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Abstract

Einstein’s theory for Brownian motion and Gibbs’aBk Rule along with diffraction of high
intensity X-rays have been used to provide anpn&tation of precipitation and dissolution in
metals using hydrides in alpha-zirconium as an g@mHydrides precipitated, and dissolved
during cooling, and at some temperatures, theinamsancreased with heating. Hydrides were
seen to precipitate without exothermic signals ladtbve and below the solvus temperature, and
on heating, were found to be stable above the sdkmperature. Hydrides were inferred to
form composites with the delta phase surroundegdomyma phase. These results are interpreted
with Cottrell atmospheres of hydrogen atoms thizve the stress around dislocations, and
hydrogen clouds from stresses around hydrides rgakiem stable against dissolution leading to
maxima in the amounts of hydrides with change ingerature. A vertical line corresponding to
ZrH is suggested to be added to the equilibriunsptthagram to comply with the Phase Rule.

Keywords: precipitation; dissolution; diffractionydrides; zirconium; Cottrell atmospheres,
hydrogen clouds, elastic stress concentration facto
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Introduction:

It is everyday experience that solutes precipitptiom liquid solutions at constant pressure
form in ever increasing amounts as the temperauosvered. When the temperature is
increased, these precipitates dissolve. At lonwpenatures, the entropy contribution to the free
energy~TAS,is small compared with the enthalpy of formatiorthef precipitate, whereas at

higher temperatures the entropy contribution fas@uwell-dispersed solute. The temperature
where the switch occurs between precipitation assotltion is called the solvus temperature.
In this simple two-component two-phase constansgaree liquid-solvent example, precipitation
increases with cooling and precipitates dissolvi Wweating.

When the solvent is a solid, the equivalent of gues for liquids is hydrostatic stress, which is
no longer constant: there will always be interrefiedts, for example, dislocations, that give rise
to local gradients in hydrostatic stress seen bystilute. Applied stresses can lead to
hydrostatic stress gradients in the solvent. Btittss gradients allow precipitates to form and
dissolve above and below the solvus temperature.

Our example is hydrogen in zirconium. Hydrogemaanove interstitially in solid solution and
increase the lattice parameters of the zirconittydrides also expand the lattice locally, which
results in regions of tensile stress in the ziraomand compression in the hydride.

There are two hydride phases commonly seen inraoe These phases are thphase, with
stoichiometry reported between Zri{(Zr,Hs) and ZrH 67(ZrsHs), and they-phase, ZrH [1].
Thed-phase, with a calculated formation energy betw8&8rand -57 kJ/mol atom, might be
expected to be more stable thanyth#hase, with a formation energy of -31 to -49 kd/atom
[2, 3], but when entropy is included, the free gyesuggests that thephase will be the more
stable, although the free energy of the two phasesry close [4]. The-phase forms as long
needles, and thiephase forms crystals that are platelets [5], hatving sharp edges that may
act as local stress concentrators.

Gibbs’ Phase Rule [6] is tested by the simultanedaservation of-phase and-phase in
a-zirconium: hydrogen in solution in the metal cansionultaneously be in equilibrium with two
hydride phases. Gibbs’ Phase Rule relates the euafltomponentsZ, and the number of
phases in equilibrium in gradient-free soliBsto the number of degrees of freeddmthat are
independent intensive variables that can complete$gribe the system thermodynamically
through:

F=C-P+1 1)

Hydrogen and zirconium are the two component&=s®. For a single hydride phase and
hydrogen in solution at equilibrium, there are fpl@ases, s&=2 andF=1. There is one degree
of freedom. For phase diagrams written in termthefintensive variables concentration and
temperature, the Phase Rule says that only orfeesétvariables is independent. Thus, if
temperature is chosen to describe the systemptieentration is given by a unique value on the
phase boundary curve and vice versa. Buytpiiase, and-phase exist independently and
simultaneously with hydrogen in solution at equilin, thenP=3, andF=0, there are no

degrees of freedom. In this case, there couldobeanation of the equilibrium with an intensive
variable such as temperature or concentration,iwisioot observed — the phase diagram for the
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solvus shows unique equilibria happen for concéintra that depend on temperatures, or vice
versa.

Equilibrium between hydrogen in solution and hydnogs hydride is dynamic: hydrogen in
solution in the zirconium matrix leaves solutiorptrecipitate as hydride, and hydrogen in
hydrides leaves the hydrides to go into solutibe,rates for these processes are equal and
opposite at equilibrium. For hydrogen in solidusmn (SS) in equilibrium with hydride in
zirconium:

Hydridell  Zr + Hgg (2)

The concentration of hydrogen in solution in theéaheolume adjacent to hydrides defines the
solvus concentration.

