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Abstract

The solid solubility of hydrogen isotopes in neutron irradiated Zircaloy-4 core components removed after 10.3 years
in service is studied by differential scanning calorimetry (DSC) in two cooling channels of the Atucha I Heavy Water
Power Reactor, Argentina. For irradiated Zircaloy-4 samples containing 150-380 ppm-H,, the temperature for hydride
dissolution, TSSd;;.q, measured during the first DSC run was approximately similar to the reactor operating tem-
perature (260-300 °C) and 50-150 °C lower than the TSSd for unirradiated material. This difference decreases in
subsequent DSC runs and a stage of stable TSSd;;.q intermediate values is reached. After further isothermal annealings
the TSSd;;raq values approach asymptotically TSSd. These results may be interpreted by assuming that a fraction of the
total hydrogen isotope concentration, which is similar to the concentration that should be present in solid solution in
unirradiated Zircaloy-4 at the operating temperature, is in solid solution in the irradiated Zircaloy-4 and the rest is

trapped and slowly released from complex irradiation induced defects.

© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

A great deal of attention is currently given to the
possibility of increasing the lifetime of zirconium-based
materials used in the core region of nuclear power re-
actors. One of the limits to the time that a zirconium
alloy component can stay in the reactor core is given by
its rate of absorption of hydrogen isotopes produced
during the corrosion reaction between the alloy and the
coolant water. Continued hydrogen absorption might
eventually result in the precipitation of zirconium hy-
dride and the consequent mechanical failure of the ma-
terial. Recent experimental results on the temperature of
terminal solid solubility in irradiated material obtained
by differential scanning calorimetry (DSC) have shown
that this temperature is significantly lower than for the
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unirradiated material for the same bulk hydrogen iso-
tope concentration [1].

Therefore, the irradiated zirconium alloys could in
principle absorb relatively large amounts of hydrogen
before the precipitation of zirconium hydride occurs.
This phenomenon may have important technological
applications since a higher effective hydrogen solubility
would delay the nucleation of unwanted hydride blisters
in zirconium base components, as pressure tubes, thus
increasing their lifetime in service. Moreover, a smaller
amount of hydrides would precipitate when the reactor
cools after its shut down.

To study further the increase in hydrogen solubility
in irradiated zirconium alloys an experimental program
was implemented in our laboratory to examine samples
obtained from the Zircaloy-4 cooling channels of the
Atucha I Heavy Water Power Reactor (HWPR) in-
stalled in Argentina. These samples were taken from
tubes that had been in service for 10.3 full effective
power years (fepy) and studied by means of DSC [2,3].
Using this technique, the temperature of terminal solid
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solubility on dissolution (TSSd) can be determined from
the discontinuity produced in the heat flow vs time curve
during the hydride dissolution. In a similar way, the
discontinuity in a cooling process defines the tempera-
ture of terminal solid solubility for precipitation (TSSp).

These temperatures differ due to a hysteresis phe-
nomenon, but it is well known that TSSd is closer to the
true equilibrium temperature value [1,4-6]. This fact,
added to the non-reproducibility of TSSp results on ir-
radiated material made us focus on the dissolution
process by measuring the temperature of terminal solu-
bility on dissolution, TSSd;;;aq.

For reference purposes, the TSSd curve for unirra-
diated Zircaloy-4 was also measured over a wide range
of hydrogen concentration.

Present observations confirm the result that neutron
irradiation increases hydrogen solid solubility in zirco-
nium alloys [1]. Moreover, these observations add new
results relative to the amount of irradiation induced
solubility increase and the effect of the thermal treatment
in the recovery kinetic of the equilibrium solvus line.

This work is organized as follows: Section 2 describes
the calorimetric technique, the equipment, the sample
preparation for calorimetry, the measurement procedure
and the hydrogen plus deuterium concentration, [H +
D]. Section 3 presents the results for unirradiated and
irradiated material. The discussion and the conclusions
are given in Sections 4 and 5, respectively.

2. Experimental procedures
2.1. Calorimetry of irradiated alloys

In the last four decades several techniques have been
used to determine the hydrogen solubility in zirconium
alloys [1,4-9]. For the present study the DSC technique
has been chosen to study highly irradiated materials.
This technique has simplifying advantages with respect
to the other methods because it only requires small
specimens and, being non-destructive, the sample can be
tested several times. The calorimeter used is a heat flux
type by Shimadzu, model DSC-60. It has a heating
chamber with two crucibles. The sample is placed in one
crucible and a reference specimen in the other. The
samples are heated (and cooled) by a linear ramp up to
a xpreviously selected temperature Ti.x. A Chromel—
Constantan an differential thermocouple measures the
temperature difference between the sample and the ref-
erence.

