increase in yield strength that 
promoted more plane-strain loading and higher hydrostatic tensile stresses that enhanced void 
nucleation and growth. 

Fractoaraphv - Unlike zirconium in which no cleavage has been observed, the fracture of 
hafnium can occur by transgranular cleavage if the yield strength is sufficiently high [9]. Figure 
10 compares the scanning-electron micrographs (SEM) on fractures in nonirradiated Zircaloy-4, 
hafnium, and a hafnium-to-Zircaloy-4 butt weld tested in liquid nitrogen at -196°C. Large areas 
of cleavage fracture can be seen in the hafnium and hafnium-Zircaloy-4 butt weld; no cleavage 
was observed in the Zircaloy-4 specimen. At room temperature where the yield strengths are 
lower, cleavage is replaced by a mixture of coarse and fine dimpled fracture indicative of 
microvoid coalescence. Figure 11 shows the fracture surfaces in wrought hafnium and a 
hafnium-to-Zircaloy-4 butt weld tested at 24°C, before and after irradiation, in each case, after 
irradiation the area fraction of very coarse dimples decreased and the area fraction of fine 
dimpling increased. This was more prominent in the butt weld. Thus, the effect of irradiation 
hardening on the fracture mechanism is to increase the local crack-tip stresses thereby 
facilitating the formation of voids, which reduces the fracture toughness. Note, however, that 
even though the yield strengths of the irradiated butt welds tested at 24°C and that of the 
nonirradiated butt welds tested at -196°C are quite similar, being 655 MPa and 662 MPa, 
respectively, the cleavage seen in the nonirradiated specimen at -196°C was not evident at 24°C 
after irradiation. Evidently radiation hardening raises the stresses required for cleavage, e.g., 
twinning stress, and yielding proportionately. As a result there was no apparent increase in the 
transition temperature from ductile-to-cleavage fracture after irradiation. 

Hydrogen Redistribution - Metallographic examination of butt-weld joints consistently showed 
the hydrogen concentration in the Zircaloy-4 to be significantly greater than that of the hafnium. 
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Two factors contribute to this result. First, the Zircaloy-4 corrodes faster and absorbs more 
hydrogen. Second, the chemical potentials of both the hydride and hydrogen dissolving in the 
solid solution are less in zirconium than in hafnium [10]. It is expected that this latter factor 
keeps the absorbed hydrogen within the Zircaloy and makes the Zircaloy a sink for hydrogen 
present in the hafnium. 

Figure 12 shows the results of hydrogen concentration measurements made along the length 
of the irradiated hafnium-Zircaloy-4 butt weld. The hydrogen concentration in the Zircaloy-4 
increased from an initial concentration of -10 ppm to -42 ppm, all of which is soluble at the 
irradiation temperature of 285°C. In comparison, the hydrogen concentration in the hafnium 
decreased from its starting hydrogen concentration of -10 ppm to about 2 ppm. The hydrogen 
concentration in the Zircaloy can be accounted for by its initial hydrogen concentration plus the 
hydrogen picked up due to corrosion and the ingress of hydrogen from the hafnium side of the 
weld. The hydrogen concentration in the butt weld ranges from about 2 ppm at the hafnium 
interface to about 30 ppm at the Zircaloy-4 interface. In this case, the hydrogen pickup in the 
butt weld was small and likely did not contribute significantly to its embrittlement. 

However, if the hydrogen solubility in the Zircaloy were exceeded, further ingress of hydrogen 
from the hafnium side would result in precipitation of hydride at the Zircaloy side of the Zircaloy-
butt weld interface. Figure 13 shows an example where, due to greater corrosion and a higher 
hydrogen pickup ratio in Zircaloy-2, the hydrogen solubility in the Zircaloy-2 was exceeded before 
all of the hydrogen in the hafnium diffused across the weld joint. As a consequence, a large 
amount of hydride, over 200 ppm, precipitated at the Zircaloy-butt weld interface, thereby 
creating a highly embrittled zone parallel to the weld joint. In this case, the fracture toughness 
of the weld interface would be expected to be significantly less than the values reported. 