This paper presents X-ray diffraction data showsaghermal measurements of hydrogen
concentration in solution in zirconium, and theniation ofy-phase and-phase hydrides,

during heating and cooling. Comparisons will bedmaith heat flow determined using
Differential Scanning Calorimetry (DSC). The exXpental results in this paper will be used to
test predictions made with the flux relation depeld by Einstein for Brownian motion [7], and
previously used to predict delayed hydride crackatgs [8]. The results are different from
other applications of the Einstein flux becauselaus is crossed.

The focus of this paper is on precipitates dissghduring cooling and forming during heating.
The experimental results presented here also pradditional observations of the relationship
betweeny-hydrides and-hydrides in zirconium at low hydrogen concentnasi@nd
temperatures, and suggest an interpretation cdgparent hysteresis observed between the
temperatures at which hydrides precipitate andtiss

Background

Observations of y- and 6-hydrides in zirconium

The phases of the zirconium-hydrogen system arg@arsial. Much of the reported variation
in the presence of each hydride phase is causedrbgaring materials with a range of
concentrations of hydrogen, impurity and alloyihgneents, after various cooling rates and hold
times at different temperatures, various graincstmes of the zirconium alloy, and different
temperatures of examination. The studies of thieilgly of they-phase have yielded conflicting
results with different explanations as the follogvexamples demonstrate.

In some studies low hydrogen concentrations, <afl% (140 ppm), favoured the formation of
y-hydride [9, 10, 11] in pure zirconium and in Zikeg4 [12]. In [10] above 0.89 at.% (98 ppm)
hydrogen, a mixture daf-hydrides ang-hydrides was observed, while below 0.19 at.% (@b)
hydrogen, only-hydride could be detected. To test the stabdlitthe hydride phases,
specimens with hydrogen concentrations of 0.19 &24ppm) and 0.89 at.% (98 ppm) were
heated to 200 °C for two weeks and furnace-coof@dly y-hydrides were observed, indicating
that they-phase had not transformed to thphase but vice versa. Most of the hydrides were
precipitated within the grains since in this testt@nial the grain size was 50t whereas in

[13], the grain size was about ten times smalles gproviding a large area of grain boundaries,
whereé-hydride was found. In [11], the specimens werexamined after three years at room
temperature and thehydride had not converted dehydride.
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104 The elastic strain energies of theandd-hydrides were estimated to be 6.9 kJ/mol and

105 8.4 kJd/mol, respectively, implying that tihgohase is expected to nucleate first from solid

106 solution [14]. If stress-relieving accommodatioslacations are formed around the precipitates,
107 the total strain energy declines and depends owpidfe strength of the material [15]. With low
108 strength material, ratio of yield strength/sheadunios,sy/p, of 0.001, the strain energies for
109 each hydride phase are small, <0.45 kJ/mol, andtahe same size so that onelydride is

110 nucleated it continues to grow [14]. In materiahshigh strengthg,/p, of 0.01, the strain

111 energies increase but fdthydride the energy required is slightly smalleartory-hydride,

112 2.4 kJ/mol to 2.5 kd/mol. The analysis assumedsence of any significant difference in

113 chemical formation energy. Thus after slow coolimgd-hydride was the expected phase in
114  strong materials, except when the hydrogen conagorrwas less than 100 ppm. This analysis
115 was used to explain the presencg-phase in zirconium with low oxygen concentration a

116 d-phase when oxygen was added to the same matktial [

117 In Zircaloy-2 with about 0.90 at.% (100 ppm) hydeagn solution, the formation gthydride
118 by fast quenching was suppressed by increasingtteegth by cold-work [16]. An alternative
119 explanation to the local difference in volume exgan for the effect of strength is that for a
120 given concentration of hydrogen, the lower H/Zruieed byy-hydride compared with-hydride

121 provides a higher number density of precipita&&,> Nf5 , therefore the total strain required is
122  greater fory-hydride thard-hydride. If onlyy-hydride formed, the total straia,’f, would be

123 (ny x 0.123), whereas if onl-hydride formed, the total straieg, would be (Vf5 x 0.172/1.6),
124  that is,N;Sx 0.108, s&} > 2, thus explaining the effect of strength. If hyf#rinucleation at

125 dislocations from cold-work was the controlling pess, precipitation afhydride would be
126 promoted but such an increase was not observed.