The temperature axis is calibrated with the fixed
points for zinc and indium, while the enthalpy change is
calibrated with the latent heat of fusion of these two
metals.

If no transformation occurs during the thermal cycle,
the heat flow vs time curve follows a continuous curve,

called the baseline; but when a transformation such as
the melting of a pure metal takes place at a certain
temperature, a peak superimposed to the baseline is
observed. This peak results from the energy absorbed or
released in the phase transformation, and its position
gives a characteristic temperature for the transition.

In the Zr-H system the dissolution of the zirconium
hydrides takes place along a wide temperature range and
no sharp peak is observed during the hydride dissolution
process. In this case the heat flow curve gradually de-
viates from the baseline as the temperature increases
because part of the heat absorbed is used to increase the
hydride fraction dissolved.

During the heating stage the heat flow vs time curve
is given by ABMCD, as shown in Fig. 1. At point A the
run starts and the temperature reaches 7,,,, at point D.
After many DSC runs made without any sample, or with
two reference samples with equal [H] concentration, the
baseline was identified as the curve ABCD, where the
dotted segment BC was drawn following the tendency of
the segments AB and CD. The deviation from the BC
segment, BMC, is related with the heat absorbed during
the hydride dissolution. At point B a slight change in the
heat flow tendency can be seen, where the hydride dis-
solution starts to be detected. At point C the dissolution
process finishes, and this point is called the completion,
as can be seen in Fig. 1. The change observed after point
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Fig. 1. Temperature/heat flow-time curves for a fully recrys-
tallized Zircaloy-4 sample with 270 hydrogen ppm. Heated at a
rate of 5 °C/min to T, = 570 °C and then cooled at the same
rate.
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M, ie. segment MC, can be used to determine the
temperature of terminal solid solubility on dissolution,
TSSd. After a short plateau at Tj,.x (550 °C), the cooling
starts and we can see a sharp peak on the baseline, which
indicates the onset of the precipitation. The peak is re-
lated with the temperature of terminal solid solubility on
precipitation, TSSp, and can be used to determine this
temperature.

Even though the peaks are related to the dissolution
and precipitation processes, there are no established
rules for choosing the point in the peak that can be
identified with TSSd and TSSp. In the idealized case the
hydride dissolution is indicated by a sharp discontinuity,
and there is no doubt that the temperature of terminal
solid solubility is related to this peak. However, due to
the calorimeter response and hydride dissolution be-
havior the change from M to C is not sharp. Thus, in the
hydride dissolution three points are generally related
with TSSd along MC: the minimum, the completion and
the position of an inflection point between the comple-
tion and the minimum.

Some authors identify the minimum with TSSd and,
with a similar criterion, the sharp peak in the cooling
stage as TSSp. Others choose the completion point C,
defined by the intersection of the tangent to the upraised
side of the curve and the baseline as the end for the
dissolution. Similar criteria are applied for TSSp. These
temperatures are called completion temperatures. Some
others, such as McMinn et al. determine these two
temperatures calculating the derivative of the heat flow
curve. They take the extreme values corresponding to
the inflexion points of the heat flow curve [1]. These
temperatures are also called maximum slope tempera-
tures.

In the present work the temperature for the minimum
(point M) is chosen as TSSd. This choice is based on the
fact that the minimum gives the more reproducible and
reliable data for the irradiated material. In the irradiated
material, the heat flow curve in the first run often pre-
sents some noise possibly due to the highly unstable
condition of the material. The derivative of the heat flow
curve amplifies this noise and consequently does not
produce sharp peaks. Thus, the maximum slope tem-
perature sometimes is not a reliable value. The same can
be applied to the completion temperature because this
criterion requires good baseline extrapolations of the BC
segment. Hence, the choice of the minimum to deter-
mine TSSd avoids mathematical subjectivity. In addition
it must be pointed out that the choice of any of the three
criteria does not affect the conclusions because they are
based on the evolution of the TSSd and not on its ab-
solute value. Furthermore, the data obtained for unir-
radiated Zircaloy-4 using the criteria mentioned above
are in good agreement with the Kearns equilibrium data,
a classical reference, in the range of hydrogen concen-
trations that was considered [2,3,10].

