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flux (E > 1 MeV) of up to 4.5-10" n/cm2 at 45° C in contact with the pool 
water. Corrosion specimens were irradiated in autoclaves in steam of 400 °C 
and 100 at for up to 820 hours; in this case the maximum integrated fast flux 
(E > 1 MeV) was 1.5·101β n/cm2. For comparison, analogous tests without 
irradiation have been performed. The radiation caused an additional enhance­
ment of the hydrogen uptake. The enhancement factors for the weight gains 
are not very well established, but there are indications that ZrNb3Snl is more 
corrosion-resistant under irradiation than zircaloy-2. With both alloys the 
irradiation increases the yield strength and the ultimate tensile strength and 
decreases the elongation. The impact strength of ZrNb3Snl was increased 
but that of zircaloy-2 was not essentially altered by the irradiation. The mecha­
nical properties of both alloys reach saturation values with an integrated fast 
flux of about 3.10" n/cm2. 

The recovery of radiation damage was investigated up to 450° C. While 
a 2 h-anneal at 300° C had no effect on the mechanical properties, a short 
anneal at 450° C was sufficient to eliminate the total irradiation-hardening. 
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SUMMARY 

The effect of neutron irradiation on mechanical and corrosion properties 
of the alloys ZrNb3Snl and zircaloy-2 was tested at the swimmingpool reactor 
FRG-1. Tensile and impact specimens were subjected to an integrated fast 
flux (E > 1 MeV) of up to 4.5-10" n/cm2 at 45° C in contact with the pool 
water. Corrosion specimens were irradiated in autoclaves in steam of 400 °C 
and 100 a t for up to 820 hours; in this case the maximum integrated fast flux 
(E > 1 MeV) was 1.5-10" n/cm2. For comparison, analogous tests without 
irradiation have been performed. The radiation caused an additional enhance­
ment of the hydrogen uptake. The enhancement factors for the weight gains 
are not very well established, but there are indications that ZrNb3Snl is more 
corrosion-resistant under irradiation than zircaloy-2. With both alloys the 
irradiation increases the yield strength and the ultimate tensile strength and 
decreases the elongation. The impact strength of ZrNb3Snl was increased, 
but that of zircaloy-2 was not essentially altered by the irradiation. The mecha­
nical properties of both alloys reach saturation values with an integrated fast 
flux of about 3.10" n/cm2. 

The recovery of radiation damage was investigated up to 450° C. While 
a 2 h-anneal at 300° C had no effect on the mechanical properties, a short 
anneal at 450° C was sufficient to eliminate the total irradiation-hardening. 
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INFLUENCE OF NEUTRON IRRADIATION ON THE CORROSION 
BEHAVIOUR AND THE MECHANICAL PROPERTIES OF ZrNb3Snl 

AND ZIRCALOY-2 (*) 

1 — Introduction 

These investigations are part of a development program sponsored by EURATOM (:) 
and started in 1960. At that time, the knowledge of zircaloy-2 (an alloy with 1.5 % Sn and 
0.3 % Fe + Cr 4" Ni) had already significantly advanced. This alloy, being also compe­
titive with stainless steel on account of its low capture cross section for thermal neutrons, 
had a good chance to be applied in water- and steam-cooled reactors (2). At coolant tempe­
ratures of up to 300° C, the corrosion resistance and mechanical properties of this alloy 
render it very suitable for the use in thin-walled canning tubes and structural parts of the 
cores. 

In 1958, at the Geneva Conference, some Russian investigations were reported, 
dealing with binary and complex zirconium alloys for water and steam application (3'5). 
The alloying elements used for these investigations had been Al, Cr, Fe, Mo, Nb, Ni, Sn, 
Ta, Ti, V and W. Niobium additions proved to increase the strength and creep resistance 
remarkably. At the same time, the corrosion resistance of iodide zirconium in pressurized 
water of up to 350° C was improved by niobium additions. For application at elevated tem­
peratures (water 350° C, steam 400° C), alloys of the « Ozhennite »-type containing 
0.1 - 0.2 % Sn and 0.1 % each of Fe, Nb and Ni seemed to be very promising. 

Also in western countries, especially in the USA, the strengthening effect of niobium 
additions had been investigated (6"13). Among the 29 alloys tested by Schwope and Chubb (9) 
a binary alloy with 2.2 % Nb was one of the best regarding the yield strength at 500° C. 
The corrosion resistance was at least not deteriorated by niobium additions (in 315° C-
steam : 11). 

Starting from these promising aspects, the MetaUgesellschaft AG proposed to 
EURATOM a development program for advanced zirconium alloys in 1959. The properties 
of these alloys should be sufficient for reactor application in pressurized water of up to 
350° C and in steam of up to 400° C. The corrosion resistance at elevated temperatures 
had to be better than that of zircaloy-2. At conventional temperatures, the strength should 
be superior to that of zircaloy-2, and the corrosion resistance equal or better. The scope 
of alloys included binary ZrNb alloys and ternary ZrNb alloys with additions of Cr, Pd, 
Mo, Si and, especially, Sn. The results of the first test series compelled us to renounce com­
positions with Cr, Pd, and Mo and narrowed the field of promising alloys to ternary ZrNbSn 
alloys (14). The final selection of the alloy ZrNb3Snl with 3 weight-% Nb and 1 weight-% 
Sn was based on the high strength and creep resistance and on the agreeable corrosion 
resistance after an appropriate final heat-treatment (see chap. 2). The arguments for this 
selection are discussed by K. Anderko et al. (15). 

(*) Manuscript received on October 17, 1966. 
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The continued research on the ZrNb3Snl alloy included detailed corrosion studies, 

investigations of the influence of hydrogen on the structure and the mechanical proper­

ties (1β· 17), studies of the ternary phase diagram (17· 18), and technological development 

work (welding, workability and properties of canning­tubes (17'19))· The workability of this 

alloy proved to be similar to that of zircaloy­2. Thin­walled, seamless tubes, sheets and 

foils can be produced regardless of the increased strength. The usual welding processes 

as TIG with trailer shield or in chambers and electron­beam welding can be applied for 

joints. 

Besides these data, detailed information of the effect of neutron­irradiation on the 

mechanical properties and the corrosion behaviour of this alloy was desired before taking 

the last step, i.e. nuclear application. These investigations were sponsored by EURATOM 

under contract No. 092­62­7 RDD and were accomplished by the Metall­Laboratorium of 

MetaUgesellschaft AG, Frankfurt (Main), in cooperation with Gesellschaft für Kern­

energieverwertung in Schiffbau und Schiffahrt mbH, Hamburg, operating the reactor 

FRG­1 which was used for the in­pile tests (reported : 22' 56). 

