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Abstract

This article is focused on the formation of hydride blisters in zir-
conium alloys an experimental and theoritical standpoint, and their
characterization in terms of morphology, hydrides crystallographic
phases, hardness and hydrogen concentration. An experimental setup
was developed to grow hydride blisters on pre-hydrided Zircaloy4
cladding tubes by thermo-di usion. The thermal conditions were op-
timized based on thermo-di usion calculations, that take into account
the hysteresis in the hydrogen solubility limit, to obtain a high blis-
ter growth rate. Micro X-Ray Di raction (XRD), nano-hardness and
Elastic Recoil Detection Analysis (ERDA) showed that the blisters
contain a hydrogen gradient, with pure -hydride phase close to the
external surface over one third of the blister depth. thermo-di usion
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calculations showed these half thickness blisters should grow in dn
a few days in PWR conditions. Eventually, the Di usion Equilibri um
Threshold (DET) was de ned as a criterion that limits the blister
growth, and emphasizes that the hysteresis in the hydrogen solubil-
ity limit in zirconium must be taken into account to model hydrogen
thermo-di usion in zirconium alloys.

Keywords: Zirconium, Zircaloy-4, Hydrogen, Hydride Blister, thermo-
di usion, Elastic Recoil Detection Analysis, X-ray Di raction, Nano-Hardness

1 Introduction

PWR fuel cladding tubes are oxidized by the coolant water dung exposure
in a Pressurized Water Reactor (PWR). A fraction of the hydrogn released
is absorbed and di uses into the cladding. Hydrogen is senisi to thermo-
di usion, it di uses in a thermal gradient toward the coldeg temperature in
zirconium alloys. This may lead to localized high hydrogeroacentration on
the cladding outer diameter in the form of hydride rims or biters. Hydride
rims are layers of uniform depth, that can reach 50-60m , and cover a wide
area on the tube azimutal and axial directions. On the otherdnd, blisters
have an elliptic shape, are more localized on the tube extalnsurface and
are deeper, usually covering half of the cladding thickness'he hydrogen
concentration is lower in rims than in blisters: single hyddes can still be
distinguished inside a rim using high magni cation SEM piatres, whereas
that is not possible in blisters [1]. Both hydrogen defectsri(ns and blis-
ters) reduce the cladding mechanical resistance [2], buidiers are generally
deeper than rims. This study is limited to hydride blisters.

The blistering phenomenon was rst reported in 1977 [3]. Blter induced
failure was observed in 1983, when an axial crack developeda CANDU
Zircaloy-2 pressure tube along an array of hydride blistersn the external
surface that was placed against the cold calendria tube [4]This nding
has motivated several experimental studies on hydride biés formation and
growth, mainly focused on Zirconium-2.5%Nb [5, 6, 7, 8, 9, 10khich is
the material that replaced Zircaloy-2 alloy for pressure toes in the CANDU
reactors. In all these studies, hydride blisters were obtad in laboratories
with thermo-di usion setups.

Di erent thermal conditions for generating hydride blistes by thermo-
di usion have already been tested in these previous studi¢$able 1). The
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"protrusion height" is the height of the buldge that grows onthe external
diameter on the top of the blister. A large uncertainty is geerally associated
with the e ective cold spot temperature as it is not directly measurable.
In order to optimize the thermo-di usion process, not only $ the thermal
gradient magnitude important, but also the temperature itglf. If the thermal
gradient is sharp but the cold spot is too cold, hydrogen di sion near the
cold spot would be limited because the diusion coe cient wald be too
small. On the other hand, a high temperature with an insu ciet thermal
gradient would also result in a small hydrogen di usion ux.

Mat. Geom. | Techni. | Tcs=T, Duration BD BD=0:5 | PH=BD Ref.
(O (Days) | (mm) (%) (%)
Plate Contact| 187/292 14-21 0.3-0.9 59-95 10 Puls [5]
Tube C‘;'i‘:pr' 250/350 | <120 | 0.25 14 12 | Leger [8]
Zr- Compr.
2 506Nb Tube air 250/350 <120 0.25 14 12 Leger [8]
Tube | Contact 50- - 0.24/day 75 - Singh
70/300- [10]
400
Tube | ontact| 170/300 | 1.15-7 | 0.4-12 | 44-85 - Domizzi
fragment [6]
Tube | ontact| 180/370 | 2.3-6.9 | 0.15-07| - 125 | cheong
fragment [
260- This
Zy4 Tube | Contact 335/375 0.25-1 | 0.17-0.3 70 22.2 study

Tcs: temperature at the cold spot, Ty: bulk temperature, BD : blister depth,
BD=0:5: Ratio of blister depth to the blister half diameter,
PH=BD : ratio of the protrusion height to the blister depth.

Remark 1: Singh et al. [10] used various cold spot / bulk temperatures but oly the condition

Tcs=Tp = 50-70/300-400 C are reported for initial hydrogen content higher than 200wppm.
Remark 2: the blister growth rate in Singh et al. [10] is measured with thke protrusion growth rate

but the PH=BD ratio was not reported, it was converted to Il the table

with a 10% BH=BD ratio. This is questionable as Singh et al. [10] material texture is

di erent from the one used in previous Canadian studies.
Remark 3: some blisters were also grown in Zircaloy-2 in Singh et al. [1®ut their

characterization was not reported.

Table 1: Conditions and results of laboratory grown blistey by thermo-
di usion experiments.

In the case of PWRs, the e ect of blisters on the cladding mech&al



resistance was observed in the 90's in studies dealing witlke&ttivity Initiated
Accidents (RIA) performed in research reactors such as CABR1]] or NSRR
[12]. It was also observed after burst and tensile tests orradiated cladding
tubes [13]. The blister formation mecanism in PWR irradiatedladding tubes
is the formation of cold spots due to oxide spallation, thatrigger hydrogen
thermo-di usion [13]. The blister geometry observed in Zzaloy-4 cladding
tubes after reactor exposure is typically 1 mm to 5 mm in dianter and about
half the thickness of the cladding tube (Figure 1 in additiond the analysis
of the blisters reported in [12, 13, 14, 15, 16, 17, 18, 19]).hd formation
of blisters on unirradiated Cold-Worked-Stress-Relieve(CWSR) Zircaloy-
4 specimens was experimentally achieved in the laboratory lapplying a
nickel coating on a given area of the sample surface to accate locally the
hydrogen uptake during gaseous charging [14, 20, 21, 22].

Figure 1: Optical microscopy pictures of hydride blisters onrradiated
Zircaloy-4 claddings, courtesy of Toyoshi Fuketa (JAEA, Japan]23].