2.2. Materials

The samples for TSS measurements were cut from
two cooling channels removed after 10.3 fepy of oper-
ation, one channel from the center of the core and the
other from the outer layer of the (HWPR) of Atucha-1
Nuclear Power Station (NPS). The core of this power
station is made up of 276 vertical cooling channels where
the fuel elements are installed. The cooling channels are
made of Zircaloy-4 satisfying ASTM B-352, with a fully
recrystallized microstructure and a grain size of 19+ 6
pm. Their chemical composition is given in Table 1.

The nominal temperature profile of the cooling
channels is the same for both channels, 263 °C at the
bottom and 303 °C at the top. The flux distribution for
fast neutrons (£ > 1 MeV) depends on both the axial
and radial directions in the core. It reaches its maximum
value at the center of the core, and decreases along the
radial direction. Lerner and Fink calculated the neutron
flux profile using the PUMA code [11]. The neutron
fluency values calculated for 10.3 fepy at selected axial
positions are shown in Tables 2 and 3 [11]. Samples from
both cooling channels were studied, eighteen from Re-
gions 1-4 of the central channel (CC), and five from
Region 3 of the outer channel (OC). Regions 2-4 were
taken from the active length of the channels and Region
1 from the outside of the active length.

During operation, the core Zircaloy-4 components
absorb deuterium from the heavy water coolant. Thus,
the total hydrogen isotope concentration, [H + D], is the
sum of the hydrogen concentration of the original ma-
terial in the ‘as fabricated’ condition, and the amount of
deuterium that was incorporated into the metal during
operation. The [H + D] of the samples were measured
with a LECO RH-1 hydrogen meter. As the sensitivity
of the hydrogen analyzer depends on the thermal con-
ductivity of the gas that is analyzed, a calibration was
done on isotopic effects to obtain a correction factor for
deuterium using deuterium gas instead of hydrogen. The
final [H + D] values were calculated assuming that the
material from both channels has an ‘as fabricated’
concentration of 20-ppm with a dispersion minor to 5
ppm. The [H + D] measurements are presented as hy-
drogen equivalent in ppm by weight, which is defined as

Table 1
Zircaloy-4 composition (wt%) obtained by chemical analysis*

Channels Alloying elements (Wt%)

Sn Fe Cr Ni
Central 1.6 0.22 0.065 0.0032
Outer 1.6 0.21 0.07 0.0041

#The chemical analysis was made with an atomic absorption
equipment with a Shimadzu graphite furnace by the chemical
laboratory of the Nuclear Power Plant CNA-1, Argentina.



Table 2
Estimated fluences, [H + D], TSSd values from Eq. (1), TSSdi;r.g values for the first three runs, stable zone and after annealing. The last two columns show the differences between
post-annealing values and first run values and between TSSd (Eq. (1)) and post-annealing values

Region  Sample fluence Top [H+ D] TSSd TSSd;raq (°C) ATSSd (°C)
(x10%* n/cm?) (°0) (ppm-Heg)  (°C)

First Second Third Stable After 2 h at Post-anneal-  TSSd-
run run run 508 °C 611 °C first run Post-
anneal
30C 1 0.42 280 237 401 275 344 348 373 376 - 101 25
2 156 363 250 316 315 331 337 - 87 26
3 225 396 268 292 318 - 364 - 96 32
1 CC 1 <0.05 263 179 375 288 295 296 303 - 345 58 30
2 185 378 279 282 302 304 - 351 72 27
3 191 381 297 303 304 307 - 356 59 25
2 CC 1 0.70 268 157 363 264 275 271 292 295 - 31 68
2 159 365 257 268 278 292 298 - 41 67
3 174 373 260 278 281 300 300 - 40 73
3CC 1 1.00 280 156 363 277 307 311 315 - 328 51 35
2 179 375 316 316 325 328 - 344 28 31
3 157 363 289 309 308 316 - 326 37 37
4 157 363 289 306 317 316 - 331 42 32
5 163 367 285 318 320 321 - 334 49 33
6 169 370 291 314 309 310 - 324 33 46
7 181 377 291 310 311 311 - 322 31 55
4CC 1 0.90 298 211 390 327 339 340 - 354 - 27 36
2 260 410 324 328 330 - 344 - 20 66
3 250 406 326 326 339 - 352 - 26 54
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Table 3

Estimated fluences, [H + D], TSSd values from Eq. (1), TSSd;;r.q values for the first run, annealing temperatures, TSSd values measured after annealing, and, in the last two columns,

the differences between the post-annealing value and first run values, and between TSSd from Eq. (1) and post-annealing values

ATSSd (°C)

TSSd (°C)