127 * When the cooling rate was varied from brine quemgho furnace cooling, the strength
128 effect was not observed in Zr-2.5Nb [17, 16] wheaf-phase was present, which

129 provides hydride nucleation aff interfaces [18, 19]. With low concentrations of

130 hydrogen, 0.06 at.% (7 ppm), onishydride was precipitated, even with furnace caglin
131 with a moderate concentration, 0.42 at.% (46 pprhydride was still observed with oil
132 guenching bué-hydride was detected after air cooling; a mixtofre- ands-hydrides
133 was found after all coolings when the hydrogen eatration was 1.3 at.% (140 ppm);
134 only 3-phase was observed with air cooling and furnacéiragp with a hydrogen

135 concentration of 2.7 at.% (300 ppm).

136 * With hydrogen concentrations of 1.8 at.% (200 ppng 4.4 at.% (500 ppm) in pure Zr,
137 v-hydrides from water quenching transformed almostetely tod-hydride after aging
138 at 200 °C for 3 weeks. Aging at 150 °C only pdigieonverted the-hydride tos-

139 hydride after 3 weeks. After furnace cooling frdme solution temperature ondy

140 hydrides were detected and these precipitatesalidnange with aging [20].

141 * Lanzani and Ruch [21] added between 1.56 at.% prd) and 12.15 at.% (1514 ppm)
142 hydrogen to Zircaloy-4 by corrosion then subjedpdcimens to storage at room

143 temperature for various hold times totalling 37 thenhwith an intermediate heating to
144 148 °C for 2212 h. Ne@-phase was detected by X-ray diffraction.

145 * Synchrotron evaluations at room temperature ofafay containing up to 21.5 at.%

146 (3000 ppm) hydrogen revealed mositydrides, with traces afhydride. -hydride
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was detected in hydride layers containing abowt3 (6 000 ppm) hydrogen on the
rim of cladding [22, 23].

» Specimens of pure Zr containing up to 60 at.% @® ®m) contained a mixture pf
ands-hydrides after cooling from tHgphase [24]. After furnace cooling thenydride
dominated whereas after water quenchiitydride was prominent. After aging for 6.5
months at room temperature, in the water-quenclemadg, the volume of thehydride
increased at the expense of dhleydride and approached ZrH at 50 at.% (11 000 ppm)
hydrogen. The stability of thephase at room temperature was indicated by the
decoration ob-hydride withy-hydride in pure Zr containing 55.5 at.% (13 500)pp
hydrogen after holding for 174 days following arface cool from 500°C [25}-hydride
in the matrix remained unchanged.

» With high concentrations of hydrogen, 48 at.% t@€06 (10 000 ppm to 16 000 ppm),
the material mostly consisted of a mixtureydfydride and-hydride [24, 26, 27].
Heating to over 250 °C (523 K) converted all fHeydride tos-hydride.

* In Zircaloy-2 containing 0.9 at.% (100 ppm) hydrogelectron energy loss spectroscopy
showed that the composition of a hydride could Yeayn ZrH at the tip to Zrid; in the
core of the hydride [28].

* Noy-hydride was observed in specimens of Zr-1.15CF@ dontaining 27.7 at.%

(4200 ppm) hydrogen [29]; heating for 2200 h at 226- 20 °C below a suspected
transformation temperature — yieldedyabydride.

Studies of hydrogen in annealed Zircaloy usingadtion of X-rays from a synchrotron have
used theéd-phase to represent hydrides during temperatudengyl80, 31, 32]. These
experiments explored the solubility limits of hydem in Zr, the kinetics of hydride nucleation
and growth and the crystallographic features ofieeted hydrides. The common features of the
experiments are large hydrogen concentrations, &.92to 5.2 at.% (80 ppm to 600 ppm), and
continuous temperature changes between 5 °C/srandd10 °C/minute.

Neutron diffraction measurements have shown tteag-fthase is the stable hydride at room
temperature in the strong alloy Zr-2.5Nb. Durirgating of a specimen containing 0.783 at.%
(87 ppm) hydrogen isotopes, about 60% ofitpiase signal was lost afgbhase formed at

about 180 °C [33]. During cooling from well abawés temperature the first phase detected was
d-hydride. The formation of-hydride at room temperature was slow, with a aftersstic time
scale of the order of months [34, 35]. As showrhigdrides in pure Zr [25], thehydride
consumed thé-hydride precipitate from outside-in, and afteugter year of storage only a
small island ob-hydride remains [35], Figure 1.