In this paper, the Zircaloy-4 material used in the present sty is rst
described, followed by the experimental procedures reldte¢o blisters for-
mation and characterizations. The thermo-di usion calcudtion procedures
and their validations are then presented. Based on these calations, the
optimal condition to obtain a high blister growth rate by thermo-di usion is
determined. Then, the blister characteristics in terms of wrphology, hydro-
gen concentration, hydrides crystallographic phases anamo-hardness are
detailled. Afterwards, discrepancies between the laboratogrown blisters
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and in-reactor blisters are discussed. Eventually, a meaham refered to as
DET for Di usion Equilibrium Threshold is proposed to explain why blister
growth might be limited to a given depth in a thermal gradient

2 Material

Samples were tubes of CWSR Zircaloy-4 provided by CEZUScompany.
They measured 9.5 mm in outer diameter and 0.57 mm in thicknesTheir
weight composition is 1.2 to 1.7% Sn, 0.18 to 0.24% Fe, 0.070d.3% Cr,
0.1 to 0.14% O, Zr balance, according to the ASTM B 350.90 speaition.
The zirconium grain size was measured on 150x magni catiorlarized pic-
tures taken with an optical microscope on polished radialkcumferential and
radial-axial cross sections. The grain size was 2.6.7 m in the radial direc-
tion, 3.7 0.7 m in the circumferential one and of about 10 m in the tube
axial direction. This material was obtained with the standad manufacturing
route for CWSR Zircaloy-4. For this route, most of the the zironium < c >
axes are oriented at 30 to the tube radial direction and the < 1010 >
direction is aligned with the tube axial direction [24].

Specimens were hydrided by gaseous charging at 400for 3 hours to
310 80 wppm. The short gaseous charging duration at 40Q (<15 hours)
did not induce either signi cant dislocations recovery or raterial recrystal-
lization [25]. The cladding tube samples used to grow hydedblisters were
15 or 30 mm in axial length.

3 Experimental procedures hydride Dblisters
formation and characterization

3.1 Blister formation by thermo-di usion
3.1.1 Thermo di usion setup

The technique consists in generating hydride blisters in grhydrided tubular
samples by heating the tube and applying a cold spot on its etnal surface
to reproduce the blister formation process in a PWR reactor. e specimens
were heated from the inside by an Inconel 600 wire having a diater of 1mm
and wound around a 304L steel cylinder with a diameter of 5.5m The cold



spot was generated by placing a 1mm diameter oxygen free higbnductiv-
ity copper rod against the cladding external surface (Figur2). The copper
rod was cooled by compressed air at the end opposite to thatntacting the
cladding. The contact force was xed by a 500 g weight. The teperature
of the cladding was monitored with 3 thermocouples locatednder the hy-
drided sample (Figure 2). No thermocouples were directly weld on the
specimen surface, to avoid hydrogen di usion toward the thienocouple lo-
cations. The bulk temperature was xed at 375C to prevent dislocations
recovery [25]. The axial linear thermal ux provided by the teating rod was
estimated to be 270 W/m based on the measurement of the temparee
at the external surface and the temperature inside the 304ltezl cylinder
(a shielded thermocouple was placed at the rod center). Thiseat ux is
about 2% of the typical linear heat ux in standard PWR conditions. After
the heat treatment was completed, the cladding was cooled lyrning o
the heating rod, which resulted in a typical inverse exponéal temperature
decay with a mean cooling rate of 100@/h from 375 C to 50 C.

An initial 440 C isothermal temperature, before applying the cold spot,
would have been required to integrally dissolve the 310 wppof hydrides
that were initially homogeneously distributed in the as-reeived material.
The choice to limit the bulk temperature to 375C to limit dislocations
recovery makes it impossible to dissolve all the hydrides foee starting the
blister growth process. The cold spot was nevertheless ajgpl after a heating
phase up to an isothermal temperature of 37%&, in order to dissolve the
highest content of hydrogen possible before the cold spotmjgation, so as
to promote the growth of a single blister (or possibly a few Isters) and not
of a multiple array of blisters (this concept was describeahi[10]).

3.2 Thermal eld around the cold spot

Prior to the blister formation campaign, a dedicated expement with thermo-
couples and an infrared camera was performed to measure tleenperature
distribution on the cladding external surface for a given dnitrarily xed cold
spot temperature (Figure 2). The emissivity of the sample wadetermined to
be" = 0:67 by comparing thermocouples and infrared measurementshi$
is close to" = 0:62 reported by Domizzi et al. [6] for oxidized Zr-2.5%Nb.
Note that a 10% error in the" = 0:67 emissivity value leads to a maximum
3.5% error in the measured temperature. This error is validnty in the ex-
plored temperature range and with the infrared (IR) cameraan guration
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Air cooling

Thermocouples (the | icm |
third one is behind)

Dead weight

Figure 2: Cold spot setup and associated thermal cartography

used. The temperature variations with distance in the axialz) and circum-
ferential ( ) directions on the external surface were similar (pro lesolcations
are showed on the infrared frame in Figure 2). They are desceith by the
following equation, wherex is the distance to the cold spot:

8
T(x)= T+ Klog(x +1)
% Tb Tc

K =

I—grad

(1)

where T(x) is the temperature prole (in C), Lgag = 8mm is the distance
in the axial direction between the cold spot and the regulatn thermocou-
ple, Ty, is the bulk temperature equal to 375C. Equation (1) satisfactorily
describes the experimentally measured temperature diditition for a tem-
perature at the cold spot estimated to bel,= 260 C, and with , which
controls the temperature evolution with the distance to thecold spot, equal
to 9.7. thermo-di usion calculations described later in sgtion 4 were used
to investigate if such a cold spot temperature is optimal regding the blister
growth rate.



3.3 Blister characterization

The samples prepared for characterization were mechanigapolished, n-
ishing with a 1 m diamond paste, for all the measurements techniques de-
scribed in this paper.

3.3.1 Metallographic observations

Metallographic observations were performed with a standdroptical micro-
scope and Scanning Electron Microscope (SEM). Hydrogen guiasation
and radial hydride quanti cation beneath the blister were grformed by im-
age analysis with a dedicated image analysis software depd at the CEA
called "Hydruro" [26]. Hydrides tilted with a maximum 30 angle from the
radial direction were considered radial. Chemical etchingith hydro uoric
acid to reveal the hydrides was only used for the "Hydruro" argsis.

3.3.2 Shadowscopy

Blister-induced protrusions were measured with a high tenblogy automated
shadowscopy device that makes diametrical measurementshna theoretical
0.1 m resolution. Samples were scanned with a 10n axial step in 1 an-
gular increments.

3.3.3 Micro ERDA

The Elastic Recoil Detection Analysis (ERDA) is a nuclear methd well
adapted for hydrogen isotopes quanti cation. The technige and setup used
have already been reported elsewhere [27]. In the presentdst, a 3MeV 4Hé
incident beam with an intensity of 450 pA was focused on the isgle surface
with a 15 grazing angle. Hydrogen atoms ejected by elastic scatterimggre
collected with a detector placed symmetrically, with a 15 grazing angle. A
particle detector placed at 170 of the incident 4H€ beam was used to col-
lect the backscattered particles. The sample thickness dgpaed was about
500 nm. The sample was scanned on the radial-circumferehtdane. The
beam size was 33 m 2 and the surface was scanned with a 2 m step
(2 8 m due to the grazing angle). Typical 300 400 p¥ matrix were ac-
quired during a 2h to 3h30 scan duration. Pixel per pixel coevsion of these
spectrums to hydrogen concentration were based on spectrisimulations



performed with SIMNRA [28]. Local heating due to incident iorbeam in-
teraction with the sample was limited to a few degrees by thew incident
current and the beam scanning on the analysed area [29]. Thenstant
rate of hydrogen atom counts over the whole measurement padticon rmed
that hydrogen desorption was negligible. To quantify the awracy of ERDA
at high hydrogen content, the hydrogen concentration of hidy hydrided
Zircaloy-4 and unalloyed zirconium coupons were determishdy fusion and
by ERDA. The highest discrepancy in the hydrogen quati catio between
the two techniques was 2.5%.