Annealing

times (h)

T, annealing
O

TSSdirraa (°C)
First run

TSSd

Sample Fluence Top [H+ D]
§®)

Region

TSSd-Post-
anneal

Post-

Post-anneal

(ppm'Heq)

°C)

(x10% n/cm?)

anneal-first

55

301
328
366

508
611
611

178 375 246

268

0.70

2 CC
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47

82
108

12
83

28

258

394

220

85

343
343
351

32

32

380
410

181 376 258

280

0.42

30C

85

25

92

700

82
439
446

347

32
611

380

265

450

381

174

181

83

700

the hydrogen original content by weight (20 ppm) plus
half the deuterium content by weight [12]. The global
error of the [H + D] determination is estimated in 10
ppm. In addition it should be pointed out that the results
obtained for the seven samples from Region 3 CC prove
the good reproducibility of the process, where the sta-
tistical error is of 4 ppm.

2.3. Sample preparation for calorimetry

Samples of regular form weighing between 50 and
130 mg were cut with a diamond disc cutter from rings
taken from Regions 1, 2, 3 and 4 of the CC and Region 3
of the OC. The edges were rounded off with SiC paper
and the samples were then chemically pickled with a
solution made up of water (50%), HNO; (40%) and HF
(10%) to remove scale fragments and improve surface
smoothness. Finally, the samples were washed with
water and dried out with acetone and hot air.

2.4. Measurement procedure

A piece of unirradiated recrystallized Zircaloy-4 with
a hydrogen content of 20 &+ 5 ppm was used to make the
reference specimens. For each sample the weight of the
reference specimen was reduced until the difference in
weight with the sample was less than 1 mg.

In a previous work we proved that the effect of the
heating rate is negligible in the range of 5-30 °C/min [2].
Exploratory runs in irradiated material have shown that
the definition of the dissolution peaks depends on the
heating rate. Thus, some samples were tested in the
range of 5-50 °C/min to choose the most convenient
rate. The dissolution peak was not observed at low rates
such as 5 °C/min and was not well-defined at 10 °C/min.
The definition improves at 15 °C/min and heating rates
higher than 20 °C/min produced a well-defined mini-
mum. Because high heating rates do not ensure thermal
homogeneity on the samples, a rate of 20 °C/min was
chosen as the best balance between peak definition and
thermal homogeneity.

The TSSd determinations were made using the soft-
ware associated with the DSC equipment and the exper-
imental error is estimated to be of the order of 1 °C.

The measurements were made in series, each with a
specific sequence of operations. The series include sev-
eral thermal runs to a Tp,,x at constant heating rate with
no holding time at T,,x. The value of Tj.x was 380 °C
and it was selected taking into account the [H + D]
range of the samples. As a result, part of the thermal
cycle is made at temperatures above the operating tem-
perature of the reactor (263-303 °C), T,,. The samples
were then annealed for about 10 min at temperatures
between T, and Ty in each run.

After the runs to 7.y, a 2 h isothermal annealing at a
Tanneating Of 508 or 611 °C was done. Finally a few ad-
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ditional runs were made to determine the TSSd post
annealing value and check stability.

Subsequently new series were made with another lot
of four samples at isothermal conditions for different
periods of time, and TSSd was measured between each
one.

The [H + D] analysis of each irradiated sample was
made after the calorimetric measurements.

3. Results
3.1. Unirradiated samples

The terminal solid solubility of hydrogen of unirradi-
ated and fully recrystallized Zircaloy-4 was determined,
and the experimental values of hydrogen concentration
vs TSSd were fitted to an exponential curve [2,3]. The
parameters that minimized the error in the fit are given
in Eq. (1):

Crssa(T) = 263024e /T ppm. (1)

Fig. 2 shows the fit to the experimental points. Fig. 2
also includes the curves calculated using the equation
given by McMinn et al. [1] and by Kearns [10].
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Fig. 2. Hydrogen concentration vs TSSd values. The solid
curve fits the unirradiated Zircaloy-4 data (Eq. (1)). The dotted
and dash-dotted lines correspond to the curves of Kearns [10]
and McMinn et al. [1].

McMinn’s results were for Zircaloy-4 specimens with
different microstructures and in a hydrogen concentra-
tion range of 20-80 ppm using the calorimetric tech-
nique. Kearns determined the terminal solid solubility in
Zircaloy-4 from a hydrogen analysis of the low-con-
centration part of diffusion couples, a quasi-equilibrium
method, in a wider hydrogen concentration range of
40-650 ppm.