Although most phase diagrams omit fhpghase, preferring to consider it a metastableghas
some of the above results and observatsuggest there is a transformatiorytoydride at low
temperatures within the phase field betweerffet+s) and (+5)/6 boundaries with a
transformation temperature between 180 °C to 250T@o studies showed that a difference in
strength could affect which hydride formed, eithecause their plastic strain energies were
similar [14] or because their composition deterrditieeir number density [16]. Atomic-scale
calculations of the properties of the Zr—H syst&@, 7] indicate that the formation energies of
the hydrides are about 5 to 15 times larger tharsttain energies and the difference between the
formation energies of ands-hydrides is 15% and 25%, witihkhydrides being the more stable.
These results suggest that because of the modiesedces between each of the contributions to
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the energies of the precipitation of the two hydsidwhen embedded within the zirconium
matrix their relative stabilities may depend on hredcal and thermal contributions to their free
energies, modified by slight variations in compiositand fabrication of the component.
Whethery-hydride ors-hydride or both are present in a material dependsie hydrogen
concentration, zirconium alloy composition and tthermomechanical treatments, and time at
the low temperature.

Terminal Solid Solubility

An alternative interpretation of ‘Terminal SolidI8bility’ (TSS) is presented in this paper. TSS
refers to the equilibrium phase boundary betweelidgen in solution in the metal, and
hydrogen in hydride. This equilibrium phase bougds known as the solvus. In the standard
interpretation, this phase boundary is not uniqeeabse it depends on whether it is approached
by heating or cooling. Hence, ‘equilibrium’, imet standard interpretation of the solvus, is
meant in a ‘restricted and dynamic’ sense depenaliinghether the sample is heated or cooled:
the solvus where hydrides precipitate upon codbrigbeled TSSP, and the solvus where
hydrides dissolve upon heating is labeled TSSD.

The cooling-heating cycle often used to explaindfaedard interpretation is shown in Figure 2
along with representative TSSP (upper) and TSSWg{lpcurves. The cooling-heating cycle
starts at Point A where all of the hydrogen isatugon (.e., Point A is below the TSSD
concentration and above the TSSD temperature)thiexample, the total hydrogen
concentration is 1 at.% (110 ppm) and the stateéngperature is 36C. As the alloy is cooled,
the hydrogen concentration in solution remains att% (110 ppm) until Point B is reached.
During cooling from Point A to Point B, there is abservable effect of crossing the TSSD line -
the TSSD line is not apparent during cooling. Upather cooling, hydrides can nucleate.
Once hydrides form, the concentration of hydrogesalution follows the TSSP line as the alloy
is cooled to Point C. In the heating portion & ttycle, the alloy is first heated from Point C to
Point D. During heating the TSSP line is not apparbut now the TSSD line is. On heating,
the solvus line is given by TSSD. Between Pointn@ D, the temperatures are below the
TSSD temperature and, hence, the concentratiogdybben in solution does not change until
Point D, which is where the horizontal line betwé&amints C and D intersects with the TSSD
curve. At Point D, the hydrides begin to dissolth further heating, and the hydrogen
concentration in solution follows the TSSD lineiuRbint E, which is where all the hydrides
have dissolved and where the concentration inisolug again 1 at.% (110 ppm). The
concentration of hydrogen in solution stays at.%4fL10 ppm) as the temperature is raised to
the starting value.

The standard interpretation is that the hydrogertentration in solution is the lesser of [38, 39]:

* The total hydrogen content;
» The composition of the solvus for hydride dissantduring heating;
* The composition of the solvus for hydride precigpaa during cooling.

In addition, when switching between cooling andtimggthere is a hiatus where the
concentration does not change because of a hyistgt6§ i.e., the horizontal line between
Points C and D in Figure 2.
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In the standard interpretation, both TSSP and T&®3olvus lines, and both represent
equilibrium conditions, albeit in the ‘restricteense’ of while the temperature is changing -
cooling for TSSP and heating for TSSD. These solvies do not exist at the same time,
because you cannot cool and heat simultaneoudiyhby do exist at the same location. During
heating, all locations within the alloy see TSSDhassolvus, and during cooling all locations
see TSSP as the solvus. The shift of the solvivedes TSSP and TSSD is called the hysteresis
[40], which is interpreted to mean that the congian of hydrogen in solution for hydride
dissolution is less than for hydride precipitation,equivalently, the temperature for hydride
dissolution is greater than for hydride formatidrhe temperature hysteresis between hydride
precipitation, given by TSSP, and dissolution, giby TSSD, can be as large as’6for the
same concentration, depending on which featuréseoéxperimental measurements are used to
indicate precipitation and dissolution.

