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Abstract

In order to elucidate the terminal solid solubility during the dissolution of hydrides at heatup (TSSD) and during the

precipitation of hydrides at cooldown (TSSP) for hydrogenated Zircaloy-2 and high Fe Zircaloy, differential scanning

calorimetry (DSC) measurements have been carried out in the temperature range of 50–600 �C. The hydrogen con-
centrations in the two kinds of alloys ranged from 40 to 542 ppm. There was no difference in either TSSD or TSSP solvi

between Zircaloy-2 and high Fe Zircaloy, and best-fit equations were derived for the two curves. In the present TSSP

data, two different activation energies, separating into high and low temperature ranges at 260 �C, were obtained. Based
on the widths of the DSC peak obtained during cooldown, the average precipitation (nucleation plus growth) rates of

zirconium hydrides from super-saturated state were assessed. The activation energy of the precipitation rate was ap-

proximately equivalent to reported values of hydrogen diffusion coefficients of Zr and Zircaloys.

� 2003 Elsevier B.V. All rights reserved.

PACS: 28.41.Bm; 64.75.+g
1. Introduction

Zr alloy claddings used in light water reactors pick up

hydrogen during operation; this hydrogen is liberated

from the corrosion reaction with water. When the hy-

drogen concentration in the claddings at any point ex-

ceeds the terminal solid solubility (TSS), zirconium

hydride is precipitated, which brings about a marked

ductility reduction of the claddings. In particular, radi-

ally-oriented hydrides drastically reduce the circumfer-

ential ductility. Occurrence of unfavorable cracking in

Zr alloys has been observed in reactor operation, e.g.,

delayed hydride cracking in Zr–2.5%Nb pressure tubes

of the CANDU reactor [1,2], secondary degraded

cracking in BWR claddings after primary fuel failure

[3,4] and outside-in type cracking in high burnup BWR
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claddings arising at power ramp tests [5,6]. Therefore,

many studies on hydrogen behavior for Zr alloys have

been carried out in the past 40 years.

The solvus for dissolution of hydrides (TSSD) during

heating and the solvus for precipitation of hydrides

(TSSP) during cooling have been the subjects of many

reports [7–15] for Zr and its alloys, and various mea-

suring techniques have been used. However, there is

considerable scatter in the published TSS data. This may

be attributed partly to the different experimental tech-

niques used such as dilatometry, calorimetry, and mea-

surements of diffusion gradient/equilibrium, dynamic

elastic modulus, internal friction, and so on. Another

factor for this may arise from the difference in temper-

ature history applied to samples. Moreover, most of

these data are devoted to TSSD, fewer TSSP data have

been reported. Consequently, systematic data sets of

TSSD and TSSP solvi using the same technique and

sample are needed for the appropriate evaluation of

dissolution/precipitation behavior of hydrides during

heatup and cooldown stages, because the large hysteresis
ed.
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existing between TSSD and TSSP plays an important

role in the above hydride-assisted cracking of Zr alloys.

Beside these solubility data, kinetic data such as pre-

cipitation and dissolution rates, and diffusion rate, are

needed to model overall hydrogen behavior in Zr alloys.

New Zr alloys for use as BWR fuel claddings and

spacer materials at high burnups, have been developed

from the viewpoint of improvement of corrosion resis-

tance and hydrogen pickup properties. One promising

candidate is high Fe Zircaloy, which has an increased

amount of Fe above the upper limit of the Zircaloy-2

chemical specification. In our previous irradiation tests

in commercial BWRs and test reactors, it gave better

performances than Zircaloy-2 [16]. Therefore, systematic

TSS and kinetic data for this new alloy as well as the

currently produced Zircaloy-2 are needed.

In the present study, a data set of TSSD and TSSP

for the current Zircaloy-2 and improved high Fe Zir-

caloy for BWRs, which were hydrogenated up to a level

of 542 ppm, were derived by differential scanning cal-

orimetry (DSC), and best fit equations for the two solvi

were presented. Moreover, the average precipitation

rates of zirconium hydrides from the super-saturated

state were assessed from the widths of the DSC peak

obtained during cooldown.
2. Experimental

2.1. Materials

Table 1 shows the chemical composition of Zircaloy-

2 and high Fe Zircaloy plates, which were used for the

present TSS measurements. The two plates were fabri-

cated by cold rolling and a heat treatment process, in the

same way as the current Zircaloy-2 cladding. The final

annealing temperature was 575 �C, bringing about a
recrystallized grain structure. The hydrogen contents of

the as-received materials were 25–30 ppm.