2 — Properties of ZrNb3Snl 

Before discussing the in­pile behaviour, a short review of the mechanical properties 

and the corrosion behaviour will be useful. 

The strength of ZrNb3Snl is higher than that of ZrNb2.5 caused by the additional 

0.5 % Nb and by the tin content. For technical applications, especially under higher mecha­

nical stresses, for example in pressure tubes, the creep behaviour is a very important factor. 

In Fig. 1 the creep­strengths of zircaloy­2, ZrNb2, and ZrNb3Snl are compared. In the 

conventional temperature ­range of up to 350° C, ZrNb3Snl has the highest creep strength. 

Above 400° C, this advantage is less conspicuous. 
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4 6 β XXX) 2 4 

Zeit in Stunden 

FIG. 2 — Corrosion of ZrNb3Snl, ZrNb2 and zircaloy­2 in water (350° C) and steam (400° C, 480° C). 

Fig. 2 shows the weight gains of zircaloy­2 and ZrNb­alloys during corrosion in pres­

surized water and steam. At 350° C, the corrosion rate of ZrNb3Snl is as low as that of 

zircaloy­2 and lower than that of ZrNb2. Contrary thereto, Ivanov and Grigorovich (4) 

reported that Nb contents above 1 wt.­% were detrimental to corrosion. Douglass (fis) 

also stated weight gains of ZrNb and ZrNbSn alloys which were by several times higher 

than those of zircaloy­2. These contradictions may be explained by the different heat­

treatments. 

! 
.g 
Q) 

ε 
■§ too 

f 
.ti 

§ 
Οι 

CD 

0 
5 

—· 

50 

fi 

I 
ι 

r 

600 

' 
^ ^ 

Ì-— 

0 

OZrNbt 

• ZrNb3 

¿ZrNbiSnl 

*-* 

700 KO 900 

Glühtemperatur in 'C 

1000 

FIG. 3 — Influence of heat­treatment on the weight gains during steam corrosion (1720 hr at 400° C). 

7 



The corrosion of ZrNb­alloys is very sensitive to the final heat­treatment (Fig. 3). 

The anneal must be performed below the monotectoid temperature for a sufficient length 

of time to precipitate such an amount of the ß^b phase as is necessary to obtain thermody­

namic equilibrium. After the most favourable anneal of 16 hours at 540° C, the weight 

gains of canning tubes at 400° C have been similar to those of zircaloy­2 (24). 

3 — Experimental 

3.1 — Material and Fabrication of Specimens 

The electrodes for the vacuum melting­process consisted of zirconium sponge of 

reactor grade quality (analysis Table Ια) and key alloys containing niobium with a low 

content of interstitials (analysis Table 16) and tin (99.99 %) , or tin, chromium., iron and 

nickel. The analysis of the double arc­melted ingots (85 mm diameter) proves the homo­

geneity of the material (Table II). The fabrication schedule is listed in Table I I I . 

TABLE I 

Analysis of base materials used for vacuum melting ZrNb3Snl 

a) zirconium sponge, impurities : 

Element 

Al 

Β 

C 

Cd 

Ca 

Cl 

Co 

Cr 

Cu 

Fe 

H 

Hf 

Content in ppm 

70 

0.5 

120 

0.4 

20 

100 

10 

70 

10 

130 

30 

200 

Element 

Mg 

Μη 

Mo 

Ni 

Ν 

O 

Ρ 

Pb 

Na 

Si 

Ti 

V 

Content in ppm 

50 

20 

10 

10 

15 

700 

75 

6 

25 

7 

15 

10 

6) niobium (vacuum sintered), impurities : 

Element 

Al 

B 

C 

Cd 

Co 

Cr 

Cu 

Fe 

Content 

in ppm 

20 

1 

30 

5 

20 

20 

40 

100 

Element 

Hf 

Hg 

Mn 

Mo 

Ν 

Ni 

O 

Pb 

Content 

in ppm 

80 

20 

20 

20 

144 

20 

60 

20 

Element 

Si 

Sn 

Ta 

Ti 

V 

w 
Zn 

Zr 

Content 

in ppm 

100 

20 

300 

150 

20 

150 

20 

500 

c) tin : purity 99.99 % 



TABLE II 

Chemical composition of the billets 

Heat 
No. 

10 431 
10 431 
10 433 
10 433 
10 435 
10 435 
10 437 
10 437 

Nominal 
values : 

Nominal 
values : 

Alloy 

Zircaloy-2 
Zircaloy-2 
Zircaloy-2 
Zircaloy-2 
ZrNb3Snl 
ZrNb3Snl 
ZrNb3Snl 
ZrNb3Snl 

Zircaloy-2 

ZrNb3Snl 

Sampling 
at the 
billet 

top 
bottom 
top 
bottom 
top 
bottom 
top 
bottom 

Sn 

1.57 
1.38 
1.40 
1.62 
1.03 
1.02 
1.09 
1.08 

1.2-1.7 

1.0 

Contents (weight-%) 

Fe 

_ 
0.095 

— 
0.11 

— 
— 
— 
— 

Cr 

_ 
0.084 

— 
0.089 

— 
— 
— 
— 

0.1 0.1 

Ni 

_ 
0.054 

— 
0.061 

— 
— 
— 
— 

0.06 

Fe + Cr + Ni = 0.18 — 0.38 

Nb 

_ 
— 
— 
— 

2.99 
2.96 
2.90 
2.78 

— 

3.0 

tensile specimen 

weld—JTP 

ψ 
A 

U 
specimen for corrosion test 

ι * 

Lal" 
welded sheet specimen spec, for met allograph te 
for tensile test examination 

F I G . 4 — Dimensions of specimens for the irradiation tests. 
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TABLE III 

Fabrication and heat­treatment of both alloys 

Breakdown of the cast 

structure 

Extrusion at 800°­

850° C/anneal 

(Zircaloy­2:1 h 650° C/ 

air 

ZrNb3Snl : 1 h 750° C/ 

furnace) 

