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flux (E > 1 MeV) of up to 4.5:10'° n/cm? 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 1.5:10" n/em? 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 ZrNb3Sn1 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/cm?

The recovery of radiation damage was investigated up to 450° C. While
a 2 h-anneal at 3009 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/cm?® 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 1.5-10'° n/cm?® 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/cm?.

The recovery of radiation damage was investigated up to 4500 C. While
a 2 h-anneal at 300° C had no effect on the mechanical properties, a short
anneal at 4509 C was sufficient to eliminate the total irradiation-hardening.
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INFLUENCE OF NEUTRON IRRADIATION ON THE CORROSION
BEHAVIOUR AND THE MECHANICAI, 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 9 Fe 4+ 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 (). At coolant tempe-
ratures of up to 3000 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 (39%).
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 3500 C, steam 4000 C), alloys of the « Ozhennite »-type containing
0.1-0.2 % Sn and 0.1 9%, 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 (61%). Among the 29 alloys tested by Schwope and Chubb (®)
a binary alloy with 2.2 %, Nb was one of the best regarding the yield strength at 5000 C.
The corrosion resistance was at least not deteriorated by niobium additions (in 315° C-
steam : 11).

Starting from these promising aspects, the Metallgesellschaft 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 tempcratures
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 bhetter. 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 (1%). The final selection of the alloy ZrNb3Snl with 3 weight-%, Nb and 1 weight-9%,
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. (19).

(*) Manuscript received on October 17, 1966.
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The corrosion of ZrNb-alloys is very sensitive to the final heat-treatment (Fig. 3).
The anneal must be performed below the monotectoid temperature for a sufficient length
of time to precipitate such an amount of the By, 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 zircaloy-2 (%4).

3 — Experimental

3.1 — Material and Fabrication of Specimens

The electrodes for the vacuum melting-process consisted of zirconium sponge of
reactor grade quality (analysis Table Ia) and key alloys containing niobium with a low
content of interstitials (analysis Table Ib) and tin (99.99 9,), or tin, chromium, iron and
nickel. The analysis of the double arc-melted ingots (85 mm diameter) proves the homo-
geneity of the material (Table II). The fabrication schedule is listed in Table III.

TABLE I

Analysis of base materials used for vacuum melting ZrINb3Snl

a) zirconium sponge, impurities :

Element Content in ppm Element Content in ppm
Al 70 Mg 50
B 0.5 Mn 20
C 120 Mo 10
Cd 0.4 Ni 10
Ca 20 N 15
Cl 100 (0] 700
Co 10 P 75
Cr 70 Pb 6
Cu 10 Na 25
Fe 130 Si 7
H 30 Ti 15
Hf 200 A\ 10

b) niobium (vacuum sintered), impurities :

Content Content Content

Element in ppm Element in ppm Element in ppm
Al 20 Hf 80 Si 100
B 1 Hg 20 Sn 20
C 30 Mn 20 Ta 300
Cd 5 Mo 20 Ti 150
Co 20 N 144 A\ 20
Cr 20 Ni 20 w 150
Cu 40 (0] 60 Zn 20
Fe 100 Pb 20 Zr 500

¢) tin : purity 99.99 9,






TABLE III

Fabrication and heat-treatment of both alloys

Breakdown of the cast

Destination

structure Hot rolling Cold work Final treatment of the specimens
Extrusion at 800°- 28 9, cold swaged | Zircaloy-2 : 1 h | Cylindrical tensile spe-
8500 C/anneal 6500 C/air cimens (both alloys)
(Zircaloy-2: 1 h 650° C/ — ZrNb3Snl : 16 h
air 5800 C/air
ZrNb3Snl:1h 7500 C/ ;
furnace)
Forging down to — 15 %-20 9% coldrol- | Similar ‘| Impact specimens
plates, 30 mm thick- led/anneal | (both alloys)
ness, at abt. 8500 C/ (Zircaloy-2 : 1 h
removal of scale 6500 C/air
ZrNb3Snl 1nh
760° C/furnace/),
coldrolled to
11 mm
Coldrolled to Similar Sheet specimens for
2 mm tensile test with
welds (both alloys)
Coldrolled to Similar Specimens for micro-
1 mm scopic examinations
and for corrosion
tests («cold rolled »,
both alloys)

At abt. 800° C hot | 50 9%, coldrolled to | Similar Corrosion samples
rolled to 3 mm/| 1mm (« hot and cold rol-
removal of scale led », both alloys)

B-anneal 1 h | Similar Corrosion samples
10000 C/air, « B-annealed »
50 9%, coldrolled (ZrNb3Snl)

to 1 mm !