Test samples were hydrided by two methods. One

was gaseous hydrogenation at 300 �C in an Ar/3%H2
mixed gas, and absorbed hydrogen concentrations were

controlled by varying reaction duration. After hydrogen

charging, the samples were homogenized at 400 �C for
8 h in pure Ar. The other hydrogen charging was carried

out by a corrosion reaction in water vapor of 10.3 MPa

at 530 �C for reaction durations of one to six days. The
former method was applied to prepare lower hydrogen
Table 1

Chemical compositions of Zircaloy-2 and high Fe Zircaloy

Material Sn (wt%) Fe (wt%) Cr (wt%)

Zry-2 1.37 0.17 0.11

High Fe Zry 1.46 0.26 0.10
content samples (<100 ppm), and the latter method for

higher hydrogen content samples (>100 ppm). After

hydriding, the surface corrosion layer was removed by

grinding. Then the test samples were cut into shapes

approximately 4 mm square and 0.5 mm thick, and

weighing about 40–50 mg. The hydrogen concentration

in all the samples was chemically analyzed by the hot

vacuum extraction method with an accuracy of ±3%,

and it ranged from 40 to 542 ppm. For some of the

samples, the hydrogen concentration was also analyzed

after the DSC measurements. It was confirmed that

there was no change in the hydrogen concentration be-

fore and after the measurements within the analytical

error.

2.2. Differential scanning calorimetry

The TSSD and TSSP temperatures of the samples

were measured using the DSC technique. A Netzsch

DSC-404 was used for the measurements. The instru-

ment is based on the measurement of thermal response

of a sample compared to a reference when the two are

heated up or cooled down uniformly at a constant

heating or cooling rate. The resulting differential heat

flow detects the dissolution or precipitation of hydrides

in the samples. Before the DSC measurements, the in-

strument was calibrated using melting points of four

standard metals (In, Bi, Zn and Al). The details of the

DSC instrument were described previously [17].

The DSC measurements were carried out in purified

Ar at the flow rate of 50 cm3/min. In all the measure-

ments, a sample was first heated up to 600 �C from 50 �C
in Ar, followed by a cooldown to 150 �C, with a hold-
time of 5 min at the maximum temperature. In the

present study, the heatup/cooldown rate of 10 �C/min
was adopted. This rate was chosen because a fast rate

provides higher DSC sensitivity, and almost no rate

dependence on dissolution/precipitation temperature

has been reported in the range of 0.5–10 �C/min [15].
3. Results and discussion

3.1. DSC curves

Fig. 1 shows a typical example of a DSC curve with

its time deviation (DDSC) for Zircaloy-2 containing

106 ppm hydrogen, obtained during heatup. In the
Ni (wt%) O (wt%) Zr (wt%)
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Fig. 1. Typical DSC and time derivation curves from Zircaloy-

2 specimen containing 106 ppm hydrogen obtained during

heatup (heating rate: 10 �C/min).

Fig. 2. Typical DSC and time derivation curves from Zircaloy-

2 specimen containing 106 ppm hydrogen obtained during

cooldown (cooling rate: 10 �C/min).

68 K. Une, S. Ishimoto / Journal of Nuclear Materials 322 (2003) 66–72
figure, two endothermic peaks relative to a baseline are

detected around 200 �C and in the range of 215–380 �C.
The former small peak may result from the phase

transformation from c-ZrH in small amounts to d-ZrHx,

as discussed later. The latter large and broad peak comes

from hydride dissolution. The deviation from the dotted

baseline starts around 215, which is related to the heat

absorbed during the hydride dissolution. Namely, the

heat flow increases with increasing temperature as heat

is absorbed by the sample to dissolve hydrides. Once the

last hydrides dissolve, the heat absorbed is no longer

required and the curve swings downward to the baseline

around 380 �C. Some other contributions to DSC heat
flow, originating from the evolutions of point defects

and dislocations, should be minor based on heat ca-

pacity measurements by quantitative DSC mode using

the same samples. Namely, enthalpy changes calculated

from the second peak areas were consistent with re-

ported thermodynamic dissolution enthalpies, which will

be presented in our subsequent paper describing heat

capacity of hydrogenated Zircaloys [18].