3.3.4 Micro X-ray di raction

Micro XRD analyses were performed on a setup developed at thE &/LAPA
(Figure 3). A molybdenum anode was used to produce a ux of 1@hotons
per second at 17.48 keV andx 1=0.0709 nm. The sample was tilted with
a 8 angle from the incident beam that gives a 36060 m 2 e ective beam
size on the sample. Re ected X-rays were collected on a 2D dete image
plate that was subsequently scanned with a 5660 m ? step in a molecular
dynamic scanner. The half Debye rings obtained were integea using Fit2D
[30].

X-Ray source Image plate

Fluorescence X detector Microscope

(@) (b)

Figure 3: (a) Micro XRD setup used, (b) half Debye rings obtairg



3.3.5 Nano-hardness

Nano-hardness was measured following two pro les lines assathe thickness
in the center of a 217 m deep blister on the radial circumferential plane with
a standard Berkovitch indenter (142.3) using a Nano-indenter XP* with a

10 mN load. Indentations were spaced every 3.6n to obtain a high spatial

resolution. Results should therefore only be considered arelative sense
as this pitch is smaller than the spacing recommended by the NEN ISO

14577-1 standard. The elastic modulus was measured by threeloading

phases during the indentation process. The Poisson ratio svaxed to 0.3

for both -hydride and zirconium (close to the 0.32 Poisson ratio fodnby

Yamanaka et al. [31] for both the -hydride and zirconium).

4  Numerical procedures thermo-di usion cal-
culations

4.1 Model and hypothesis

Hydrogen di usion in a thermal and a concentration gradient an be modelled
in the framework of the thermodynamic of the irreversible mrcesses by the
following equation [32]:

5dC  DCQ dT

V= Do RTZ &

(2)

whereJ is the hydrogen ux (kg/m?2/s), D = Dye # is the di usion coef-
cient of hydrogen in solid solution in  -zirconium (m?/s), x is the distance
(m), Q is the heat of transport (J/mol), R is the gas constant equal to
8.314J/mol/K and T is the temperature (K). The hydrogen concentration
in solid solution (kg/m3) is de ned by

Qc
C= Coe RT 3)

Both the concentration gradient and thermal gradient termsnhance hydro-
gen di usion toward the cold spot because the heat of transpibcoe cient
Q is positive for hydrogen thermo-di usion in zirconium -Zr or -Zr [33].
The equation (4) shows that the ratio of the Fick DdC=dx) to the thermal
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gradient term (DCQ =RT? dT=dX is equal to the ratio of the activation
energy of the hydrogen in solid solution (equal tQc = 32 kJ/mol if using
the Terminal Solid Solubility in Dissolution referred to asTSSD [34]) to the
heat of transport for thermo-di usion (Q = 25 kJ/mol by averaging data
from [34, 35, 36, 37, 38, 39, 40, 41]).

8 dC COQ dT
J= gt —
dx ORT2 dx 1
Dec Qc dT RIS Qe % dT
= RTBX0<C™ o RT 4+ 0~ = =
Doe RTZ dx° = 77 RTZ  dx (4)
(Qo + Qc¢)
_ DoCoe RT dT

Therefore, the Fick and thermo-di usion contributions to the hydrogen
di usion ux under a thermal gradient are of the same order ofmagnitude
(Q.=Q = 32=25 = 1:28). Equation (2) was solved together with mass con-
servation expressed as:
dc _ dJ 5
dt  dx (
which was solved with a nite di erence scheme in 1D cartesmacoordinates

C(x) _ J(x+dx) J(x) (6)
dt dx
or spherical coordinates:

C(x)  J(x+dx) J(x) 2J(x+ dx)
= + (7)
dt dx X
The temperature was considered to remain constant during ¢hdi usion
process, which was justi ed by the limited drop of 10% to 15%fdhe thermal
conductivity when zirconium transforms into -hydrides [42]. In addition, it
was assumed that the temperature evolution due to the protsion growth
was negligible. The boundary conditions were de ned suchahno hydrogen
uptake and desorption are considered.
Hydride dissolution and precipitation kinetics are assumetb be con-
trolled by the hydrogen di usion kinetics, and thus are not aken into ac-
count in the calculations. This assumption was validated biearns' studies
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[43] for hydride dissolution. Regarding hydride precipit@éon, Zanellato et
al. [44] performed in situ XRD experiments showing that the TSP (Termi-
nal Solid Solubility in Precipitation) is una ected by the cooling rate below
10 C/min. Considering a cooling from 400C to 390 C, a 10 C/min cooling
rate is equivalent to a hydride precipitation rate of 25 wpprmin, which is
about half the hydride precipitation rate measured by Une etla[45] (about
60 wppm/min at 400 C). Thus, the TSSP independence from the cooling
rate below 10 C/min seems consistent. To conclude, hydride dissolution
and precipitation kinetics can be neglected during the slotlister growth by
hydrogen thermo-di usion.

The model was solved using one (the TSSD - Terminal Solid Sbility
in Dissolution) or two solubility limits (the TSSD and the TSSP) to account
for the hysteresis of the solubility limit of hydrogen in ziconium between
hydrides dissolution and precipitation [46]. The di usionequations are the
same for both cases. The hysteresis was taken into accountifot) when the
hydrogen in solid solution was updated after each calculatn step. When
considering one solubility limit, the hydrogen concentradn in solid solution
was computed with the equation, in 1D:

t 1

C! = min(Ctot! *+ dc;—'t t; TSSD) (8)
whereC! is the concentration in solid solution at the timet in the elementi,
Ctot! ! is the total hydrogen concentration (hydrogen in solid sotion plus
precipitated hydrides) at the timet 1 in the elementi, and t is the time
step. When considering two solubility limits, the followingpartition was used
gor each element:

t 1 t 1 t 1

3 C! =min[C! 1+ d(;—'t t; min(Ctot! *+ dc(;—'t t; TSSP)] for dCc:;t >0
t 1 t 1 t 1
7 C! =max[C! '+ dc;t t; min(Ctot! *+ dc;‘t t; TSSD)] for dc;‘t 0
(9)
Preliminary calculations showed that simulations convery fora 20 m element
size and an automatic time step set up so the hydrogen contevdriation be-
tween two time steps was lower than 0.1 wppm. The 0.1 wppm maximm
hydrogen concentration variation criterion results in a tine step of about half
the usual criterion for di usion processes t = % with L is the element size
and D is the di usion coe cient at the highest temperature in the considered
thermal gradient.
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4.2 Validity checking of the hydrogen thermo-di usion
code

The validity of the model was checked against two thermo-dusion exper-
iments carried out by Sawatzky [35] and Kammenzind et al. [B4 Two
material parameter sets were used (Table 2). The rst one wake one used
by Marino [47] to simulate the Sawatzky [35] thermo-di usio experiment.
The second was identi ed by Kammenzind et al. [34] for Zircal-4, except
the heat of transport (Q ) that is an average of several results reported in
the litterature. The di usion coe cient of the rst set is ab normally high;

it is about 80% greater to the one of the second set in the ran80 C to
400 C.