Forging down to 

plates, 30 mm thick­

ness, at abt. 850° C/ 

removal of scale 

Hot rolling 

— 

At abt. 800° C hot 

rolled to 3 mm/ 

removal of scale 

Cold work 

28 % cold swaged 

15 %­20 % coldrol­

led/anneal 

(Zircaloy­2 : 1 h 

650° C/air 

ZrNb3Snl : 1 h 

760° C/furnace/), 

coldrolled to 

11 mm 

Coldrolled to 

2 mm 

Coldrolled to 

1 mm 

50 % coldrolled to 

1 mm 

ß­anneal 1 h 

1000° C/air, 

50 % coldrolled 

to 1 mm 

Final t reatment 

Zircaloy­2 : 1 h 

650° C/air 

ZrNb3Snl : 16 h 

580° C/air 

Similar 

Similar 

Similar 

Similar 

Similar 

Destination 

of the specimens 

Cylindrical tensile spe­

cimens (both alloys) 

Impact specimens 

(both alloys) 

Sheet specimens for 

tensile test with 

welds (both alloys) 

Specimens for micro­

scopic examinations 

and for corrosion 

tests («cold rolled», 

both alloys) 

Corrosion samples 

(« hot and cold rol­

led », both alloys) 

Corrosion samples 

« ß­annealed » 

(ZrNb3Snl) 

The final heat­treatment of zircaloy­2 was 1 hr at 650° C. Fig. 5a is a microsection 

of a finally annealed cylindrical tensile specimen, the structure of which consists of recrys­

tallized α­grains superimposed on a network of intermetallic stringers originating from the 

extrusion. Microsections of the « cold rolled » and « hot and cold rolled » corrosion samples 

after final heat­treatment are shown in Fig. 56 and 5c. 

The corrosion resistance of ZrNb3Snl is heavily affected by the final anneal, simi­

larly to binary ZrNb alloys. Prior investigations (15) proved the necessity of an anneal 

below the α/β­transformation range, i.e. below 590° C. The ZrNb3Snl material has therefore 

been finally heat­treated 16 hr at 580° C. 

Fig. 6a is a microsection taken from a cylindrical tensile specimen after the optimal 

heat­treatment below the monotectoid temperature. The dark regions imbedded in the 
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FIG. 5C — Zircaloy-2, hot and cold rolled sheet ; X 300. 
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F I G . 66 — ZrNb3Snl, cold rolled sheet; Χ 300. 

F I G . 6C — ZrNb3Snl, hot and cold rolled sheet; Χ 300. 
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az r -s t ruc ture are accumulat ions of finely dispersed precipi ta tes of ß^t,. Contrary to Fig. 6a 
and to t h e « cold rolled » s t ruc ture of the 1 m m sheet (Fig. 66), t he ß^b-precipitates of the 
« hot and cold rolled » s t ruc ture (Fig. 6c) are r a the r homogeneously dispersed. The ß-
anneal before the last cold work leads to a similar bu t coarser s t ruc ture as shown in Fig. 6c. 

The dimensions of the specimens used for this invest igat ion are shown in Fig.4. The 
flat tensile specimens were welded wi thout filler mater ia l in an evacuated , argon-filled 
chamber . After the welding procedure, a repet i t ion of the 580° C-anneal was necessary to 
improve t h e corrosion resistance of the weld (19). The cross section of the specimens was 
reduced in the weld to predetermine the most probable location of the fracture. 

For this invest igat ion the Izod type impact specimens were chosen thus enabling 
us t o compare the measured impact s t rength wi th l i te ra ture da t a for zirconium and zir­
caloy-2. I t is known t h a t in metals wi th hexagonal la t t ice, t he impact s t rength varies 
r emarkab ly at different orientat ions to the rolling direction. In a preliminary experiment, 
impac t specimens were t aken from a zirconium plate in the four main or ienta t ions . 

a) no tch in rolling plane and rolling direction (TH) ; 

6) no tch in rolling plane and vert ical to rolling direction (LH) ; 

c) no tch vert ical to rolling p lane , specimen parallel to rolling direction (LV); 

d) no tch vert ical to rolling plane, specimen t ransverse to rolling direction (TV). 

Fig. 7 shows the effect of t ex tu re and t empera tu re on the impac t s t reng th . Notches 
in ver t ica l posit ion to rolling plane give lower impact values t h a n horizontal posit ions. 
The lowest impac t s t reng th is obta ined when specimens are t a k e n t ransverse to rolling 
direction (notch in rolling direction, like unde r a). This corresponds to the results of Adam-

TV ^o^ / / 

-200 -100 0 100 200 300 400 

test temperctur (°C) 

• LV 

OTH 

orientation of impact 
specimens 

F I G . 7 — Impact energy curves for various specimen orientations of zirconium 

13 



son et al. (2a). This position was chosen for the irradiation experiments, since notches orien­
ted in such a way on reactor-components easily tend to cause fractures. 

3.2 — Irradiation Experiments 

The irradiation program was realized in the swimmingpool reactor FRG-1 (Geest-
hacht-Tesperhude, Germany). The program included two different test series : 

a) Irradiation of tensile specimens 
The specimens were mounted in open containers according to Fig. 8, contacting the 

pool water (temp. abt. 45° C) during the irradiation. The two inserted frames enabled a 
withdrawal of the specimens. The upper frame was withdrawn after receiving about one 
third of the integrated fast flux (*) applied to the second frame. One of the containers was 
irradiated in a peripheral position of the reactor, a second container in a central position 
of the reactor core. 

M 

m 
fuel elements 

reflector elements 

control rods 

peripheral 
Irradiation position 

, . central 
Β Irradiation position 

F I G . 8 — Positions of the specimen containers in the reactor FRG-1. 

Here, the integrated flux of fast neutrons reached about twice the value of that 
in the peripheral position. Table IV contains the spectral distribution of the neutron fluxes 
in the two irradiation positions, measured at the medium height of the uranium zone at a 
reactor power of 5 MW. 

6) Irradiation of samples under corrosion attack. 
A sketch of a corrosion autoclave with safety capsule can be seen in Fig. 9. A detailed 

description of this autoclave was given in a prior publication (20). The autoclaves were 
sealed by welding after the addition of a calculated quantity of deionized water under 

(*) The " integrated fast flux " includes all neutrons with E > 1 MeV. This is the most effec­
tive part of the energy spectrum of neutrons, causing material damages. 
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TABLE IV 

Spectral distribution of the neutron fluxes in two irradiation positions (medium height of the uranium zone, reactot 
power = 5 M W) 

Irradiation position 

Periphery of the core . 

Center of the core . . . 