3.2. Irradiated samples

The calorimetric data for the irradiated material are
shown in Tables 2 and 3. Table 2 shows the TSSd; g
data for the irradiated material that were taken from
the five regions of the two cooling channels. In addition,
the estimated fluences and operating temperatures, the
[H + D] values and TSSd values calculated from Eq. (1)
are included.

As can be seen from Table 2, after a few runs the
largest increase in the TSSd;..4 values are observed for
Region 3 OC. During subsequent runs the TSSdi.q
values increase slowly but remain 30 °C below the ex-
pected unirradiated value. The annealing at 508 °C does
not produce any significant change, as shown by Fig. 3.
Smaller increases are observed after the first runs in
samples from Regions 2 and 4 CC in Fig. 4. Again the
annealing at 508 °C for 2 h failed to increase the
TSSdira values. The differences between the post-
annealing and the unirradiated values for Region 2 are
on average about 70 °C and about 60 °C, for Region 4.
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Fig. 3. Evolution of TSSdj,g with runs for the samples of
Region 3 OC annealed at 508 °C for 2 h.
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Fig. 4. Evolution of TSSd;;.q for the samples of Regions 2 and
4 CC annealed at 508 °C for 2 h.
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Fig. 5. Evolution of TSSd;;,q with runs for the three samples of
Region 1 CC annealed at 611 °C for 2 h.

The samples from Regions 1 and 3 CC were annealed
at 611 °C. Region 1 CC was out of the active zone and
its fluence is estimated to be at least one order of mag-
nitude smaller than for the rest of the regions. These

samples show the lowest TSSd;;.q increase after the first
few runs, as can be seen in columns 6-9 of Table 2, and
the largest increase, of about 50 °C, after 2 h at 611 °C,
as shown in Fig. 5. However, the post-annealing
TSSd;;raq values were still 30 °C below the unirradiated
TSSd value.

Samples from Region 3 CC follow the same trend as
samples from Regions 3 OC and 2 and 4 CC. The in-
crease in TSSdj,q values is significant during the first
runs, after which TSSd;..q tends to stabilize. Annealing
at 611 °C for 2 h increases the TSSd;.q values of the
different samples by about 15 °C, but the post-annealing
TSSd;aq values are still far from the unirradiated TSSd.
In addition, the seven samples from this region show
that the reproducibility of the measurements is good, as
can be seen from Table 2, Columns 6-9.

The above results indicate that thermal annealing
at higher temperatures and longer periods of time at
Tinnealing are needed to reach the unirradiated TSSd val-
ues. The results for four samples subjected to special
thermal annealings are given in Table 3.

Sample A was cut from the Region 3 CC and after six
runs to 380 °C it was isothermally annealed 2 h at 508 °C
and then 12 h at 611 °C with the aim of reaching the
TSSd unirradiated value. The six runs to 380 °C produce
an increase in TSSdi.q of 30 °C, from 246 to 280 °C.
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Fig. 6. Effect of isothermal annealing at 611 °C in periods of
16.5 h on the TSSd;;.q values for Sample B, Region 2 CC.
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The annealings at 508 °C were made in two stages of 1 h.
After the first stage TSSdj.q increases 15 °C up to 296
°C, the second stage has a small effect, increasing it to
301 °C. The annealing at 611 °C was also divided in
two stages, the first of 2 h and the second of 10 h. The
first has a small effect on TSSdj;.g4, increasing it to 308
°C, but the second has a strong effect increasing
TSSd;rag to 328 °C. This value is still 48 °C below the
unirradiated TSSd value. Thus, longer annealing times
were applied.

For instance, Sample B was subjected to a unique
thermal treatment at 611 °C made up of five cycles of
16 h each. The TSSd;;.q values were measured during
the heating-up ramp of each cycle, as can be seen in Fig.
6. The values follow a sigmoidal type curve that grad-
ually increases towards an equilibrium value with
smaller increases after each annealing time. However,
after 83 h at 611 °C the final TSSd;;.q value is still 28 °C
below the unirradiated TSSd.

Sample C was subjected to a sequence of three iso-
thermal annealing. The first at 380 °C for 32 h, the
second for at 410 °C for 32 h and the third at 700 °C for
1 h. After the first annealing TSSd;; .4 is 85 °C higher
than the initial value and 33 °C below the unirradiated
value. After annealing at 410 °C TSSd does not change

460
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400 +

i Sample D of Region 3 O.C.
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Fig. 7. Effect of isothermal annealings at 380 °C (32 h), 611 °C
(83 h) and 700 °C (1 h) on TSSdi;.4 for Sample D of Region 3
OcC.

and after annealing at 700 °C for 1 h the difference be-
tween the two last TSSd;.q values is only a few degrees
and still remains 25 °C below the unirradiated value.