For this broad peak, three temperatures are noted;

namely the peak temperature, the maximum slope tem-

perature (MST) and the completion temperature. There

are no established rules and experimental evidence for

declaring which temperature best represents the tem-

perature for complete hydride dissolution. Some authors

[13,15] chose MST as the TSSD temperature, which

corresponds to the maximum of the DDSC curve, due to

better correlation between their MST and reported

equilibrium TSSD obtained in the diffusion annealing

technique [8] and to ease of data analysis. Also in the

dynamic elastic modulus measurements, TSS tempera-

ture was determined from the derivative of Young’s

modulus versus temperature [11]. By contrast, the peak
temperature of DSC curve was adopted for TSSD in

another paper [12]. In the present study, MST was

adopted as TSSD temperature based on a good repro-

ducibility originating from the narrower peak in the

DDSC curve than the DSC curve and on good agree-

ment with previously reported equilibrium TSSD data

[9] (see Fig. 1). Eventually, in the case of Fig. 1, TSSD

temperature is 360 �C. However, it must be pointed out
that some evaluation errors in TSSD and also TSSP are

inherent, depending on choice of the characteristic

temperatures.

The corresponding DSC curve obtained on cooldown

for the same 106 ppm sample is given in Fig. 2, in which

a sharp exothermic peak is seen around 270 �C. The
analysis of the DSC curve on cooling is similar to the

heating DSC curve, to define the hydride precipitation

temperature, and correspondence is made to the MST in

the cooldown curve. Therefore, the TSSP temperature is

278 �C. In the case of TSSP, sharp DSC peaks lead to
smaller evaluation errors due to choice of the charac-

teristic temperatures. Compared with TSSD tempera-

ture of Fig. 1, there is a significant hysteresis between the

two temperatures, which is examined in detail later.

3.2. TSSD and TSSP

The Arrhenius plots of the solvi of TSSD and TSSP

obtained in the present study are shown in Fig. 3. In

addition to the measured TSSD and TSSP solvi, one

more assessed solvus for hydride growth denoted as

TSSG is added to Fig. 3. The meaning and derivation of

TSSG are described in the next section. A statistical

analysis of the data in Fig. 3 shows no difference in ei-

ther TSSD or TSSP solvi between Zircaloy-2 and high

Fe Zircaloy. This seems to be consistent with previous



Fig. 3. Solvi of TSSD and TSSP for Zircaloy-2 and high Fe

Zircaloy versus reciprocal temperature obtained using DSC.

Fig. 4. Comparison of TSSD data obtained by different ex-

perimental techniques.
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results. Regarding the influence of alloying on TSS,

some papers reported almost no alloy effect on TSSD

and TSSP. For example, no significant difference was

detected in TSSD between Zircaloy-2 and -4 [8], and

between Zircaloy-2 and Zr–2.5%Nb [9], and also no

difference appeared in TSSP between Zircaloy-2 and -4

[15]. Nevertheless, there is no clear conclusion whether

there exists some difference in solubility between Zr and

Zircaloys, because no systematic measurements have

been made so far. On the other hand, Slattery [10] de-

rived different TSSD and TSSP solvi for Zircaloy-2,

Zircaloy-4 and Zr–2.5%Nb.

Best-fit equations for the present TSSD and TSSP

solvi of both Zircaloy-2 and high Fe Zircaloy are given by

Eqs. (1)–(3) for hydrogen concentrations of 40–542 ppm.

CTSSD ðppmÞ ¼ 1:28� 105 expð�36540=RT Þ; ð1Þ
CTSSP ðppmÞ ¼ 5:26� 104 expð�28068=RT Þ > 533 K;
ð2Þ
CTSSP ðppmÞ ¼ 1:07� 104 expð�21026=RT Þ6 533 K:
ð3Þ

Here R is the gas constant (8.314 J/K/mol) and T , the
temperature in K. There are two different activation

energies for TSSP, separating into high and low tem-

perature ranges at 533 K (260 �C), and there exists a
significant hysteresis between TSSD and TSSP solvi.