Neutron fluxes (n/cm2· 

Φ therm. 
(E < 0.5 eV) 

4.0 ·1013 

4.7-1013 

Φ epitherm. 

2.3-1012 

4.4-1012 

0 

Φ fast 
(E > 1 MeV) 

9.5-1012 

2.4-10" 

Φ fast 

Φ therm. 

0.238 

0.512 

He-atmosphere. Heated to the test temperature of 400° C, the steam pressure rose to 100 
at. The γ-heating causes some problems, if the samples have no contact with the pool-
water. The design of the capsule containing the autoclave took this into consideration. 
The maximum temperature in the center of the capsule at full reactor power was about 
325° C. The difference from the desired temperature of 400° C was eliminated by additional 
electrical heating. 

5p*c for mttollegrophtc nam 

container 1 

M 

optn container 

bTTd 
corrosion-autoclavt 

F I G . 9 — Capsules for irradiation experiments. 

Two autoclaves with corrosion samples were irradiated in two peripheral positions 
up to integrated fluxes of 

0.75-1019 fast n/cm2 ( > 1 MeV) 
2.4-1019 thermal re/cm2 (<0.5 eV) 
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and 

1.5­1019 fast ra/cm2 ( > 1 MeV) 

4.8­1019 thermal n/cm2 (<0.5 eV) 

respectively. These integrated fluxes are correlated with exposure times of 401 and 817 hours. 

Fig. 8 shows the arrangement in the reactor core and the positions of the capsules 

for tensile specimens and corrosion autoclaves. The left peripheral position was used for 

both an autoclave and an open container. 

Since for zircaloy­2 the saturation of the irradiation strengthening is attained after 

integrated fast fluxes of about 1­1020 n/çm2, we estimated an integrated fast flux of abt. 

5­1019 n/cm2 to be sufficient for a comparison between the two alloys zircaloy­2 and 

ZrNb3Snl. This assumption was justified by the results obtained. 

The integrated thermal flux was measured with the reaction 59Co (η, γ) 60Co with 

the neutron capture cross­section σ0 = σ. (2200 m/s) = 38 barns and the half­life period 

of 5.2 years for 60Co. The integrated fast flux could be measured with the reaction 54Fe 

(n, p) 54Mn with the activation cross section (E > 1 MeV) = 7 7 m barns. Since the half­

life of 54Mn (303 d) is of the same order as the irradiation periods, we had to take into account 

the reactor­standstill at the weekends. A second method using the reaction 58Ni (n, p) 
58 Co was applied, but on account of the different cross sections, we preferred the results 

of the iron detector measurements. 

The Fe, Ni, and Co activation detectors (Fe and Ni covered with a 0.7 mm Cd­foil) 

for the open containers with tensile specimens were mounted in aluminium cans, replacing 

specimens. The detectors for the autoclaves could not be placed close to the specimens 

within the autoclaves. They were fixed outside the capsules, and the decrease of the thermal 

flux within the autoclaves was calculated to be 7.2 %. The calculation of the neutron 

fluxes from the detector activities was performed in appyling the usual method (for example 

as described in (21)). 

3.3 — Examination of Irradiated Specimens 

For these examinations, a concrete cell and some lead cells were available. Dis­

mounting of the capsules, sawing up the autoclaves, examination of the tensile and impact 

specimens were executed in the concrete cell, the metallographic specimens and corroded 

samples were investigated in the lead cells. 

For the tensile tests, a 5 t­tensile machine with remote control (« Testatron », Fa. 

Wolpert, Ludwigshafen) was used. The 0.2 %­offset yield strength was taken from the 

load elongation diagram, the elongation being magnified 34.4 times. The elongation and 

reduction of area were measured, using the optical part of a hardness tester for remote 

control. The hardness was determined on the impact specimens by a hardness tester remo­

tely operated (« Frankoskop », Fa. Frank, Weinheim). 

The hydrogen pickup of the corrosion specimens was determined by heating induc­

tively to about 1400° C and evaluating the volume of the expelled H2. 

3.4 — Comparative Tests without Irradiation 

Besides metallographic examinations, impact and tensile tests (specimens of Fig. 4), 

we investigated the effect of a water change on the corrosion behaviour. 
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During the irradiation experiments an exchange of the water in the autoclaves 
was not possible. I t is known that the composition of steam can change remarkably due to 
radiolytic processes. Further complications are caused by the increased partial pressure 
of hydrogen in the autoclave due to corrosion processes and by the thermocycles according 
to the operation schedule of the reactor, all these environmental effects possibly influen­
cing the corrosion rate. Therefore, two comparative tests in steam of 400° C were provided : 
a) in a steel-autoclave (0.5 1 volume) with removable cover, the water being frequently 

changed (on an average every three days); steam pressure 200 at. 
6) in two steel-autoclaves (0.1 1 volume), identical to the autoclaves used for the in-pile 

test, the cover being sealed by a weld. This test was executed without water exchange 
and in adopting the temperature cycles of the in-pile tests; steam pressure 100 at. 
One autoclave kept the temperature of 400° C for 401 hr, the other for 817 hr. 

4 — Corrosion Behaviour under Irradiation 

4.1 — Results 
The weight gains after 401 hr and 817 hr in-pile corrosion are listed in Table V. 

The same table contains the weight gains measured during the two comparative tests 
without irradiation. 

TABLE V 
Weight gains and hydrogen uptake in 400° C steam with and without radiation 

Experimental 
conditions 

Corrosion under radia­
tion, in a sealed 0.1 
1-autoclave, without 
water exchange 

Corrosion without irra­
diation in a 0.5 
1-autoclave with fre­
quent water 
exchange 

Corrosion without irra­
diation in a sealed 0.1 
1- autoclave, without 
water exchange 

Alloy 

Zircaloy-2 
Zircaloy-2 
Zircaloy-2 
Zircaloy-2 
ZrNb3Snl 
ZrNb3Snl 
ZrNb3Snl 
ZrNb3Snl 
ZrNb3Snl 

Zircaloy-2 
Zircaloy-2 
ZrNb3Snl 

. ZrNb3Snl 
ZrNb3Snl 

Zircaloy-2 
Zircaloy-2 
ZrNb3Snl 
ZrNb3Snl 
ZrNb3Snl 

Final material 
treatments " 

c.r. 
c.r. 

h.c.r. 
h.c.r. 

c.r. 
c.r. 

h.c.r. 
h.c.r. 