As stated above, hydrogen will not accumulate in the Zircaloy at the interface region until the 
corrosion of the Zircaloy has increased the overall hydrogen concentration of the Zircaloy to 
above solubility. Until that time, solid solution gradients can exist in the Zircaloy, which will 
remove the hydrogen from the interface and allow essentially the entire Zircaloy extension to act 
as a sink for hydrogen. Once the corrosion of the Zircaloy has increased the hydrogen 
concentration above solubility, solid solution concentration gradients can no longer exist to 
support a net flux of hydrogen away from the interface. For this condition, the buildup of 
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hydrogen within the first 1.25 cm of the interface can be approximated using the simple model 
shown in Figure 14 and the following expression: 

C M * . = C,* + ~ C0M {D^f fTTZ, {for t > tgol) ( 1 ) 

average hydrogen concentration in the first 1.25 cm. of the Zircaloy (ppm), 
solubility of hydrogen in Zircaloy at operating temperature (ppm), 
initial concentration of hydrogen in hafnium (ppm), 
diffusion coefficient of hydrogen in hafnium (ppm), 
time (sec), 
time to pickup equilibrium concentration of hydrogen in Zircaloy 
through corrosion of Zircaloy (sec), 

density (gm/cc), and 
cross sectional area (cm2). 

From inspection of this equation, one can see that the lower the initial hydrogen concentration 
in the hafnium and the lower the corrosion rate of the Zircaloy, the less will be the buildup of 
hydrides at the weld interface. 

Optimizing Lifetime Integrity of Butt Welds - Based on our understanding of the hydrogen 
redistribution at hafnium-to-Zircaloy butt welds, there are several actions that can be taken to 
minimize the hydride embrittlement of butt welds during service. The first is to begin with as low 
a starting hydrogen concentration in both the hafnium and the Zircaloy extension. The second 
is to select Zircaloy-4 over Zircaloy-2 because of its inherent higher irradiated fracture toughness 
and its lower hydrogen uptake compared with Zircaloy-2. The third is to heat treat the Zircaloy-
4 to optimize its corrosion resistance. All three of these actions are designed to ensure that 
essentially all of the hydrogen in the hafnium will have "drained" into the Zircaloy-4 before the 
hydrogen concentration in the Zircaloy-4 reaches it solubility limit, thereby making the structure 
immune to local hydrogen peaking at the weld interface. 

where 
'"'Interface 

Cso, 

C 0 ( H f ) 

t 

'sol 

p 
A 
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1. Increasing the hydrogen content of Zircaloy-4 results in an exponential decrease in K,c. 

2. In hydrogen precharged Zircaloy-4 with a Widmanstatten microstructure, the fracture 
toughness of specimens with a transgranular hydride morphology is higher than those 
with an intergranular hydride morphology. 

3. The hydride morphology developed in-reactor in a Widmanstatten Zircaloy-4 microstruc 
ture as the result of the absorption of corrosion-generated hydrogen is transgranular and 
effectively equivalent to that of the trangranular-hydride specimens reported here. 

4. The fracture toughness of Zircaloy-4 increases with irradiation, while that of 
Zircaloy-2 decreases with irradiation at 260 °C. The difference is attributed to the way 
irradiation affects their second-phase intermetallic precipitates. It is speculated that the 
obliteration of the particle-matrix interface in irradiated Zircaloy-4 leads to a difficult-void-
nucleation microstructure and this is reflected in increased postirradiation toughness. 

5. For hydrogen concentrations less than 10 ppm, the postirradiation fracture toughness 
of the hafnium-to-Zircaloy-4 butt weld is too high to yield a valid K,c per ASTM E399 in 
specimens tested in this program. The estimated room-temperature fracture toughness 
K.c651 at 55 x 1024 n/m2 is 33 MPaVm. 

6. Zircaloy getters hydrogen from hafnium resulting in hydrogen accumulation in the 
Zircaloy side of a hafnium-Zircaloy butt weld. 