Parameters set Parameter Expression Ref.
Do (mm?/s) 0:217e S35028=(RT) [48]
i TSSD (wppm) 9900@ 34485=(RT) [49]
Set 1 - Sawatzky TSSP (wppm) i i
Q (kJ/mol) 251 [35]
Do (mm?/s) 0:08e 33252=(RT) [34]
. TSSD (wppm) 6600@ 32144=(RT) [34]
Set 2 - Kammenzind -
A TSSP (wppm) 3100@ 25239=(RT) [34]
Q (kJ/mol) 250 Average

Table 2: Material parameters considered for the thermo-dusion calcula-
tions.

Calculations were performed with a hydrogen e ective di uen coe cient
D . ina + mixture. The e ective di usion coe cient was calculated for
each element at each time step with the di usion coe cient inunhydrided
zirconium alloy D and the -hydrides volumetric fractionf :

D, =D f) (10)

Previous work showed that hydrogen can diuse in hydrides (&n et al.
[50]) but it is about 3 times lower in hydrides than in zirconium and was
therefore neglected.

The Sawatzky [35] experiment consisted of applying a linesmperature
gradient from 130 C to 477 C on a 25 mm Zircaloy-2 sample homogeneously
hydrided to 130 wppm. The hydrogen migration was calculated the present
study with a 1D mesh composed of 0.05 mm elements. The simubesx with
one solubility limit ts the experimental data correctly (plain line in Figure
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4(a)), as reported by Marino [47] (triangles in Figure 4(a)).The calculation
performed using the second set of material parameters in Tel® results in a
hydrogen distribution that still roughly ts the experimental measurements
(dashed line in Figure 4(a)). The peak of the distribution prgressively moves
towards the cold spot, and reaches it when the system is at eljorium.
The Sawatzky [35] experiment was then simulated with two sability limits
(dotted line in Figure 4(a)). It was assumed that the test temprature was
reached by heating as Sawatzky did not report any overheagrprior to the
experiment. The hydrogen distribution with two solubility limit does not t
the experimental data.

The Kammenzind et al. [34] experiment consisted of applying linear
thermal gradient of 8.05 C/mm from 309 C at the cold spot on a 25 mm long
Zircaloy-4 sample homogeneously hydrided (experimentadrditions and re-
sults were taken in Figure 23 in [34]). The hydrogen content wanot explicitly
given in the Kammenzind et al. publication [34]. By integrang the nal
hydrogen distribution and assuming no hydrogen losses togitace during
the experiment, the initial hydrogen content was assumed tbe 120wppm.
The 1D mesh used consisted of 0.05mm elements, similarly teetone used
to simulate the Sawatzky experiment. Kammenzind et al. [34]id not spec-
ify whether the test temperature was reached by heating or obng. The
calculations were thus performed for both cases. The secas®t of material
parameters in Table 2 was used. The hydrogen distribution tdined with
two solubility limits closely ts the experimental resultsregardless of whether
the temperature was reached in heating or cooling (dashedddotted line in
Figure 4(b)). The agreement between calculated and experimtal hydrogen
distributions was slightly better than the one reported by kkmmenzind et
al. [34] (triangle in Figure 4(b)), but the reason for the betér agreement is
still unknown. The one solubility calculation results in a derent hydrogen
distribution (dashed line in Figure 4(b)).

To conclude, the simulation of Sawatzky [35] and Kammenzinet al. [34]
thermo-di usion experiments gave satisfactory results tudo not delineate
whether one or two solubility limits should be used to modelydrogen dif-
fusion in a time independent thermal gradient. This questiowill be further
discussed in the discussion section.
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Figure 4. Calculated hydrogen distributions and comparisowith experi-
mental results corresponding to (a) a Sawatzky [35] experent and (b) a
Kammenzind et al. [34] experiment.

15



5 Results

The blister growth conditions and blister characterizatias of the present
study are included in Table 1 for comparison purposes.

5.1 Optimized thermal conditions for blister formation

thermo-di usion calculations were performed to identify he couple cold-spot
temperature and far- eld temperature that optimizes the bister growth rate.
The hydrogen ux was solved using spherical coordinates. the calculation,
the thermal gradient was applied only over a 8 mm length that ¢cesponds
to the axial distance between the cold spot and the regulaticthermocouple
(Figure 5). A homogeneous temperature was xed on the remairg 7 mm,
which acts in the calculation as an in nite source of hydroge Calculations
were performed with the second material set in Table 2. A 20m mesh size
was xed based on a preliminary convergence study. The resulf these
calculations was the evolution of the blister size as a funoh of the temper-
ature at the cold spot, for a 375C far eld temperature and for the specic
temperature distribution de ned by equation (1) (temperaure distributions
for various cold spot temperature are shown in Figure 6(a)). Arelement
was arbitrarily considered to be part of the blister when itsconcentration
reached 85% (14500 wppm) of the + ! boundary at 25 C. ERDA
results described hereafter would justify this 85% threskth However, the
sensitivity of the blister growth evolution to this 14500 wpm threshold for
the de nition of the blister is limited because the variation of the blister
size for a given duration is limited to 17% if the threshold is chosen in
the range 12000 wppm - 17000 wppm. Considering only one saliplimit
(TSSD) or two solubility limits with the thermal gradient reached in heating
(TSSD+TSSP with the initial hydrogen solid solution equal b the TSSD) or
cooling (TSSD+TSSP with the initial hydrogen solid solution equal to the
TSSP) results in rather similar blister growth kinetic (maxmum discrepancy
of about 30% up to 50 hours thermo-di usion duration - gure §b)). Thus,
only the TSSD+TSSP ini=TSSP case will be considered from noan. The
time to obtain a 0.1 mm, 0.2 mm or 0.3 mm blister for a 375C bulk tem-
perature depends on the cold spot temperature (Figure 6(c))nterestingly,
a cold spot temperature variation between 150 to 26Q results in a similar
blister growth rate (di erence in duration <8% for a 0.3 mm deep blister).
The arbitrarily xed air cooling temperature and ux that al lows the tem-
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Figure 5: 1D spherical mesh used for the thermo-di usion cal@tion.

perature to reach an estimated 26QC at the cold spot was thus a good choice
to obtain a high blister growth rate. Using these experimenteconditions,
blisters measuring 290 m in depth were obtained after 24h thermo-di usion
experiments. This blister growth rate was not very di erentfrom the one
obtained by Domizzi et al. [6] - only 40% slower for a 24h grownlister -
(Figure 6(d)). Domizzi et al. [6] used a cold spot temperaturef 170 C and
a bulk temperature of 390C, instead of 375C in the present study, which
induces an increase in the blister growth rate of 16% based oalculations
performed in the present study.