ß-a 
c.r. 
h.c.r. 
c.r. 

h.c.r. 
ß-a. 

c.r. 
h.c.r. 

c.r. 
h.c.r. 

ß-a. 

Weight gains 
(mg/dm2) 

Corr. time 
401 hr 

97 Ö? 
—338 ö 

124 i>? 

—263» 
210 6 ? 

238 6 ? 

7.8 o 
84 
76 

30 
19 
45 
38 
38 

41 
179 
180 
38 
38 

Corr. time 
817 hr 

— 58 & 
118 6 
123 
6 

501 & 
—137 6 

291 c 

305C 
295 6 ? 

33 
26 
56 
65 
54 

148 
121 
71 
88 
45 

Hydrogen uptake 
(mg/dm2) 

Corr. time 
401 hr 

5.8 
6.6 
8.1 
5.5 
4.1 
4.9 
0.11 
2.3 
2.4 

0.20 
0.23 
0.22 
0.23 
0.25 

1.41 
1.7 
1.7 
1.66 
0.87 

Corr. time 
817 hr 

15.2 
18.4 
8.0 

158 
33.4 
31.2 
19.7 
21.2 
22.0 

0.45 
0.38 
0.70 
0.45 
0.60 

6.6 
4.4 
1.16 
1.88 
1.38 

a c.r. « cold-rolled » 
h.c.r. « hot and cold rolled » 
ß-a. « ß-annealed » 
(compare Tab. I l l ) 

6 Parts of the oxide film already peeled off. 
c oxide film with small blisters. 
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The weight gains as a function of time during the ex­reactor test with frequent water 

exchange are shown in Fig. 10. The exponents of the corrosion function of both alloys are 

similar, but the absolute values of the total weight gain of ZrNb3Snl, especially in the 

post transition region, are twice those of zircaloy­2. Some new results (24) suggest that this 

difference may be ehminated by an improved final heat­treatment. The weight gains 

canning tubes treated in such a way and exemplified in Fig. 10 are remarkably lower and 

can compete with those of zircaloy­2. The influence of fabrication history is of second order 

in comparison with the influence of the final heat­treatment. In the pretransition range, the 

« cold rolled » material has the highest oxidation rate, the « hot and cold rolled » material 

the lowest one. After the transition point, these differences will disappear. 
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F I G . 10 — Weight gains of zircaloy­2 and ZrNb3Snl during steam­corrosion at 400° C (without irra­

diation, frequent water exchange). 

During the in­pile test the oxidation was severely enhanced. The weight gains of 

different samples fluctuate within a wide range, which is partly due to the start of break­

away. The colour of the intact oxide film was dark gray. The peeled­off regions had a white 

or light­gray colour. The inclination of zircaloy­2 for peeling­off was somewhat higher 

than that of ZrNb3Snl. Here, the breakaway had less advanced and was indicated only 

by small blisters. The acceleration of corrosion is not only caused by the radiation. This 

could be proved by comparative tests in sealed autoclaves without water exchange : after 

prolonged corrosion exposure the weight gains are in this test much higher than with 

frequent water exchange. For better comparison, an enhancement factor 

ƒ = AWi/AWg is defined, 

where AWj is the weight increase in the enhanced reaction, AW2 the weight increase without 
enhancement during the same period. In Table VI, different enhancement factors are 
reported : 
a) enhancement of oxidation by omission of water exchange (comparison of the ex-reac­

tor tests in the 0.11-and 0.5 1-autoclavcs ; enhancement factors fwg and fyfi after 401 hr 
and 817 hr oxidation). 
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The oxidation is enhanced with zircaloy-2 and — in a less explicit manner — with 
ZrNb3Snl in cold rolled condition; 

6) enhancement of oxidation by radiation (fwn ^2) ? 
comparison of the in-pile and ex-reactor tests in sealed autoclaves without water 
exchange. After 401 hr corrosion-time the oxidation of both alloys is somewhat enhanced 
(f\Vi *« 2). After 817 hr, the enhancement, especially of ZrNb3Snl has increased. The 
figures for zircaloy-2 are unreliable because of the breakaway effects. 

c) enhancement of hydrogen uptake by omission of water exchange without irradiation 
(ίΉ3* feu); 
the enhancement is considerable and increases with zircaloy-2 with a prolonged expo­
sure (fj£3 «a 7 ; / H 4 *** 13), while it decreases with ZrNb3Snl; 

d) enhancement of hydrogen uptake by radiation (fax, ƒ112); 
after 401 hr zircaloy-2 absorbed 4 times, ZrNb3Snl only approx. twice as much in 
comparison with the tests in sealed autoclaves. After 817 hr, / H 2 of zircaloy-2 is not 
well established ; fs2 of ZrNb3Snl is very high, causing total hydrogen contents of 700 
to 1200 ppm. 

TABLE VI 

Enhancement of oxidation in sealed autoclaves with and without radiation 

Definition of 
enhancement Alloy 

Final material 
treatments a 

Enhancement of 
oxidation 

fw after 
401 hr 

fyf after 
817 hr 

Enhancement of 
hydrogen uptake 

f S after 
401 hr 

/ H after 
817 hr 

Enhancement in the 
corrosion tests under 
radiation as against 
the test in sealed 
autoclaves without 
radiation 

Zircaloy-2 
Zircaloy-2 
ZrNb3Snl 
ZrNb3Snl 
ZrNb3Snl 

c.r. 
h.c.r. 
c.r. 

h.c.r. 
ß-a. 

> 2 
f**l?| 
> 1 . 2 

2.21 
2 

fw1 

> 1 
>7 

3.4! 
> 6 

4.4 
4.0 
2-7 }fi 
0.7 
2.7 

« 1 

2.5 
2/-36 1 
17.2 
10.9 
16.0 

/ H 2 

Enhancement in the Zircaloy-2 
corrosion tests with- Zircaloy-2 
out radiation in sea- ZrNb3Snl 
led autoclave as ZrNb3Snl 
againt the test in the ZrNb3Snl 
0.5-1 autoclave (fre­
quent water 
exchange) 

a Explanation : see Table V. 

c.r. 
h.c.r. 
c.r. 

h.c.r. 
ß-a. 

1.41 
9.4) 
4.0 > / w 

1.0 i 
1.0/ 

4.5 
> 4 . 7 | 
> 1 . 3 

1.4! 
0.8; 

fw. 