Even though the [H 4 D] concentration of the sample
D is nearly twice the [H + D] of sample C, TSSd;;;.q for
the first run is in the range of the rest of the samples.
After a few runs TSSd;.q reaches stable values and after
32 h at 380 °C TSSd;;.« maintains stable temperature.
The subsequent long annealing at 611 °C for 83 h in-
creases TSSdi;.g by 174 °C. Again, the annealing at 700
°C for 1 h does not produce a significant change in
TSSdi;ra. However, sample D is the only one where the
unirradiated value was nearly reached. The dotted line
observed in Fig. 7 is the unirradiated value calculated
with Eq. (1) for a material with 381 ppm of hydrogen.

In summary, the results indicate that TSSd;,.q in-
creases rapidly during initial runs, and stabilizes after
the fourth run. The annealings for 2 h had little effect at
508 °C and a significant effect at 611 °C, but the TSSd
expected for unirradiated material was not reached. The
long isothermal annealings at 611 °C show that TSSd;;aq
slowly approaches the unirradiated value.

4. Discussion
4.1. Unirradiated material

The unirradiated Zircaloy-4 results shown in Fig. 2
are on average 15-20 °C higher than those of McMinn
et al., who also used the DSC technique to measure
TSSd. It is believed that the differences arise from the
different criteria used to identify TSSd value. In the
present work, the TSSd values have been determined
from the minimum in the dissolution peak of the heat
flow vs time curve, while McMinn et al. have chosen the
maximum slope temperature as the TSSd temperature.
The maximum slope temperature is higher than the peak
temperature by nearly 20 °C on average. If the differ-
ences In criteria are taken into account, both results
coincide within experimental error. On the other hand,
Kearns determined the terminal solid solubility in
Zircaloy-4 specimens with complex microstructures.
Kearns used welded diffusion couples, a quasi equilib-
rium method, to determine TSS. The range of hydrogen
concentrations in Kearns’ work was larger than the
range used in the present work. Fig. 2 shows that the
curves given here and by Kearns are similar in shape,
but they tend to diverge at concentrations higher than
250 ppm of hydrogen. However, in the present work, the
differences with Kearns are still irrelevant, since the
[H + D] concentration range of the irradiated samples is
between 150 and 260 ppm, with the exception of a
sample of 380 ppm. From now on Eq. (1) is used as the
reference to make comparisons with the results corre-
sponding to irradiated material.
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4.2. Irradiated material

The most significant result obtained on irradiated
material is the observation that neutron irradiation in-
creases hydrogen solubility. As can be seen from Tables
2 and 3 TSSdj;.q values for the first run are on average
100 °C lower than the expected unirradiated value. This
behavior was systematically observed in all the samples
analyzed.

The runs subsequent to the first one have a strong
effect on TSSdj.q4, increasing its values by 60 °C on
average. This effect decreases after the fourth run and
TSSd;.rag reaches a stable value. Figs. 3-5 clearly show
this behavior. The sequence of isothermal annealings
made at 380 °C (samples C, D and Fig. 7) shows a
similar behavior and reaches a stabilized zone as ob-
served after multiple runs. Again TSSd was considerably
below the expected unirradiated values.

Isothermal annealings at higher temperatures, such
as 508 and 611 °C, were necessary to continue the evo-
lution of TSSd toward the unirradiated values. Annea-
lings of 2 h at 611 °C increased TSSdj.q values.
However, after the annealing values were still 30-40 °C
below unirradiated values, as shown in Table 2. Longer
isothermal annealings to this temperature were needed
to make TSSd;;.q closer to the unirradiated values, and
this was only reached in one case (see Table 3, Sample
D).

The above results suggest that the evolution of TSSd
for irradiated material can be divided into three stages.
A first stage, where the runs have a significant effect on
TSSd;irag, @ second stage, where TSSd;.q reaches a sta-
ble value which is not affected by further runs to Ty,
and a third one, where the solubility gradually ap-
proaches that of the unirradiated material after long
isothermal annealings at higher temperatures.

The results of the present work differ from McMinn’s
results in two respects: TSSd;.;.q values for the first run
are considered here as part of the data while McMinn
discards these first values, after which the same experi-
mental procedure is followed. Another difference arises
from the temperatures and times involved in the recov-
ery, which are quite different. While in McMinn the re-
covery is complete or fairly complete with isothermal
annealings of 1 h at 500 °C, in the present work longer
annealings at higher temperatures were needed, i.e. 80 h
at 611 °C, to get TSSd values similar to the unirradiated
one.