The final heat-treatment of zircaloy-2 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 a-grains 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 heat-treatment are shown in Fig. 5b and 5c.

The corrosion resistance of ZrNbh3Snl is heavily affected by the final anneal, simi-
larly to binary ZrNb alloys. Prior investigations (1) proved the necessity of an anneal
below the «/B-transformation range, i.e. below 590° C. The ZrNb3Snl material has therefore
been finally heat-treated 16 hr at 5800 C.

Fig. 6a is a microsection taken from a cylindrical tensile specimen after the optimal
heat-treatment below the monotectoid temperature. The dark regions imbedded in the
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and

1.5-10'® fast njem? (>1 MeV)
4.8-10'® thermal njem? (<0.5 eV) o

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 penpheral pOSlthn was used for
both an autoclave and an open container. ‘

Since for zircaloy-2 the saturation of the irradiation strengthening is attained after
integrated fast fluxes of about 1.10?0 n/cm?, we estimated an integrated fast flux of abt.
5-10' n/cm? to be sufficient for a comparison between the two alloys zircaloy-2 and
ZrNb3Snl. This assumption was justified by the results obtained.

The integrated thermal flux was measured with the reaction 3%°Co (n, v) °Co w1th
the neutron capture cross-section g, = o. (2200 m/s) = 38 barns and the half-life period
of 5.2 years for 80Co. The integrated fast flux could be measured with the reaction 5¢Fe
(n, p) ®Mn with the activation cross section (E > 1 MeV) == 77 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 reactor-standstill at the weekends. A second method using the reaction 58Ni (n, p)
58Co 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 Cd-foil)
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 9. 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 t-tensile machine with remote control (« Testatron », Fa.
Wolpert, Ludwigshafen) was used. The 0.2 9%,-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 H,.

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. It 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.

b) 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
Weight gains Hydrogen uptake
(mg/dm?) (mg/dm?)
Experimental Final material | Corr. time | Corr. time | Corr. time | Corr. time
conditions Alloy treatments ¢ 401 hr 817 hr 401 br 817 hr
Corrosion under radia- Zircaloy-2 cr. 97b% | —58% 5.8 15.2
tion, in a sealed 0.1 Zircaloy-2 c.r. —3380 118 % 6.6 184
l-autoclave, without Zircaloy-2 h.c.r. 12467 123 8.1 8.0
water exchange Zircaloy-2 h.cr. —263 b b 5.5 158
ZrNb3Snl cr. 2106% | 5010 4.1 33.4
ZrNb3Snl cr. 23807 | —1370 4.9 312
ZrNb3Snl h.c.r. 7.8% 291 ¢ 0.11 19.7
ZrNb3Snl h.c.r. 84 305¢ 2.3 21.2
ZrNb3Snl -a 76 2950% | 24 22.0
Corrosion without irra- Zircaloy-2 C.I. 30 33 0.20 0.45
diation in a 0.5 Zircaloy-2 h.c.r. 19 26 0.23 0.38
l-autoclave with fre- ZrNb3Snl c.r. 45 56 0.22 0.70
‘quent water . ZrNb3Snl h.c.r. 38 65 0.23 0.45
exchange ZrNb3Snl -a. 38 54 0.25 0.60
Corrosion without irra- Zircaloy-2 C.r. 41 148 1.41 6.6
diation in a sealed 0.1 Zircaloy-2 h.c.r. 179 121 1.7 4.4
l- autoclave, without ZrNb3Snl c.r. 180 71 1.7 1.16
water exchange ZrNb3Snl h.c.r. 38 88 1.66 1.88
ZrNb3Snl -a. 38 45 0.87 1.38
% c.r. « cold-rolled » b Parts of the oxide film already peeled off.
h.c.r. «hot and cold rolled » . .. ¢ oxide film with small blisters.