The thermo-di usion calculation showed that a 0.3mm deep Hter will
be obtained after 47 hours, which was twice the experimenyameasured
duration (24 hours). Nevertheless, the variability of the mierial parame-
ters concerning the hydrogen di usion and solubility limitis high from one
study to the other. For instance, more than 50% variability m the di u-
sion coe cient has been reported (comparison of data in [3485, 51, 52, 53,
54, 55, 56, 57, 58, 59, 60]). A calculation considering an tiease by 30%
of the di usion coe cient results in a 300 m blister in 20h (Figure 6(d)).
Therefore, the quantitative estimate of the blister growthrate obtained by
thermo-di usion calculations in the present study, withou any adjustable
variable, is considered satisfactory.
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Figure 6: thermo-di usion calculations results with a 375C far eld temper-
ature: (a) temperature pro le from the equation (1) for di erent cold spot
temperatures, (b) e ect of the solubility limit model on the blister growth
kinetics estimate with the thermal eld de ned by equation 1and a cold spot
equal to 260 C, (c) thermo-di usion duration required to obtain a 0.1mm,
0.2mm and 0.3mm deep blister, and (d) comparison of the blest growth
rate between Domizzi et al. [6] with the present study, and wh the thermo-
di usion estimate (blue), and considering a 30% increased dsion coe cient
(red).
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5.2 Blister characterization
5.2.1 Blister morphology

The blister lenticular shape in the cladding thickness andhduced protrusion
on the external diameter are shown in Figure 7(a). The blistedepth referred
in the present study was the distance from the highest pointf ¢he protrusion
till the interface blister-matrix. A transition zone referred to as sunburst is
located between the blister and the zirconium matrix. The suburst consists
of a mix of thin and large radial and circumferential hydrids. The boundary
between the sunburst and the matrix is not easy to determinenoca metal-
lographic section (it is de ned later with the ERDA measurenents). Blister
depth measurement performed in the present study does notinde the sun-
burst. The depth of the blister obtained for a given di usionduration has
been assessed on 8 samples by progressive polishing in thia airection and
frequent measurement of the blister depth (Figure 7(a)). Thprotrusion and
blister diameter were determined by shadowscopy for all theisters obtained
(Figure 7(b) and 7(c)). It was found the ratio of the protrusia height to the
blister depth (as de ned in the present study) was equal to 22% regardless
of the di usion duration between 6h to 24h (Figure 7(d)). A raio equal to
21.5 1.2% was obtained by post-mortem SEM measurements on 17 sdesp
fractured after mechanical tests (not described in the prest publication).

Image analysis with "Hydruro" showed that the hydrogen conceration
was about 1000 wppm right beneath the blister and decreases 395 wppm
on average on the circumferential section (Figure 8). Moreex, the radial
hydride fraction close to the blister was equal to 23% basech Hydruro"
measurements.

All observed blisters at room temperature after the blister pwth ex-
periment were cracked, as reported in previous studies [49, @'he size and
number of cracks visible on the tube external surface wereegter for deeper
blisters, but without any speci ¢ spatial repartition (no more axial than cir-
cumferential cracks).
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Figure 7: (a) Blister morphology de nition and evolution with the thermo-
di usion duration of the (b) blister depth, (c) protrusion height and (d)
blister diameter.
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Figure 8: (a) Hydrogen content all over the cross section and )lvadial
hydrides fraction under the blister, both based on Hydruro nasurements.
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5.2.2 Hydrogen quanti cation by ERDA

The global hydrogen concentration cartography obtained &fr data process-
ing corresponds to three 800300 m ? partially overlapped acquisitions on a
300 m deep blister (Figure 9(a)). To reduce data noise, the cartogphy was

Itered with an empirically chosen 5 5 Gaussian Iter. The stoichiometry of

-hydrides considered at 25C is not ZrH 1.6 but ZrH 1.557, as suggested by
Puls [46] and con rmed with Thermo-Calc software [61] thermdynamical
calculations reported in [62]. The volumetric fraction wasalculated with a
zirconium density equal to 6.500 g/cri [63] and a -hydride density equal
to 5.646 g/cm® [64]. Figures 9(b) and 9(c) show the hydrogen distribution
along the vertical and horizontal black lines displayed in gure 9(a). The
hydrogen volumetric fraction is higher than atthe + !  transition point
at 25 C on about 100 m from the external diameter on the vertical distri-
bution pro le (Figure 9(b)). The hydrogen concentration deceases slightly
with the blister depth and reaches 85%-hydride volumetric fraction close
to the sunburst. This justi es the blister threshold de ned at 85% hydrogen
volumetric fraction used in the thermo-di usion calculatons. This hydro-
gen concentration distribution is not intrinsic of hydrideblisters in general,
and di erent temperature gradients would likely result in d erent hydrogen
distributions. Based on the hydrogen distribution along tk vertical line,
the sunburst size is 77 m for this 300 m deep blister. Hydrides in the
bulk erroneously seem to have lower hydrogen concentratidran -hydrides
because the pixel size is not small enough to only contain hyaes. The non-
saturation of the blister at 100% volumetric fraction of -hydrides con rms
that hydrogen can still diuse in -hydrides, in agreement with Korn and
Goren [50].
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Figure 9: (a) ERDA cartography in wppm and distribution alongthe (b)
horizontal and (c) vertical line. The blue line is the rough ignal, the black
line corresponds to the gaussian lItered signal.
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5.2.3 Hydrides crystallographic phases

Micro-XRD measurements were performed on the radial-circderential plane
on the same sample that was used for ERDA measurements. Twasuwere
performed scanning at 20 m and 50 m from the outer diameter (in red and
orange respectively in Figure 10), and a reference run was foemed in the
hydrided matrix outside the blister (in black). The referemre run con rmed
the expected CWSR Zircaloy-4 texture, in which the (101) peais more in-
tense than the (100) peak, and the intensity at the (002) peais null. The
rst scan includes intense bismuth rays (in purple in Figure @) that corre-
spond to the coating. Therefore, the discrepancy in peak lghit should not
be directly interpreted because the blister scanned areanst the same for
both scans. The diagram of the rst run at 20 m shows no (101) or (110)
zirconium peaks, while a -hydride peak is present at (311) and a limited one
at (220). The second run shows small zirconium peaks at theO() or (110)
location. This shows that the transformation + ! is complete on the
outer part of the blister. Neither” nor hydride phases were detected either
in this micro-XRD characterization or in macro-XRD characteizations not
described in the present paper.

Figure 10: -2 diagram obtained after integration on the whole angular
sectors for a scan at 20m and 50 m of the blister outer diameter (in red

and orange respectively) and for a reference run on hydridedconium far

from the blister (in black).