It is clear that the most representative value of TSSd
for the material in the core reactor conditions corre-
sponds to the first run because the minimum, shown in
Fig. 1, is observed during the heating ramp in the op-
erating temperature range without any previous thermal
treatment.

There exist differences in the materials used in both
works, which can contribute to explain the discrepan-

cies. The irradiated Zircaloy-4 samples used for the
present work were hydrided (deuterided) during the
operating time in the reactor core, which lasted for more
than 10 years. With the exception of the samples from
the Zircaloy-2 pressure tube, McMinn hydrided the pre-
irradiated samples by diffusion annealing at 260 °C
outside the reactor. Thus, the hydride formation occurs
in a different condition and by a different process. Fur-
thermore, it should be noted that this annealing tem-
perature is slightly below the average value of TSSdi; g
first run values of the present work. Hence, an effect of
the annealing temperature on the TSSd;;.q should not be
excluded from the McMinn data.

To explain the present results it should be first
pointed out that if the material behaves as unirradiated
Zircaloy-4 with a [H + D] of about 150-260 ppm, all the
TSSdiraa values for the first run should be much higher
than the observed values. Assuming that the terminal
solid solubility of irradiated material is given by Eq. (1),
these TSSd; .4 first run values would be compatible with
a concentration range of 40-70 ppm of hydrogen.

As was shown, in the irradiated material with a bulk
concentration ranging from 150 to 360 ppm the experi-
mental TSSd;.;.q values are close to the reactor operating
temperature, T, as shown in Fig. 8. If it is assumed as a
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Fig. 8. TSSd;;aq first run values for Regions 2 CC, 4 CC and 3
OC and averaged TSSd;;,4 values for Regions 1 and 3 CC vs
[H + D]. The solid line corresponds to unirradiated fully re-
crystallized Zircaloy-4 (Eq. (1)).
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first approximation that TSSdiaq =~ Top, only the frac-
tion of the bulk concentration predicted by Eq. (1) will
be in solid solution at T;,. The rest of the atoms will be
in a metallurgical condition to be explained.

A hypothesis compatible with the effect of the ther-
mal annealing on the evolution of TSSd;;.q seems to be
the irradiation defect trapping mechanism. This hy-
pothesis assumes that there exists an interaction between
the defects and the hydrogen isotope atoms which tend
to trap the atoms at the defects [1,13]. This hypothesis
could be applied to the present result as follows. As the
bulk [H + D] grows, the solid solution concentration
increases until it reaches the solubility limit at the op-
erating temperature in 3-4 years. After crossing the
solubility limit the atoms in excess to the amount cor-
responding to the solubility limit at the operating tem-
perature will be trapped by irradiation defects that were
produced by the neutron flux during the previous years
of operation. When the reactor is shut down and the
core cooled, only the atoms in solid solution precipitate
as hydrides because the trapped atoms remain in their
traps. This assumption is based on the similarity be-
tween TSSdjy.q for the first run and 7,,. However the
TSSdir.a value for Region 4 CC is 25 °C above the
maximum T,,. Hence, at the upper limit of the operating
temperature range a certain amount of hydrides could
be present at about 300 °C, but the amount would be
smaller than the value predicted by Eq. (1).

Finally, the trapping hypothesis can also explain the
TSSdiiraa evolution with the thermal annealings by as-
suming that the DSC runs and the isothermal annealings
gradually release the hydrogen isotope atoms from their
traps. Assuming that the amount of trapped atoms
reaches a stable value after the long period at Ty, it is
reasonable to think that at temperatures lower than T,
no atoms are released during the DSC runs. Moreover,
the rest of the cycle from Ty, to 380 °C and then back to
T,, has an annealing effect on the radiation damage, and
this annealing releases successively the hydrogen atoms
from their traps until the stable zone is reached. The
behavior of Samples C and D of Region 3 OC during the
long isothermal annealing at 380 and 410 °C reinforces
the hypothesis of a stable stage with no release of atoms
(see for example Fig. 7).