B-a. « -annealed »
(compare Tab. III)
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b)

The ox1dat10n is enhanced w1th zircaloy-2 and — in a less explicit manner — with
ZrNb3Snl in cold rolled condition; ‘ C s T '
enhancement of oxidation by radiation (fw,, fwz),
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
(fwy ~ 2). After 817 hr, the enhancement, especially of ZrNb3Snl has increased. The
figures for zircaloy-2 are unreliable because of the breakaway effects.

enhancement of hydrogen uptake by omission of water exchange without irradiation
(fH:;s fH4)s

" the enhancement is c0n51derable and increases w1th z1rcaloy-2 w1th a prolonged expo-

d)

sure (fg; ~ 7; fa, ~ 13), while it decreases with ZrNb3Snl;
enhancement of hydrogen uptake by radiation (fm;, fa,);

- 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, fy, of zircaloy-2 is not

- well established; fm, 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

) Enhancement of Enhancement of
oxidation hydrogen uptake
Definition of Final material JSw after | fyyafter | fig after | fy after
" enhancement Alloy treatments % 401 hr 817 hr 401 hr 817 hr
Enhancement in the Zircaloy-2 c.I. >2 ? 4.4 2.5
corrosion tests under Zircaloy-2 h.c.r. ~17? >1 4.0 2/-36
radiation as against ZrNb3Snl c.r. >1.20 fw, | >T P fwg| 270 fu, |17:2 P fu,
the test in sealed ZrNb3Snl h.c.r. 2.2 3.4 0.7 10.9
autoclaves without ZrNb3Snl B-a. 2 >6 2.7 16.0
radiation
Enhancement in the Zircaloy-2 C.I. 1.4 4.5 7.0 14.7
corrosion tests with- Zircaloy-2 h.c.r. 9.4 >4.7 7.4 11.6
out radiation in sea- ZrNb3Snl Cc.I. 4.0 fuwy| >1.3 2 fw,| 170 fuy | 1.7 2 fu,
led autoclave as ZrNb3Snl h.c.r. 1.0 1.4 7.2 4.2
againt the test in the ZrNb3Snl -a. 1.0 0.8 3.5 2.3
0.5-1 autoclave (fre-
quent water
exchange)

@ Explanation : see Table V.

The values fluctuate too much to establish differences with different material treat-

ments. Fairly well established are the following results :

a)

b)

omission of water exchange causes an enhancement of the oxidation of zircaloy-2 and
a much higher enhancement of hydrogen absorption of both alloys.

the enhacement of oxidation by radiation is not so well established. After a prolonged
exposure, some acceleration of oxidation is noticed at least with the ZrNb3Snl-samples
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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 Zr0O, in H,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 (3% 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 (Q,, CO,, N,) are neglectable, since the autoclaves have been filled and welded
under He-atmosphere.

¢) 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 (4) 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 (°8) 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). It 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 established
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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and Fidleris (%) recently stated yield strength changes of up to 80 ¢, with ZrNb2.5 after
irradiation to 3-10'? nf/cm?. 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: (81)). The loss of total elongation, plotted in Figs. 15, 16, is due to the loss of uni-
form clongation (a similar effect known to be caused by strain-hardening (54)). 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 3-10'® n/cm?. The
existence of this saturation has been frequently reported. The fast integrated fluxes, suf-
ficient for this saturation fluctuate between 10'® and 5-102° n/ecm?. 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 (* 52), denying a significant change
of impact strength by neutron radiation. A recently published investigation (8%) 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. It may be that this is due to precipitation hardening. The
decreasing solubility of niobium in the «-phase possibly causes the clustering of Nb-atoms
during cooling from 5800 C. These clusters are destroyed by irradiation, but may reform
during a 3000 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 0.95-10'° and 2.7-10Y njcm?
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 4000 C caused a drop of
690 and a small increase of the elongation with both alloys. On an average, ¢, and ¥ remain
unchanged. The recovery of oy, and 3 is only a partial one, three quarters of the increase
of 6y, and decrease of § caused by irradiation being still efficient after a 2 hr-anneal at
4000 C.

Another criterion for the recovery phenomena at elevated temperatures are the
differences A o, Ay, A8, AY 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 A-values at room-temperature symbolize the irradiation effect. At higher test tempe-
ratures, especially 4500 C, the A-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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