5.2.4 Nano-hardness

The two hardness distributions over a 217 m deep blister are constant through-
out the hydrided matrix and increase at the matrix-blister nterface until the
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middle of the blister depth, at which point they decrease (Figre 11(a)).
To analyse this result, the evolution of the hardness of purarconium was
plotted as a function of the hydrogen content based on resaltavailable in
the litterature (Figure 11(b)). Interestingly, the hardness decreases sharpely
from the boundary + ! till reaching a plateau at the ! + "
boundary. Thus, the decrease observed in the nanohardnessasurements
is likely due to the complete transformation + ! | in agreement with
the ERDA and XRD measurements. The elastic modulus begins tedrease
at the matrix-blister interface, for a reason that has not yebeen identi ed,
and then decreases even more rapidly at the same location wéhe hard-
ness decreases (Figure 11(c)). This is consistent with thecdease of the
elastic modulus in the -hydride domain reported in the literature (Figure
11(d)). No sharp elastic modulus increase is observed at theatnx blister
interface. This indicates the elastic modulus value is sifar for unhydrided
and highly-hydrided zirconium until the + !  transition, thus support-
ing the elasticity modulus reported by Puls et al. [65] but nbthe one of
Yamanaka et al. [31].

6 Discussion

6.1 Comparison of di erent laboratory grown blisters

Protrusion height to blister depth ratio. The protrusion height to blis-
ter depth ratio is 22% in the present study, while it is betwae 10% and
12.5% in blisters obtained by thermo-di usion in Zr-2.5%Nb4, 8, 9],
and 15% in blisters obtained in Zircaloy-4 samples by locateelera-
tion of hydrogen uptake by Glendening [2]. The discrepancyebnveen
the 22% ratio in the present study and the 15% ratio in Glendemg
[2] is not clearly identi ed but could be due to lower hydroge content
in the core of the blisters obtained by a locally accelerateldydrogen
uptake process. The reason of the discrepancy between théiaan
Zircaloy-4 blister from our study and Zr-2.5%Nb is not due (ateast
not completely) to a very low hydrogen content in Zr-2.5% biiters.
XRD experiments showed that the hydrogen content in the coref @
Domizzi et al. [7] blister is of about 80% in volumetric fragon [75] .

We propose a hypothesis to justify the discrepancy in protiem height
to depth ratio that relies on three items. First, the crystalbgraphic
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Figure 11: (a) Nanohardness measurements with a 10mN load orotpro les
on a 217 m deep blister on the radial circumferential plane, (b) evation
of the hardness of the hydrided zirconium as a function of thbBydrogen
content from [31, 66, 67, 68, 69, 70], (c) elastic modulus nse@ed from
the nanohardness measurements considering 20.3 Poisson ratio and (d)
evolution of the elastic modulus of the hydrided zirconiumsa function of
the hydrogen content from [31, 65, 68, 71, 72, 73, 74].
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texture of the Zr-2.5% Nb tubes € ¢ > axes close to the circumfer-
ential direction) is di erent from the one of Zircaloy-4 clalding tubes
(< ¢ > axes on the radial-circumferential plane at 30 to the ra-
dial direction). Secondly, Vicente-Alvarez et al. [75] XRD exgriments
showed that the relationship between the zirconium matrix r@d the
microscopic -hydrides platelets (0001), =111) and [1120},, =9110]
was maintained for the blister in Zr-2.5wt% Nb, which could behe
case for Zircaloy-4 too (this point needs con rmation). Thidly, it was
shown that expansion due to hydride precipitation is primaly accom-
modated in the direction normal to platelet thickness [62]Therefore,
blister growth might induce a higher protrusion but lower aicumferen-
tial stresses for blisters grown in Zircaloy-4 cladding tus compared
to Zr-2.5%Nb due to the di erent crystallographic textures.

Sunburst morphology.  The sunburst pattern of radial hydrides beneath
the blisters obtained by thermo-di usion in the present staly (Figure
12(a)) is similar to the ones observed in Zr-2.5%Nb alloys widi erent
textures [5, 6, 10]. The blister in Figure 12(b) obtained by Ilcally
accelerated hydrogen charging seems to have a less denseussh but
consists of larger and longer radial hydrides.

@) (b)

Figure 12: Blister obtained in laboratory by thermo-di usian in (a) the
present study and by (b) Raynaud in [76] (courtesy of P. Raynal from
the U.S. Nuclear Regulatory Commission, USA).
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Cracks. All the blisters observed by SEM in the present study were crked.
This seems to be in contradiction with the compressive streseld
that develops in the blister in the axial and circumferentibdirections
during its growth, due to hydride precipitation-induced epansion [62,
77, 78]. It has been suggested by Wallace [79] that the craafficould
occur during the blister growth due to the protrusion growth Another
likely assumption is that the blister cracking occurs durig the cooling
phase due to the dierence in thermal expansion coe cients fothe
hydrides and the zirconium matrix. The -hydride expansion coe cient
is typically 2 times greater than that of zirconium in the< ¢ > direction
and 4 times higher in the< a > direction (using values from Yamanaka
et al. [42] for -hydrides and IAEA data [63] for zirconium).

No speci ¢ cracks spatial distribution was observed in the 12amples
analyzed with 60 m to 310 m deep blisters. Considering that the
< c > axes fraction is slightly greater in the circumferential dection

than in the axial direction, the di erential expansion between the blister
and the zirconium should be higher in the axial direction. Tis could

have induced more circumferential cracks than axial cracks

6.2 Comparison of laboratory to reactor grown blisters

Morphology. The blister microstructure is similar to the ones of Fuketa
et al. [23] that have a 55% depth to half diameter ratio, whicls close
to the 70% ratio of the present study. They also found a sunbsir
of radial hydrides beneath the blister. With the exception othe air
jet blister generated by Leger [8], the thermo-di usion gran blisters
depth to half diameter ratio are all between 55% and 90% (Tabl1).
On the other hand, other reactor grown blisters observatianreported
in the litterature are atter, such as the one observed by Bass et al.
[1] that has an approximately 20% depth to half diameter rag.

Hardness. Fuketa et al. [23] measured the Vickers microhardness on
the circumferential-radial plane of a 25.6 GWd/tU Zircaloy4 cladding
that was tested in the NSRR reactor. The hardness increase®rn
250 kg/mm? in the matrix beneath the blister to 450 kg/mn? in the
blister. The irradiated Zircaloy-4 matrix hardness is higkr than the
unirradiated one. Some Vickers indents performed in the preas study
on the radial-circumferential plane of unirradiated Zircboy-4 samples
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were constant for 100 g, 200 g and 300 g load and equal to 236
kg/mm2. The 200 kg/mn¥ hardness increase between the irradiated
matrix and the blister is high compared to literature data (he max-
imum increase is of about 150 kg/mrh based on the Figure 11(b)).
This may indicate that the irradiation-induced hardening & higher in
hydrides than in zirconium, but more measurements are reged on
irradiated materials to draw a clear conclusion.

Hydrogen content in the blister. The only hydrogen quanti cation of
a blister formed in an irradiated cladding tube is the one pulshed by
Laursen et al. [80]. They measured the hydrogen content by Near
Reaction Analysis on a blister formed in a Zircaloy-2 presseitube that
had been in service for 13 years. The blister reached 2@4wt% in
deuterium content close to the external surface, which is atlbess than
the + !  transition pointat 25 C, which is equal to 3.4wt% (based
on Thermo-Calc software calculations [61] and convertingp¢ hydrogen
to deuterium limit by multiplying by two). The thermal condi tions
to obtain such a blister are nevertheless not representagivof PWR
conditions, which might result in di erent hydrogen distributions.