The release of the hydrogen isotope atoms from the
traps can be attributed to the recovery of the radiation
damage. The temperature range at which the damage is
annealed can be related to that of the recovery of the
mechanical properties. Data in the literature show that
the onset of hardness recovery of zirconium alloys
starts at 300 °C and ends at 460 °C [14]. For example,
Zircaloy-2 irradiated at a fast neutron fluence of 5.5 x
10" n/cm? showed a 50% recovery in hardness at 380 °C
[14]. The yield strength of annealed Zircaloy-2 irradiated
at 2.7 x 10®° n/cm®> was almost completely recovered
between 300 and 400 °C [15].

At temperatures around 300 °C there is a high mo-
bility of point defects, vacancies and interstitial atoms,
all of which migrate to the grain boundaries where they
are absorbed, or to interstitial loops [16]. In a recent
work it has been suggested that (¢) component disloca-
tion loops play a significant role in hydrogen trapping [1].
These data can explain the observed behavior in all the
analyzed cases for the first and second stages by assum-
ing that the annihilation of the (a) loops during the runs
to Thmax releases a fraction of the trapped atoms. In ad-
dition the great increase in TSSd;;.q observed for the low
fluence samples of Region 1CC after the annealing at 611
°C may be related to the (a) loops annihilation.

However, a second trapping mechanism is necessary
to explain the evolution of TSSd;;.q in the third stage for
the high fluence samples. The difficulty to reach the
equilibrium values for all the samples with a high neu-
tron fluence is attributed to the stability of the (c)
component dislocation loops, which remain as traps for
hydrogen isotope atoms after annealing [1,17].

This fact is in agreement with the small or null effect of
the annealing at 508 °C. It is also reinforced by the long
annealings at 611 and 700 °C needed to reach the unir-
radiated values, suggesting that the release of atoms is
related with the dissolution of (c) type dislocation loops.

The hydrogen-trapping mechanism seems to be a
good hypothesis to explain the results, but it should be
pointed out that it is still difficult to believe that the
dislocation loops need such long periods of time at 600
or 700 °C to be annihilated. In addition, the large dif-
ference in temperature and time to release the atoms
during the first two stages and the final one implies that
the trapping mechanism, which acts at the first two
stages, has a binding energy much lower than the last
one. Thus, it would be reasonable to propose another
type of trap.

It is possible that an interaction between the hydro-
gen isotope atoms and other solute atoms or second
phase precipitates be responsible for the third stage. For
instance, it is well known that second phase precipitates
as Zr(Fe,, Cr;_,), have a high capacity to absorb hy-
drogen and its capacity increases when x decreases [18].
In addition it has been shown that the irradiation re-
leases iron atoms from the precipitates [19], then, the
decrease of iron concentration in this precipitates could
provide another type of trapping mechanism.

From a technological point of view, the fact that
TSSdi;rag is much lower that TSSd implies that zirco-
nium core components can absorb more hydrogen iso-
tope atoms before the hydrides precipitate.

5. Conclusions

Zircaloy-4 samples have been obtained from different
positions along two cooling channels, central and outer,
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removed from the core of the HWPR Atucha I power
plant in Argentina after 10.3 full effective power years.
These samples have been studied using the DSC tech-
nique to determine the effects of neutron irradiation on
the terminal solid solubility of [H + D] in Zircaloy-4.
For comparison with previous results as well as for
reference purposes, the solubility of hydrogen in unir-
radiated Zircaloy-4 has also been measured in the range
40-630 ppm.

For the irradiated material, the TSSd;.q values ob-
tained during the first DSC run are much lower than the
corresponding TSSd values in unirradiated Zircaloy-4
for the same [H + D] content. In addition, these initial
TSSd;;raq values are fairly close to the reactor operat-
ing temperatures. After a few additional DSC runs,
TSSdi;.g reaches a stable value but at temperatures
systematically lower than those corresponding to unir-
radiated Zircaloy-4. Additional thermal treatments at
temperatures of 500 °C and higher increases further
TSSd;;1ag which asymptotically tends to TSSd. However,
only after isothermal annealing for 83 h at 611 °C and 1
h at 700 °C was it possible to reach the TSSd value for
the corresponding [H] concentration.

As all the initial TSSd;;.q values are around the re-
actor operating temperature range, it is predicted that
under reactor operation conditions the fraction of hy-
drogen atoms in excess with respect to the zirconium
alpha phase solid solubility are trapped by complex ir-
radiation induced defects. The increase in TSSdag
values with the thermal treatments could then be at-
tributed to the gradual release of hydrogen/deuterium
atoms from these defects. However, the final steps of the
recovery kinetics are difficult to understand, and the
possibility of solutes and second phase particles in Zir-
caloy-4 interacting with the hydrogen isotope atoms
cannot be excluded.
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