7.0 
7.4/ 
7.7 
7.2 ' 
3.5, 

/ H 3 

14.7 
11.6 

1.7 )fut 
4.2 
2.3 

The values fluctuate too much to establish differences with different material treat­
ments. Fairly well estabhshed are the following results : 
a) omission of water exchange causes an enhancement of the oxidation of zircaloy-2 and 
- a much higher enhancement of hydrogen absorption of both alloys. 
6) the enhacement of oxidation by radiation is not so well estabhshed. After a prolonged 

exposure, some acceleration of oxidation is noticed at least with the ZrNb3Snl-samples 
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(/w2 *** 3.4-7). The hydrogen absorption of ZrNb3Snl is increased to a detrimental 
level. The figures for zircaloy-2 are scattering, but also with zircaloy-2 some enhance­
ment is observed. 

The microscopic examinations of the irradiated corrosion specimens could not prove 
any structural change due to irradiation damages. I t is known that the hydrogen, origi­
nating from the reduction of steam on the zirconium surface, is partially absorbed by the 
material and will nucleate in precipitates of zirconium-hydride. This nucleation takes 
place when the material is cooled down from the corrosion temperature, undercutting the 
maximum solution of hydrogen in α-zirconium. The hydride phase precipitates at the grain 
boundaries and in the α-grains in the form of small platelets. The internal stresses caused 
by the last steps of cold work influence the orientation and distribution of these platelets. 
The platelets are supposed to line up parallel to the internal stresses (57). This stress-hypo­
thesis cannot explain every detail of the phenomena observed. The sheet investigated in 
this case has been finally recrystallized and should be free of residual stresses. Therefore, 
random distributions of the orientation of hydride-precipitates should be expected. The 
dark thread-like structures visible in Figs. 12-13 are the rows of lined-up precipitates, the 
precipitates themselves being too small to be visible individually. 

The hydrides are generally oriented in the rolling direction of the sheet. This general 
orientation is not changed by the irradiation. Also after 817 hr of in-pile and out-pile corro­
sion, the orientation parallel to the sheet surface still exists. In conformity with the results 
of the hydrogen analysis less hydrides are visible in the samples corroded without irradia­
tion. The in-pile corroded samples contain a much higher amount of hydrides after 817 
hr corrosion than after 401 hr. 

Zi rca loy-2 ZrNb3Sn1 

817 h cor roded in steam at 400°C 
I r radia t ion. ( i n teg r. f lux ) 

1,5 1019tast n/cm2« 4,8 1019therm. n/cm2 

FIG. 11 — Tensile specimens after in-pile corrosion (817 hr 400° C). 

The mechanical properties after radiation-enhanced corrosion are very important 
for the technical application of zirconium alloys. The cylindrical tensile specimens for this 
test have likewise been corroded in the sealed autoclaves. Fig. 11 gives an impression of the 
appearance after corrosion under radiation. The zircaloy-2 specimen exhibited after 817 
hr of exposure detrimental corrosion effects; the breakaway had already started. The 
ZrNb3Snl specimens were less attacked by corrosion. Fig. 14 shows the mechanical pro-
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FIG. 12α — Zircaloy-2 sheet after 492 hr corrosion in 400° C-steam without irradiation; X 300. 
F I G . 126 — Zircaloy-2 sheet after 817 hr corrosion in 400° C-steam without irradiation; X 300. 
F I G . 12C — Zircaloy-2 sheet after 401 hr corrosion in 400° C-steam with irradiation (integr. flux : 
0.75 X 1019 fast n/cm2 + 4.4 Χ 1019 thermal n/cm2); X 300. 
F I G . 12d — Zircaloy-2 sheet after 817 hr corrosion in 400° C-steam with irradiation (integr. flux : 
1.5 X 1019 fast n/cm2 X 4.8 Χ 1019 thermal n/cm2); X 300. 
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F I G . 13α — ZrNb3Snl sheet after 492 hr corrosion in 400° C­steam without irradiation; X 300. 

F I G . 136 — ZrNb3Snl sheet after 817 hr corrosion in 400° C­steam without irradiation; X 300. 

FIG. 13C — ZrNb3Snl sheet after 401 hr corrosion in 400° C­steam with irradiation (integr. flux : 

0.75 χ 1019 fast n/cm2 + 4.4 χ IO19 thermal n/cm2); X 300. 

F I G . 13d — ZrNb3Snl sheet after 817 hr corrosion in 400° C­steam with irradiation (integr. flux : 

1.5 X 1019 fast n/cm2 + 4.8 Χ 1019 thermal n/cm2); X 300. 
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perties as a function of corrosion and irradiation time. The plot also contains values of 

specimens corroded without irradiation in the sealed autoclaves (without water exchange). 

After 401 hr corrosion time, the differences between irradiated and unirradiated specimens 

are very small. After 817 hr the ultimate tensile strength and the yield strength of 

ZrNb3Snl have increased, whilst the reduction in area and elongation are insignificantly 

reduced. Zircaloy­2 was too heavily corroded to be tested. 
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F I G . 14 — Mechanical properties of zircaloy­2 and ZrNb3Snl after steam­corrosion with and with­

out irradiation. 

4.2 Discussion 

During the last years the influence of irradiation on the corrosion of zircaloy and 

ZrNb­alloys in water and steam has been discussed by several authors (25>35). The state­

ments concerning the factor of enhancement by irradiation are contradictory. Several 

authors suggest remarkable enhancements of corrosion : Krenz (26), for instance, a factor 2, 

Nelson (32) a factor 4.3 whereas Maffei (36) stated with PRTR zircaloy­2 tubes an enhance­

ment factor of 5, and Burns (31) measured in a low oxygen water loop at 280° C an enhance­

ment by a factor of up to 10 during the corrosion of zircaloy and ZrNb3Snl specimens. 

Asher et al. (27' 28' 35) investigated the corrosion of zircaloy­2 and ZrNb2. 5 in steam. The 

weight increase has been enhanced eight­fold by re­radiation in the temperature range 

of 300­340° C. At 400 and 450° C, the enhancement had disappeared. The most famous 

example of corrosion without enhancement by radiation are the blanket elements in the 

Shippingport­PWR (62). McClintock (37) noticed no radiation influence in water with small 

H3BO3 additions. These contradictory results confirm the opinion of Cox (M) that enhance­

ment of corrosion is frequently caused by environmental effects, like impurities in the 

coolant, and not only by radiation itself. 