7. Hydrogen will not accumulate at the butt weld interface until the Zircaloy corrosion 
plus hydrogen ingress from the hafnium have increased the overall hydrogen 
concentration in the Zircaloy above solubility. Any subsequent ingress of hydrogen from 
the hafnium, either from its initial hydrogen inventory or from corrosion, will precipitate 
near the Zircaloy-weld interface. 
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Table l-Nominal chemical compositions of Zircaloy-2, Zircaloy-4 and hafnium (wt %). 

Alloy Zr Hf Sn Fe Cr Ni O 

Zircaloy-2 Bal. 0.01 1.5 0.13 0.10 0.06 0.17 

Zircaloy-4 Bal. 0.01 1.5 0.21 0.10 0.007 0.12 

Hafnium 3.0 Bal. ... 0.04 0.01 0.01 0.04 
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Table 2-Yield strengths used in evaluating tacture toughness tests. 

Materials Condition1 Texture2 Temp. Yield Strength 

(Kearns's 

f-factor) 

°C MPa (Kearns's 

f-factor) 

°C 

Nonirrad Irrad 

Zircaloy-2 wrought 0.07 24 410 665 

Zircaloy-4 weld 0.33 24 438 775 

Hafnium (T-L) wrought 0.36 24 377 655 

Hafnium (L-T) wrought 0.07 24 222 655 

Hf-to-Zircaloy weld 0.33 24 414 655 

Butt Weld 

Zircaloy-2 wrought 0.07 149 290 546 

Zircaloy-4 weld 0.33 149 299 637 

Hafnium (T-L) wrought 0.36 149 302 580 

Hafnium (L-T) wrought 0.07 149 147 580 

Hf-to-Zircaloy weld 0.33 149 339 580 

Butt Weld 

1 Cooling rates for beta quenched and weld metal specimens were generally less than 30°C/sec. 
2 Crystallographic texture in along specimen axis in the direction of tensile test. 
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Table 3a-Fracture toughness of beta-treated and weld-metal Zircaloy-4: 
Room Temperature - Transgranular Fractures 

H Fluence K,c P^JP^ 
O/g/9) (1024 n/m2) (MPaVm) 

10 10.4 43.9 1.00 
46 10.3 33.3 1.13 
240 47.0 27.6 1.02 
240 47.0 28.5 1.02 
240 47.0 28.2 1.06 
240 47.0 31.1 1.05 
240 47.0 25.6 1.09 
240 47.0 27.7 1.04 
246 0.0 26.7 1.11 
247 28.8 22.4 1.00 
250 10.1 26.7 1.00 
250 20.4 27.1 1.00 
250 0.0 23.5 1.00 
250 0.0 26.0 1.00 
262 10.3 26.2 1.00 
267 0.0 25.1 1.04 
296 0.0 24.5 1.14 
300 0.0 24.2 1.13 
400 0.0 21.8 1.17 
401 0.0 20.1 1.14 
405 29.9 21.1 1.07 
411 0.0 20.1 1.10 
462 28.3 21.5 1.01 
465 28.2 20.0 1.06 
483 12.8 18.4 1.05 
498 27.8 22.0 1.04 
500 28.9 19.4 1.10 
500 0.0 16.5 1.00 
500 0.0 19.1 1.04 
500 0.0 18.2 1.01 
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H Fluence K,c P m a x /P q 

(^g/g) (10 2 4 n/m2) (MPaVm) 

Table 3a (continued) 

521 0.0 20.6 1.09 
526 0.0 20.2 1.02 
531 28.5 19.1 1.00 
559 0.0 20.9 1.05 
579 0.0 18.3 1.06 
1200 0.0 18.2 1.00 
1275 0.0 15.1 1.03 
1278 0.0 16.6 1.13 
1449 29.9 16.2 1.09 
1558 30.8 16.8 1.09 
1647 12.8 13.5 1.10 
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Table 3b-Fracture toughness of beta-treated and weld metal Zircaloy-4: 
Room Temperature - Intergranular Fractures 

H Fluence K,c P^/Pq 
Oug/g) (IQ^n/m 2) (MPaVm) 

668 0.0 14.8 1.02 
707 0.0 12.4 1.13 
950 0.0 13.1 1.04 
1012 28.6 15.8 1.00 
1485 28.6 13.0 1.11 
1830 0.0 11.2 1.11 
2225 0.0 17.8 1.00 
2540 0.0 15.1 1.00 
4000 0.0 7.4 1.13 
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Table 3c-Fracture toughness of beta-treated and weld-metal Zircaloy-4: 
Elevated Temperature - Transgranular Fractures 