Blister growth rate in reactor conditions. The temperature across
the thickness of a Zircaloy-4 cladding tube depends on theiakposi-
tion and on the linear power. Considering a linear power of 88W/m,
the outer cladding temperature at span 5 is approximately & C, and
the temperature is 346C on the inner diameter (21 C temperature
di erence through the thickness). Considering that the preence of a
100 m oxide layer does not a ect the external temperature (intdace
oxyde/water) but only the inner temperature (interface clalding-fuel
pellet), the inner temperature reaches 37Z for a 100 m thick oxide.
When the zirconia is spalled, one can assume that the outer tpera-
ture (interface cladding - water at the spalled location) mnains iden-
tical to the one before oxide spalling (325C). Therefore, the through
thickness temperature di erence leading to hydride blists in reactor
conditions can be assumed to be approximatively 37€ to 325 C. Fig-
ure 6(c) indicates that the blister growth rate under these anditions
is only 1.5 times slower than the one obtained in the presentusly.
Thus, a half cladding deep blister growth in PWR conditions wald
only require about 1 to 2 days.
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6.3 Impact of the blister-induced stress eld on the
hydrogen thermo-di usion

During the blister growth, the blister core is subjected to @mpressive stresses
and the bulk beneath the blister is subjected to tensile stsses. Stress gradi-
ents induce hydrogen di usion was observed in various stugl about hydro-
gen induced delayed hydride cracking [81] and in a study of Kanenzind et
al. [82]. Hydrogen di usion in a thermal, a hydrogen concendéition gradient
and a stress gradient can be modelled in the framework of thbermody-
namic of the irreversible processes by the equation 2 plus arm for the
stress gradient contribution [81]:

DdC DCQ dT+ DCV @P

V= Do Rz ax P PRT @x

(11)

with V the hydrogen partial molar volume in zirconium andP the hydrostatic
pressure equal to‘%. Thus, the ratio of the stress gradient contribution to
the thermal gradient contribution is de ned by :

V. @sigma

Ratio = =5 o (12)

T dx

To have a similar contribution of the stress gradient and théhermal gradient
on hydrogen di usion, that is Ratio = 1, it requires :

@sigma
_3Q
T 13)

dx

The numerical application of equation 13, usin@ =25 kJ/mol (Table 2) and
V=1.67 cm*/mol [83], is displayed in Figure 13. At 375C, a 681 MPa/m
stress gradient is equivalent to a 10C/m thermal gradient in terms of the
contribution on hydrogen di usion.

The tensile stress eld beneath a blister, during the blistegrowth, was
calculated by nite di erences calculations in [79, 84], ad with the Eshelby
inclusion theory [85] by Singh et al. [86]. Santisteban et.a[87] measured
the residual stress eld beneath a blister formed by Domizat al. [6] in a Zr-
2.5%Nb cladding tube by synchrotron XRD. This measured stressld is not
representative of those during the blister growth, as XRD mearements were
performed at 25 C. Overall, the local thermal or stress gradient right bendh
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Figure 13: Stress to the thermal gradient ratio so their coniipution to hy-
drogen di usion is quantitatively identical

the blister is not precisely known. Between 1 mm and 2 mm of thaister-
matrix interface, Singh et al. [86] estimated the stress gdéent in the bulk is
50 MPa/mm, while the thermal gradient in the present study baveen 1 and
2 mm was about 8C/mm. Based on the equation 13, the stress gradient
contribution is about 10 times lower than the thermal gradist one. Thus,
the stress gradient contribution to the blister growth kingic is negligible
compared to the thermal gradient one, based on the actual kwtedge of the
stress and temperature distributions beneath a blister durg it growth.

6.4 What does limit the blister growth?

The simulation of Sawatzky [35] and Kammenzind et al. [34] &rmo-di usion
experiments did not clarify whether one or two solubility Imits should be con-
sidered to model hydrogen thermo-di usion for a time indepedent thermal
gradient. On the other hand, hysteresis in the solubility init was observed
in DHC experiments [46] and in blister growth experiments uret thermal
cycling [88]. Therefore, the hysteresis might also play aleoin hydrogen
di usion.

When considering the one solubility limit model, the only lint to prevent
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hydride blister growth is that the hydrogen content should emain below the
Blister Formation Threshold (BFT) [10, 88]. The BFT is a condiion on

the initial hydrogen content for a given thermal gradient. 1 is expressed
using the hydrogen in solid solution concentration at equidrium in a linear

thermal gradient (when the hydrogen uxJ is null), given by the following
equation (refer to [10, 88] for details):

Q_TCS T(X) (14)
C(x)= TS(Tes)e R TesT(X)
The BFT is then de ned by:
Z X
BFT = C(x)dx (15)

where C(x) is the hydrogen in solid solution distribution, TSS corresponds
to the TSSP if the hysteresis in the hydrogen solubility limit is considred,
and Tcs, Q and R are the temperature at cold spot, the heat of transport,
and the gas constant. The BFT is equal to 160 wppm for a 326 to 372 C
temperature di erence (linear thermal gradient) describé above for a spalled
cladding at fth span from the rod bottom. For comparison, the hydrogen
content can reach 700 wppm on average in highly irradiatedaddings [89].
Even if the hydrides are not homogeneously distributed, wita rim structure,
blister growth would not be limited if only one hydrogen solhility limit is
considered.

Another blister growth limit should be considered if both theTSSD and
TSSP are taken into account, in addition to the BFT. The secondimit
is when the hydrogen distribution, reached at equilibriumjs such that the
hydrogen content is equal to the TSSP at the cold spot and eqlua the TSSD
at the hot side (Figure 14(a)). This situation will be referrel to as "Di usion
Equilibrium Threshold (DET)" in the present article. The DET does not
depend on the total hydrogen content if the total hydrogen adent is higher
than the concentration in solid solution. That means it is pssible to reach a
hydrogen di usion equilibrium while precipitated hydrides are still available
everywhere in the bulk. The DET situation can be described bgquating
the TSSD at the hot side (at bulk temperatureTy) to the hydrogen in solid
solution concentration at the hot side calculated with the BT resulting
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hydrogen distribution

Q TCs Tb
% TSSD, = TSSPCSeR TesTh
Qc 1ssp Qc tssp Q Tes T
% CTSSDe RTb = CTsspe RTCS eR TCsTb
Tee= Ty Qc 1ssp + Q

RTyIn (Crssp=Crssp) + Qc 1ssp + Q
(16)
with TSSD = Cyggp€ S in wppm and TSSP = Cyggpe de qese in
wppm.

Pan et al. [90] reported two TSSP solvus, named TSSP1 and TS&P
The TSSP1, which is the commonly reported TSSP by Diferenti&canning
Calorimetry, corresponds to the precipitation solvus whemo precipitated
hydrides are present in the material (nucleation of the rsthydrides). The
TSSP2 corresponds to the precipitation solvus with alreadgrecipited hy-
drides or with a memory e ect when larged precipitated hyddes had al-
ready formed in the material and that the annealing temperatre was not
high enough to remove the induced dislocations [91]. Thus $82 is also
referred to as "growth solvus".