Our results demonstrate the heavy influence of environment. Only the omission 

of water exchange causes an enhancement of oxidation by a factor of up to five, especially 
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in the post-transition region (817 hr). This observation is in conformity with the results 
of Flint (38). He attributes the lower weight gains in fresh water to a certain solubility 
of Zr0 2 in H 2 0 . Since we noticed also a heavy enhancement of the hydrogen uptake, this 
hypothesis cannot explain our results. The following environmental effects have to be 
discussed : 

a) thermocycling during corrosion test; as mentioned in chap. 3.4, the test temperature 
has been adapted to the reactor cycles. However, according to previous studies (39 '40), 
thermal cycling has no influence on the oxidation of zircaloy-2 ; 

b) impurities contaminating the steam or the metal surfaces ; the increase of the conduc­
tivity of water during corrosion indicates some ionic contamination. Gaseous impu­
rities (02 , C02 , N2) are neglectable, since the autoclaves have been filled and welded 
under He-atmosphere. 

c) increased partial pressure of hydrogen in the steam, originating from the reduction of 
water and the only partial absorption of hydrogen by the corrosion specimens. 

Previous investigations (40) did not reveal any influence of the hydrogen pressure 
on oxidation. Yet, the increased hydrogen uptake might be caused by the increasing hydro­
gen pressure, since also molecular hydrogen can be cracked and absorbed at zirconium 
surfaces. An additional increase of oxidation caused by the enhanced hydrogen uptake 
might be due to the structure and conduct of the oxide film being affected by the neigh­
bouring metal that contains an increasing amount of absorbed hydrogen. Ambler (58) obser­
ved a brittle-ductile transition on Zr-hydride layers between 40 and 80° C. During the 
temperature cycles the corroded samples crossed this transition range several times. The 
formation of cracks on the oxide metal interface might accelerate the crack formation in 
the oxide film. 

During the irradiation test the hydrogen uptake is enhanced very substantially 
(factors of up to 36, increasing by exponential law). I t is quite possible that the partial 
pressure of hydrogen in the autoclaves was additionally increased by radiolytic decompo­
sition. We are inclined to assume that the increased hydrogen uptake is not so much caused 
by radiation damage, but rather by the high hydrogen content of the steam. The hydride 
formation (orientation and distribution) is apparently not influenced by radiation. 

The enhancement factors of oxidation during irradiation are not so well estabhshed 
due to some oxide spalling (especially zircaloy-2 !). However there is no doubting the exis­
tence of some enhancement : the weight gains of ZrNb3Snl have increased two-fold after 
401 hr and up to seven-fold after 817 h. The breakaway of ZrNb3Snl seems to be deferred 
as compared with zircaloy-2. Asher (35) reports that at 400° C no enhancement of corrosion 
is to be expected, since the radiation damages which, in his opinion, cause the increase, will 
recover at 400° C. Analogously to the unirradiated test, the enhancement of oxidation might 
be discussed in terms of the increased hydrogen absorption. 

The mechanical properties are not influenced very much by the corrosion under 
radiation. The strengthening effect of radiation disappears at 400° C due to recovery (comp, 
chap. 6). The increased hydrogen absorption causes only slight reductions of elongation 
because of the large cross section of the cylindrical specimens. To thinwalled canning 
tubes the observed hydrogen uptake would be detrimental. 
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5 — Mechanical Properties after Irradiation 

5.1 — Results 

Tensile tests have been performed at room-temperature, 300 and 450° C. Fig. 15 
shows the yield strength (σ02), the ultimate tensile strength (σΒ), the elongation (δ), and 
the reduction in area (Ψ) as a function of the test temperature and the integrated flux. At 
room-temperature, the yield strength of the zircaloy-2 specimens without irradiation was 
23.5 kp/mm2, increasing to 35.3 kp/mm2 after 1.1-1019 re/cm2 and to 39.5 kp/mm2 after 
5.4Ί019 n/cm2. This strengthening effect of irradition is far less distinct with σΒ. While 
the elongation is decreased by irradiation, the reduction ol area remains nearly unchanged. 
The strength of ZrNb3Snl without irradiation is more elevated (σα2 = 40.2 kp/mm2). 
The yield strength of this alloy is affected by the irradiation in the same way as that of 
zircaloy-2. The influence on the ultimate strength seems to be slightly higher. The elonga­
tion diminishes with higher fluxes, and the reduction in area also shows some decrease. 

ZrNb3Sn1 
* not irradiated 
0 r i r r a d i a t e d , i n t e g r f lux 
Δ \ 0.95 1019 f a s t n /cm2 

1.3,3 toBtturm. n/cm* 
r irradiattd. integr. flux. 

Λ j 2.7 l01 s fe»t n/cm* 
1.8.7 10 ,othtrm.n/cm* 

(overage values of several 
tests) 

0° 150° 300" 450° 0° 150° 300° 450° 
test - t e m p e r a t u r l°C) 

F I G . 15 — Influence of irradiation on the mechanical properties of zircaloy-2 and ZrNb3Snl. 

At elevated temperatures, the influence of irradiation will decrease due to some 
annealing process during the test performance. At 450° C no influence of the irradiation 
could be estabhshed. 

According to the four irradiation intervals we can compare the influence of four 
different neutron fluxes. The influence of the thermal neutrons on the material properties 
is generally considered neglectable as compared with the influence of fast neutrons. There­
fore, in spite of the different thermal fluxes, there is some reason to plot the mechanical 
properties at room-temperature and 300° C versus the fast integrated fluxes (Fig. 16). 
As already described, σΒ and σ02 increased with irradiation, while δ decreased. The absolute 
change of the values is greater with ZrNb3Snl than with zircaloy-2 at both temperatures. 
The plot demonstrates the existence of a saturation value which is reached after a fast 
integrated flux of about 3-1019 n/cm2. 
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F I G . 16 — Effect of integrated fast flux on the mechanical properties. 