Temp. H Fluence K,c Pmax/Pq 
(°C) fcig/g) ( lO^n/m 2 ) (MPaVm) 

149 240 53.0 34.5 1.01 
149 253 10.3 31.2 1.00 
149 253 29.3 29.3 1.00 
149 453 26.6 21.5 1.02 
149 494 28.6 21.7 1.00 
149 505 28.5 22.4 1.00 
177 446 64.0 20.7 1.15 
177 1337 64.0 21.3 1.04 
204 489 12.8 24.5 1.00 
204 586 12.8 23.0 1.00 
204 1606 12.8 13.3 1.14 
260 237 14.0 46.9 1.16 
260 441 14.0 33.9 1.00 
260 446 14.0 27.1 1.00 



WAPD-T-3046 
Page 20 

Table 3d~Fracture Toughness of beta-treated and weld-metal Zircaloy-4: 
Elevated Temperature - Intergranular Fractures 

Temp. 
(°C) 

H 
fag/g) 

Fluence 
(10 2 4 n/m2) (MPaVm) 

"max/ ' q 

149 1620 27.7 13.8 1.06 
149 1825 27.7 11.3 1.10 
149 2197 27.7 14.6 1.00 
149 3192 27.7 12.3 1.04 
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Table 3e-Fracture toughness of alpha-annealed Zircaloy-4: 
Transgranular Fractures 

Temp. 
(°Q 

H 
(pg/g) 

Fluence 
(1024 n/m2) (MPaVm) 'max/' q 

29 40 150 37.2 1.17 
29 40 150 35.8 1.15 
29 40 150 46.3 1.27 
149 40 150 54.5 1.19 
204 40 150 61.2 1.14 
204 40 150 57.3 1.12 
204 40 150 48.7 1.17 
260 40 150 56.1 1.18 
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Table 4~lrradiated hafnium control rod fracture toughness results. 

ID 
Alloy Cond Orient Temp 

°C 
Fluence 
10 2 4 

n/m 2 

K Q < 1 ) 

MPaVm 
°max/°Q "sc 

HFZR1 Hf/Zr-4 Butt weld Parallel RT 0 28.4 < 6 ) 2.15 2.15 
HFTL1 Hf Wrought T-L ( 3 ) RT 0 23.8 ( 6 ) 2.40 1.97 
HFLT1 Hf Wrought L-T<4) RT 0 18.4 <6> 2.22 2.70 
V0624 Hf/Zr-4 Butt weld Parallel RT 55.0 33.4 ® 1.00 0.99 
V0626 Hf/Zr-4 Butt weld Parallel RT 55.0 37.4< 5> 1.05 0.79 
V0628 Hf/Zr-4 Butt weld Parallel RT 55.0 33 .0 < 5 ) 1.04 0.72 
V0632 Hf Wrought T-L RT 49.5 39.4 ( 5 ) 1.08 0.89 
V0635 Hf Wrought T-L RT 49.5 41.9<s> 1.05 0.90 
V0630 Hf Wrought L-T RT 49.5 50.6 ( 6 ) 1.07 1.15 
V0633 Hf Wrought L-T RT 49.5 44.2 ( 6 ) 1.36 1.30 
V0625 Hf/Zr-4 Butt weld Parallel 149 55.0 42.1 < 6 ) 1.21 1.15 
V0627 Hf/Zr-4 Butt weld Parallel 149 55.0 39.6 < 6 ) 1.23 1.16 
V0631 Hf Wrought T-L 149 49.5 29.4 ( S ) 1.71 1.10 
V0636 Hf Wrought T-L 149 49.5 40.1 < 6 ) 1.22 1.14 
V0629 Hf Wrought L-T 149 49.5 42.5 (6> 1.35 1.31 
V0634 Hf Wrought L-T 149 49.5 46 .7 ( 6 ) 1.23 1.33 

( 1 ) i c . defined as K, at 5% secant offset (P Q ) . 