Fig. 4 compares the present and literature TSSD solvi

obtained for Zr, Zircaloy-2, Zircaloy-4 and Zr–2.5%Nb

[7–15]. The present activation energy for the hydride
dissolution is 36.5 kJ/mol, which is an intermediate value

among reported activation energies of 31–45 kJ/mol. In

particular, the present energy is in good agreement with

the following values: 36.0 kJ/mol by McMinn et al. [15];

34.5 kJ/mol by Pan et al. [11]; 37.3 kJ/mol by Khatamian

and Ling [12]; and 38.9 kJ/mol by Sawatzky and Wilkins

[9]. Despite the different experimental techniques used

and different ways to define TSSD temperature, when

comparing absolute solubilities at a given temperature,

the present data are apparently in good accordance with

those below 100 ppm by McMinn et al. for Zircaloy-2

and -4 [15] and Pan et al. for Zr–2.5%Nb [11], with those

of 10–200 ppm by Khatamian and Ling for Zr [12], and

also with those in a wide range of 55–550 ppm by

Sawatzky and Wilkins for Zircaloy-2 and Zr–2.5%Nb

[9]. These data are somewhat smaller than Kearns’s data

[8], which have been sometimes referred to as an equi-

librium phase boundary for hydrogen in the a-phase.
A comparison of the present and other TSSP data

[7,10,11,14,15] is given in Fig. 5. In contrast to the case of

TSSD of Fig. 4, a large scatter is seen in TSSP solvi for

each investigation. This may result from a non-equilib-

rium or path-dependent character of TSSP [11,13,15,27–

29] and from the difference of measuring technique. The

present activation energy of TSSP solvi is best repre-

sented as 28.1 kJ/mol in the high temperature range and

21.0 kJ/mol in the low temperature; other investigators

have reported values of 21–34 kJ/mol. Assuming one

activation energy for the present TSSP in spite of a

poorer regression, it would be about 25.4 kJ/mol. The

two different activation energies of the present TSSP

solvus, separating into high and low temperature ranges

at 260 �C, may result from the precipitations of different
phases of d-hydride for the high temperature range,
and d-plus c-hydride or c-hydride alone for the low
temperature range. There is experimental evidence that,

in Zr–2.5wt%Nb, c-hydride converts to d-hydride in the
temperature range of 180–200 �C [21]. This temperature



Fig. 5. Comparison of TSSP data obtained by different exper-

imental techniques.
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range appears to be consistent with the temperature of

200 �C from the small DSC peak (see Fig. 1) during

heatup, which was presumed to correspond to the phase

transformation from c- to d-hydride. Moreover, the
phase transition temperature of 255 �C has been reported
for unalloyed Zr from DTA measurements [22].

Comparing absolute solubilities at a given tempera-

ture in Fig. 5, we see the present data are consistent with

those below 150 ppm by Slattery for Zircaloy-2 [10], and

those in a range of 50–500 ppm by Kammenzind et al.

for Zircaloy-4 [14]. The literature activation energies

were 25.2 kJ/mol by the former, and 25.3 kJ/mol by the

latter, which are about 3 kJ/mol larger than the present

value of the high temperature range.

3.3. Hysteresis of hydrogen solubility

The large hysteresis seen between the solvi of TSSD

and TSSP, has been experimentally and theoretically

accepted by many investigators. Basically, it arises from

a volumetric misfit strain (approximately 11–17%) be-

tween Zr matrix and the less dense hydride phases

[19,20,23,24]. Therefore, the TSSP determined on cool-

down could be governed by hydride nucleation and the

elastic accommodation energy arising from the hydride-

matrix misfit. On the other hand, TSSD determined on

heatup could be dominated by plastic accommodation

effects. In fact, once hydrides precipitate in the Zr ma-

trix, many dislocations surround the hydrides, accom-

panying plastic deformation [25,26].