The temperatures to apply at the cold sidel.qq4 for a given temperature
at the hot side Ty Were rst calculated using the equation (16) considering
the TSSD and TSSP reported by Kammenzind et al. [34] (Figure {i#)). The
technique used to determine such TSSP was to apply a thermakgdient on
an homogeneously hydrided specimen, and then to measure tmnglrogen
concentration distribution. This technique allows to idetify the TSSP1.

The DET was then calculated again using Tang and Yang [92] refed
TSSD and TSSP. The TSSD is de ned by TSSD = 52575exp(-32117TR
and the TSSP is de ned by TSSP = 40135exp(-27336/RT), both iwppm.
Tang and Yang [92] performed Di erential Scanning Calorintey (DSC) to
measure such TSSD and TSSP, with a 500 peak temperature on sample
hydrided up to 240 wppm. Such 500C peak temperature is much higher
than 370 C, the temperature associated with a TSSP equal to 240 wppm.
As a consequence, the TSSP measured by Tang and Yang [92] cpoads
to the TSSP1.

The DET calculated with Kammenzind et al. [34] or Tang and Yag [92]
TSSD and TSSP are similar in absolute value, within 30 to 4@ for a hot
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side temperature between 150 and 45Q.

The DET was then calculated again, using the TSSD and TSSP reged
by Mc Minn et al. [93] (Figure 14(b)). Di erential scanning cdorimetry was
used to determine theses two solvus, with a peak temperatuanly 30 C
higher than the TSSP without any hold period. Mc Minn et al. [3] per-
formed additional tests at higher peak temperature and/or vwh hold pe-
riod that showed the TSSP rstly identi ed can be consideredas being the
TSSP2. The TSSD is equal to TSSD = 106447exp(-35989/RT) anche
TSSP2 is equal to TSSP2 = 138746exp(-34468/RT). The DET ablste value
are lower than the ones calculated with Kammenzind et al. [B4nd Tang
and Yang [92] data (Figure 14(b)). Thus the experimental detenination of
the DET would be an interesting experiment to discriminate btween the
di erent solubility limits identi ed in the litterature.

Additionally, several studies showed the hydrogen solulijliand the heat
of transport are a ected by neutron irradiation. This might modify the DET
determined above for unirradiated claddings.

Regarding the e ect of the irradiated state of the cladding ube on the
hydrogen solubity limit, Mc Minn et al. [93] showed that the TSSP2 is
increased and the TSSD too, on irradiated Zircaloy-2 and Zaloy-4 up to
uence 5.5 10?°to 1.0 10?? (E>1MeV) compared to unirradiated material.
This was con rmed in irradiated Zircaloy-4 measuring onlyhe TSSD [94, 95,
96]. A physical explanation for this increase can be the lodg of hydrogen
atoms on point defects that reduces the e ective solubilityimit. This is in
agreement with the ab initio calculations of Iwasawa et al.9[], their study
is concluded by "In the presence of a Zr vacancy, hydrogen caasily be
located around the Zr vacancy and move toward the Zr vacanclygut cannot
easily move far from the Zr vacancy.". In addition, deuterim trapping was
observed in ion-irradiated Zr [98]. The increase in the TSS&nd TSSP may
also be explained by the irradiation hardening of the matrif46, 93]. Puls’
[46] theoretical prediction is that the TSSD would be slighy shifted and
the TSSP largely shifted to higher content. On the other handhe e ect of
neutron irradiation on the hydrogen solubility limit in zirconium alloys is still
a matter of controversy since Une et al. [99] did not observea &radiation
e ect on the solubility limit on irradiated Zircaloy-2 at 5:4 129 10*°n/m?2.

Regarding the e ect of the irradiated state of the cladding ube on the
heat of transport, the only study to the authors knowledge tht reports
experimental results is the one of Sasahara et al. [96]. The @crease
from 18.8-29.7 kJ/mol on unirradiated material to 44.3-74.&J/mol on 58
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GWdtuU irradiated cladding (+244% increase in average).

Thus, the temperature di erence to reach the DET was calcutad again
for irradiated material, taking into account the evolution of the solubility
limit according to Mc Minn et al. [93] (TSSD 21.7% on the activation
energy and 77.2% on the prexponential factor and TSSP2 14:2% on the
activation energy and 522% on the prexponential factor) and of the heat
of transport according to Sasahara et al. [96] (&25kJ/mol to 66kJ/mol).
Considering material irradiation has a low impact on the DETFigure 14(b)).
Hydride blisters could grow with a hot side temperature equab 375 C if
the linear temperature di erence is higher than 31C based on Mc Minn et
al. [93] on unirradiated material and 28C based on Mc Minn et al. [93] on
irradiated material.

This analysis on the DET is supported by the thermo-di usionresults
reported by Garzarolli et al. [100]. Their experiment consied of apply-
ing a linear thermal gradient across the thickness of pre-tisided cladding
specimens. The temperature range was 260 to 490 C. Figure 15 is a
reinterpretation of their results. The initially reported heat ux abscissa
was converted into temperature di erence thanks to the linted variation of
the thermal conductivity on the 260-490C temperature range (15 to 17.6
WI/(K.m) based on IAEA [101]). The BFT and DET were calculated with
the solubility limits of Kammenzind et al. [34] for the TSSPland of Mc
Minn et al. [93] for the TSSP2. The BFT is similar when calculad with
the TSSP1 or the TSSP2, but it depends on the bulk temperatureThe BFT
limit explains the circle points at 10 C - 217 wppm and 18C - 242 wppm,
and the three triangles below 400 wppm that could be samplaswhich lim-
ited hydrogen di usion allowed the BFT to be reached. The DET épends
on both the solubility limit (TSSP1 or TSSP2) and of the tempeature. The
DET temperature dependance depends on the solubility modesed, as illus-
trated in Figure 14. The e ective DET measured by Garzarolli €al. [100]
should be between the two red triangles at about 2@ and 650-700 wppm,
which is not excessively far from the DET theoretical predtmns.

7 Conclusion
A setup was developed to grow blisters on Zircaloy-4 PWR claoid) tubes in

optimized conditions de ned with thermo-di usion calculaions. Blisters typ-
ically reached 290 m in depth after 24h. The blisters obtained in the present
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Figure 14: (a) Hydrogen concentration in solid solution at DETreached
assuming two solubility limits (the metric unit are arbitrary) and (b) tem-
perature di erence to reach the DET as a function of temperatre on the
hot side, considering the TSSP1 or TSSP2.
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Figure 15: Reinterpretation of the hydrogen microstructurereported by
Garzarolli et al. [100] after thermo-di usion tests in the ¢adding thickness.
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study are representative of laboratory-induced blistershtained in previous
studies and of some blisters observed in spent fuel Zircaldycladdings af-
ter reactor exposure. ERDA, XRD and nano-hardness showed thdigters
contain a hydrogen gradient, with pure -hydride phase close to the exter-
nal surface over one third of the blister depth. thermo-di wion calculations
showed these half thickness blisters should grow in only feways in PWR
conditions. Eventually, the Di usion Equilibrium Threshold (DET) was de-
ned as a criterion that limit the blister growth, and emphaszed that the
hysteresis in the hydrogen solubility limit in zirconium mt be taken into
account to model hydrogen thermo-di usion in zirconium athys.
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