^„, « „.„_«__ NominalcncktipstressatPw 

Specimen Strength Ratio- Y j g k t s t r m g t h B(W 
(2W*a) _ ZP^x 

*3' Specimen loaded in the transverse direction, cracking in the longitudinal direction. 
• 4 | Specimen loaded In the longitudinal direction, cracKing In the transverse direction. 
^ Thickness requirement not met. 
< 8 > Thickness, flaw, and ligament size requirements not met. 
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Figure Captions 

FIG. 1~(a) Compact-tension specimen: - thickness varied between 2 mm and 10 mm; 
(b) basketweave microstructure typical of all beta-quenched and weld-metal 

Zircaloy-4 specimens. 

FIG. 2-Locations and orientation of compact-tension specimens machined from Zircaloy-to-
hafnium butt weld and from wrought hafnium plate stock. 

FIG. 3-Hydride morphologies in beta quenched Zircaloy-4 as related to the Zr-H equilibrium phase 
diagram shown in figure: (a) hydrided in single phase alpha region; (b) hydrided above 
eutectoid temperature in the two-phase alpha+beta region; (c) hydrided just below 
eutectoid temperature in the alpha+hydride region; (d) hydride in-reactor via 
hot-water corrosion. 

FIG. 4 - Room Temperature plane-strain fracture toughness of nonirradiated and irradiated beta-
treated Zircaloy-4. 

FIG. 5- Elevated temperature plane-strain fracture toughness of irradiated beta-treated 
Zircaloy-4. 

FIG. 6- Effect of temperature on the fracture toughness of Zircaloy-4 for various hydrogen 
levels. 

FIG. 7- Comparison of the effects of irradiation on the fracture toughness of Zircaloy-4. 
and Zircaloy-2. 

FIG. 8- J I C load-displacement curves for irradiated hafnium and hafnium-to-Zircaloy-4 butt weld 
at 24°C: (a) butt wefd-JV0628; (b) wrought (T-L) JV0632; (c) wrought (L-T) JV0630 . 
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FIG. 9-Neutron-radiation embrittlement of hafnium and hafnium-to-Zircaloy-4 butt welds. 

FIG. 10--Scanning electron micrographs of fracture surfaces of nonirradiated (a) Zircaloy-4, (b) 
hafnium, and (c) a hafnium-to-Zircaloy-4 butt weld tested in liquid nitrogen. 

FIG. 11-Scanning electron micrographs showing the effect of irradiation on fracture 
morphology in hafnium and hafnium-to-Zircaloy-4 butt weld tested at room temperature: 
(a) nonirradiated wrought hafnium (T-L); (b) irradiated wrought hafnium (T-L); 
(c) nonirradiated hafnium-to-Zircaloy-4 butt weld; (d) irradiated 
hafnium-to-Zircaloy-4 butt weld. 

FIG. 12-Hydrogen concentration profile through hafnium-Z/rca/cy-4 weld interface. 

FIG. 13--Hydrogen concentration profile through hafnium-Z/rca/cy-2 weld interface. 

FIG. 14-Model for buildup of zirconium hydride at Zircaloy-butt weld interface 



Figure 1 
WAPD-T-3046 
Page 25 

-12.7mm-*i 

20.3 m m — 
25.4 mm 

11.2 mm 

(a) 



WAPD-T-3G46 
Page 26 

Figure 2 
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Figure 5 
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Figure 7 
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Figure 9 
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3.2 ctnteriace - c^^. C0M{u;f fnz, (for t > tsol) 

Model conservatively assumes hydrogen diffusion out of hafnium does not occur 
until t => t ^ 

For Boundary Conditions: 
@ x = 0 CH = 0 
@ t = 0 CH = C 0 ( H O 

@ x = oo C H = C 0 ( H f ) 

CH = C0 erf 
o x 

-DHTCO Ht 

HTDi 

Grams of hydrogen, MH, flowing into Zircaloy once solubility is exceeded™: 

MH = f ' AD„ ( ^ H ^ }

 x 1 0 - « d t - A D%C0HfPHf A {?*-&) x10-

w Terminology and appropriate units are provided in text 