Puls [27–29] has advanced a theory for this hysteresis

effect, in which the solubility determined on hydride

nucleation on cooldown, CTSSP, can be written in terms
of the hypothetical or non-constrained equilibrium sol-

ubility, CTSSð¼ C0 expð�Q=RT Þ; Q: heat of solution of d-
hydride in hydrogen saturated a-Zr(H)), as follows:

CTSSP ¼ CTSS expðwel=RT Þ; ð4Þ
where wel is the total elastic strain energy of matrix and
hydride precipitate per mole H. The constrained solvus

CTSSP gives the amount of hydrogen that can be main-
tained in solution up to the first precipitation of hydrides.

The terminal solubility determined on hydride dis-

solution on heatup, CTSSD, is governed by a balance
between the molar plastic accommodation energy wp
and the remaining elastic accommodation energy wel;p in
elastic–plastic deformation such that

CTSSD ¼ CTSS expððwel;p � wpÞ=RT Þ: ð5Þ

The dissolution solvus CTSSD is the solubility boundary
in the presence of hydrides that have reached this state

as a result of a dissolution process. This would be the

case when the temperature of the specimen is ap-

proached from below.

In addition to the above two solvi, there is the growth

solvus of hydrides, CTSSG, which represents the solubility
boundary in the presence of precipitated hydrides that

have reached this state as a result of a growth process.

This would be the case after nucleation has taken place

and with the temperature of the sample approached

from above. Then, CTSSG can be expressed by

CTSSG ¼ CTSS expððwel;p þ wpÞ=RT Þ: ð6Þ

In this equation, in comparison to the expression of

CTSSP, the total elastic strain energy wel is replaced by its
corresponding elastic-plastic value. Based on the assess-

ments of each energy by Puls [28,29], the total elastic

strain energy wel is much larger than the total elastic–
plastic strain energy wel;p þ wp, and the value of wel;p � wp
is small and negative. To a first approximation,

CTSSD ffi CTSS. This was the basis for assuming that a
heatup solvus of TSSD approximates the stress-free TSS.

A hypothetical curve of CTSSG is drawn in Fig. 3,
together with the present data of TSSD and TSSP, as-

suming that the values of wel;p � wp and wel;p þ wp are
roughly )0.2 and 1.3 kJ/mol based on the assessments
by Puls [29] and that the pre-exponential constant of

CTSSG and CTSSD is the same. In this situation, the energy
difference between CTSSG and CTSSD is 1.5 kJ/mol, i.e.
2 wp ¼ 1:5 kJ/mol. The total elastic strain energy wel,
which was estimated from the difference in activation

energies of the present TSSD and TSSP solvi, is 8.2 kJ/

mol for the high temperature region above 260 �C (533
K). This elastic strain energy is roughly double the value

assessed by Puls [29]. As seen in Fig. 3, in the low

temperature range below 260 �C, a larger elastic energy
of about 15 kJ/mol is obtained. The reason for this be-

havior is not clear, but may correlate with the precipi-

tation of c-hydride at these temperatures. It should be
noted that the above energy theory excludes actual

morphology (size and number density) of hydride pre-

cipitates, which must influence the value of each energy.

As an index for the magnitude of the thermal hys-

teresis of hydrogen solubility, DT=TTSSP may be derived,



Fig. 6. Thermal hysteresis as a function of TSSP precipitation

temperature.

Fig. 7. Average precipitation rate of hydride as a function of

temperature derived from the DSC peak on cooldown.
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where DT ¼ TTSSD � TTSSP, and TTSSD and TTSSP are the
dissolution and precipitation temperatures of hydrides

at a given hydrogen concentration. Thus the value of

DT=TTSSP is closely related to the magnitude of elastic
strain energy for the hydride precipitation, and it is

naturally temperature dependent. In Fig. 6, the values of

DT=TTSSP are plotted against TSSP temperature, to-
gether with other literature data [7,10,14,15]. The pre-

sent data are in good accordance with the results by

Erickson et al. [7] and Slattery [10] at higher precipita-

tion temperatures above 220 �C (493 K).