The impact values at room-temperature have been determined in the unirradiated 

as well as in the irradiated stage. In addition, the influence of a heat-treatment at 300 

and 360° C after irradiation has been investigated. Fig. 17 shows the impact strengths of 

samples of both alloys after different treatments. Zircaloy-2 exhibits a very slight decrease 

of impact values after prolonged irradiation; ZrNb3Snl, on the other hand, exhibits a peak 

of impact strength with an integrated fast flux of 0.95· 1019 re/cm2. The heat treatment is 

affecting the ZrNb3Snl-alloy in some peculiar way, but the impact strength of zircaloy-2 

15 

10 

ZrNb3Sn1 Zirca loy-2 

unbestrablt bestrahlt 1) bestrahlt 2) unbestrahlt bestrahlt 1) bestrahlt 2) 

bestrahltD integr. Flui i . 

schnell: 0.95 10'
9
 n/cm

2 

therm.: 3.3 10
,9

n/cm
2 

bestrahlt 2) integr. Fluß : 

schnell: 2,7 10
l9

n/cm
2 

therm.: 8.7 10
19

 n/cm
2 

F I G . 17 — Effect of irradiation and additional heat-treatment on impact strength. 
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before and after irradiation is influenced by the heat­treatment only very slightly. The 

annealing treatment reduces the impact values of ZrNb3Snl ; a prolongation of the anneal 

and a rise of the temperature enhance this effect. 

An examination of the welded samples proved that the effect on the ultimate strength 

was identical to that with the unwelded material. Fig. 18 indicates the strength after expo­

sure to two different neutron fluxes depending on the test temperature. For comparison, 

the tendencies of Fig. 15 relating to the unwelded material are included. The strength of 

the welded samples is slightly higher than that of comparable unwelded material. This 

might be explained by some interstitial hardening caused by gas­absorption during the 

welding operations. 

At the test temperature of 450° C, no influence of irradiation is left, while the strength­

ening effect of the weld­operation, especially with ZrNb3Snl, is still evident. 
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F I G . 18 — Ultimate tensile strength of welded sheet specimens after irradiation. 

5.2 Discussion 

A number of investigations concerning the influence of fast neutrons on the mecha­

nical properties of zircaloy have been published (41"51> 59). ZrNb2.5 was also the subject 

of irradiation studies (52> 53> 61). 

On the whole, the investigations lead to the same results : irradiation increases the 

yield strength and the ultimate tensile strength. Similarly to strain­hardening, the increase 

of yield strength exceeds that of the ultimate tensile strength. The gain of yield strength 

observed by us at room­temperature after an irradiation of 4.5­1019 fast n/cm2 runs up to 

70 % for zircaloy­2 and to 60 % for ZrNb3Snl. Howe (**>), for example, reported an increase 

of σ0,2 of 55 % for annealed material, Scott (49) of 56 % at integrated fluxes of > 1020 re/cm2. 

The in­pile temperatures have been elevated (280° C), therefore, a partial recovery probably 

occuring already at that temperature, explains the lower increases of yield strength. Ells 
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and Fidleris (β1) recently stated yield strength changes of up to 80 % with ZrNb2.5 after 
irradiation to 3· 1019 re/cm2. The ultimate tensile strength is less influenced, the total increase 
noticed by us being 10 % for zircaloy-2 and 25 % for ZrNb3Snl. This is in conformity 
with the previous results. The strengthening mechanism will not be discussed here. The 
radiation-induced defects act as additional pinning points for dislocations (detailed dis­
cussion: (e1)). The loss of total elongation, plotted in Figs. 15, 16, is due to the loss of uni­
form elongation (a similar effect known to be caused by strain-hardening (S4)). The reduction 
in area remains unchanged during irradiation, thus indicating a good ductility in the irra­
diated stage. 

The strengthening effect reaches a saturation value after about 3-1019 re/cm2. The 
existence of this saturation has been frequently reported. The fast integrated fluxes, suf­
ficient for this saturation fluctuate between 1019 and 5-1020 re/cm2. These fluctuations may 
originate in the different neutron spectrums, in difficulties regarding exact flux-measure­
ments, in different definitions of « fast » neutrons ( > 500 eV or > 1 MeV), and in dif­
ferent irradiation temperatures. The saturation value is attained when the formation of 
new defects and the immediate recovery are in equilibrium. 

The welded specimens underwent similar changes of tensile strength as the unwel­
ded material. 

The interpretation of the impact strength is only hypothetical. Our results concer­
ning zircaloy-2 are in conformity with other reports (45> 52), denying a significant change 
of impact strength by neutron radiation. A recently published investigation (60) leads to 
different conclusions showing impaired impact properties after irradiation. But this is 
only true at elevated test temperatures, while at room temperature the impact strength 
remains nearly unchanged. Contrary to zircaloy-2, the impact strength of ZrNb3Snl is 
increased substantially. I t may be that this is due to precipitation hardening. The 
decreasing solubility of niobium in the α-phase possibly causes the clustering of Nb-atoms 
during cooling from 580° C. These clusters are destroyed by irradiation, but may reform 
during a 300° C-anneal. The excess vacancies caused by irradiation should accelerate this 
reformation. 

6 — Investigation of Recovery 

6.1 — Results 

Specimens, irradiated with integrated fast fluxes of 0.95-1019 and 2.7-1019 re/cm2 

were annealed after irradiation for 2 hr at 300, 360 and 400° C. The mechanical properties 
at room-temperature after the anneal are plotted in Fig. 19. Up to 300° C the mechanical 
properties remain unchanged. However, annealing at 360 and 400° C caused a drop of 
σ0-2 and a small increase of the elongation with both alloys. On an average, σΒ and Ψ remain 
unchanged. The recovery of σ0 2 and δ is only a partial one, three quarters of the increase 
of σ0.2 and decrease of δ caused by irradiation being still efficient after a 2 hr-anneal at 
400° C. 

Another criterion for the recovery phenomena at elevated temperatures are the 
differences Δ σΒ, Δσ0.2 Δδ, Δ Ψ between the tensile values of the irradiated and unirradiated 
specimens, measured at 20, 300, and 450° C. These differences are likewise plotted in Fig. 19. 
The Δ-values at room-temperature symbolize the irradiation effect. At higher test tempe­
ratures, especially 450° C, the Δ-values decrease. This decrease demonstrates that the 
influences of recovery become already effective during the short anneal, in connection whith 
the procedure of the tensile tests. Contrary to the merely partial recovery during isothermal 
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anneals as mentioned before, the strengthening effect of irradiation disappears completely 

during the 450° C­test. 
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F I G . 19 — The recovery of irradiation damage as a function of temperature. 

6.2 — Discussion 

According to our results, no recovery of radiation damages is caused by after­irra­

diation anneals at 300° C. On the other hand, Howe (43> a) stated at 300° C a 50 %­regress 

of radiation­hardening. Similarly to a research conducted with ZrNb2.5 by Cupp (53) we 

noticed a recovery only at 360 and 400° C. The 1/2 h­anneal, in combination with the tensile 

tests at 450° C, resulted in a total recovery of radiation hardening. 
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