3.4. Average hydride precipitation rate

When Zr hydride precipitates for the first time from a

completely dissolved state of hydrogen, super-saturated

amounts of hydrogen tend to precipitate during a

shorter time, presenting a sharp DSC peak as seen in

Fig. 2. Thus the peak width would reflect the average

time response of a mixed process of hydride nucleation

and growth. Strictly speaking, since hydrogen content in

solution and temperature continuously vary during the

short peak width, the derived precipitation rates repre-

sent solely apparent (mixture of hydride nucleation and

growth) and average values. Moreover, this idea to

utilize the DSC peak during cooldown is only valid for

cases in which the duration of the precipitation reaction

is longer than the time response (about 10–20 s) of the

present DSC instrument. In this evaluation, the precip-

itation duration was derived from extrapolated starting

and completion temperatures of the DSC peak, and

from the cooling rate used, 10 �C/min. Then an average
precipitation rate, as a first approximation, was calcu-

lated from precipitation duration and super-saturated

amounts of hydrogen, which may be regarded as the

difference in hydrogen solubility between TSSP and

TSSG at the precipitation temperature.
Fig. 7 plots the average precipitation rate of hydride

for Zircaloy-2 and high Fe Zircaloy, evaluated from

the DSC peak width, against the inverse of absolute

temperature. Except for high temperature data above

380 �C (653 K), an Arrhenius-type plot seems to be
roughly valid, representing an activation energy of 35.7

kJ/mol, which is expressed by

HP ðppm=sÞ ¼ 1:18� 103 expð�35716=RT Þ: ð7Þ

The present activation energy is approximately

equivalent to the activation energies (26–43 kJ/mol) of

hydrogen or tritium diffusion in Zr and Zircaloys [14,30–

34], which may suggest that the overall hydride precip-

itation is rate-controlled by the diffusion of hydrogen.

An abrupt drop and not-thermally activated behavior of

the precipitation rate above 380 �C probably indicates a
change of the kinetic mechanism, because the peak

widened significantly with higher temperatures above

380 �C, in contrast to the opposite tendency in the lower
temperature range. Two factors may influence the ki-

netics: (1) a trapping effect for hydrogen diffusion by

defect clusters such as dislocations and (2) a remarkable

difference in morphology (size and number density) of

hydride nuclei formed in low and high temperature

regions. For a clarification of the mechanism, more

appropriate experimental work is needed. Kammenzind

et al. [14] have reported overall hydride precipitation

rates of 1–4 ppm/s, which were derived from diffu-

sion profiles of hydrogen in Zircaloy-4 corroded in

concentrated lithiated water at 288–360 �C. Their rates
are about two times larger than the present data of 0.5–

1.7 ppm/s at the corresponding temperatures.
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4. Conclusions

The terminal solid solubility during the dissolution of

hydrides (TSSD) at heatup and during the precipitation

of hydrides (TSSP) at cooldown were measured for hy-

drogenated Zircaloy-2 and high Fe Zircaloy in the

temperature range of 50–600 �C, using DSC. The hy-
drogen concentrations in the two kinds of alloys ranged

from 40 to 542 ppm. There was no difference in either

TSSD or TSSP solvi between Zircaloy-2 and high Fe

Zircaloy, and best-fit equations were derived for the two

solvi. In the present TSSP solvus, two different activa-

tion energies, separating into high and low temperature

ranges at 260 �C (533 K) were obtained. The thermal
hysteresis between TSSD and TSSP solvi became larger

with lower temperatures:

CTSSD ðppmÞ ¼ 1:28� 105 expð�36540 ðJ=molÞ=RT Þ;
CTSSP ðppmÞ

¼ 5:26� 104 expð�28068 ðJ=molÞ=RT Þ > 533 K;
CTSSP ðppmÞ

¼ 1:07� 104 expð�21026 ðJ=molÞ=RT Þ6 533 K:

Based on the widths of the DSC peak obtained during

cooldown, the average precipitation (nucleation plus

growth) rates HP of zirconium hydride from super-

saturated state were evaluated as

HP ðppm=sÞ ¼ 1:18� 103

� expð�35716 ðJ=molÞ=RT Þ6 653 K:

The activation energy of the precipitation rate was ap-

proximately consistent with reported values of hydrogen

diffusion coefficients of Zr and Zircaloys, which may

suggest a hydrogen diffusion mechanism. At higher

temperatures above 380 �C (653 K), a different mecha-
nism would have to be considered.
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