For thermodynamic equilibrium, according to the $ghRule, composition and temperature
cannot be changed independently for two phases fwdsent in a binary alloy. At the same
composition, hydrides should dissolve and predipitd the same temperature independent of
heating or cooling. The presence of two valuethefsolubility limit suggests that one or both
the values do not represent equilibrium and théengsis and values are therefore indicated as
“apparent”. In dynamic measurements, values ofisgg TSS by heating or cooling are clearly
distinguishable and reproducible even if strictlydlid as equilibrium values. They are of
practical use for evaluating reactor componentsexpetriments.

Experimental Work:

Compact toughness specimens (2 mm thick, 10 mnrapware machined from a 20% cold-
worked and stress-relieved Zircaloy-2 pressure thbewas originally manufactured in the
1960s (Sn 1.47 wt.%, Fe 0.12 wt.%, Cr 0.11 wt.%006 wt.%, O 1010 wt.ppm, H 12 wt.ppm,
balance Zr); the notch was not examined in thisdargent. The microstructure comprised flat
a-grains with thickness of aboutuin, elongated to about 10n in the axial and transverse
directions. The zirconium crystals had a prefeogentation with respect to the principal
directions of the tube, axial (A), radial (R) amdrtsverse (T) directions, with Kearns’ factors
[41] for (0001) of f = 0.046, £ = 0.376, and+f= 0.578. Tensile properties of the Zircaloy-2
material were obtained in the transverse direaising ASTM Standard methods [42, 43]. The
yield strength was found to obey the empiricaltiefa 959-1.95T+2.77x18r? [MPa] for
temperatures, TC), between 108C and 350C.

Hydrogen was added gaseously to two Zircaloy-2isp&ts to concentrations of 0.6 at.% and

1 at.%. A third reference specimen was fabricatet without added hydrogen; its as-received
hydrogen concentration was 0.1 at.%. At the caictuof the X-ray experiments described
below, each specimen was completely sectionedsinteeparate samples. Differential Scanning
Calorimetry (DSC) (TA Instruments) was used to meashe heat flow during heating and
cooling at 1°C/min about the expected solvus values for eaclpEanTypical DSC curves for
the specimen with 1 at.% hydrogen in Zircaloy-2svewn in Figure 3. The heat flow shows
the endothermic energy, interpreted as that requaelissolve hydrides on heating, passed
through a minimum at 315 °C + 7 °C, and the on§eiothermic energy released, interpreted as
that emitted when hydrides precipitate on cooloagurred at 278 °C £ 4 °C. Similar
measurements for the 0.6 at.% specimen showedithmum heat flow on heating occurred at
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282.4 °C £ 2 °C, and the onset temperature onmgalias 255.3 °C + 2 °C; the corresponding
temperatures for the 0.1 at.% specimen were 1729CC and 141 °C £ 3 °C. The temperature
differences for dissolution and precipitation foese specimens range from 27 °C to 37 °C.
Reported DSC temperatures are averages and stadelaations determined from three runs for
each of the six sectioned samples of each speciidgdrogen concentrations were measured
with Hot Vacuum Extraction Mass Spectroscopy (HVEN#I]. The determined average
atomic percent concentrations and standard demsfmr hydrogen were 1.02+0.04, 0.57+0.04,
and 0.11+0.03, corresponding to ppm by weight \&allL3+4, 6314, and 12+3, respectively.

X-ray diffraction experiments were performed witle tAdvanced Photon Source Synchrotron at
Argonne National Laboratory on beamline 1-ID. Heam was calibrated with a ceria standard;
the wavelength was 14.42 pm; it was rectangulad (206 x 50um) and incident normal to the
square surface of the specimen in the radial diredf the original tube. The transverse
direction of the original tube was vertical and specimen was held stationary with a 10 N load
used to secure it in the load frame. The beamega$sough the specimen sampling about

200 00Qu-grains. The test temperatures were obtainedavithnace that surrounded the
specimens and grips, and the temperature was neeband controlled with a thermocouple spot
welded to the side of the specimen [45]. An illagon of the experimental arrangement is
shown in Figure 4.

Diffraction rings were collected on an amorphouis@n detector located 2 m behind the
specimen to magnify the region whgreandd-hydride signals are expected with d-spacings
between 0.26 nm and 0.28 nm corresponding to {1Figure 5 shows that the intensities of the
zirconium diffraction rings varied with angle aralthe ring because of the underlying
crystallographic texture of the zirconium latticBhe majority of basal-plane normals in the
specimens were aligned in the vertical directiohiclv is the transverse direction in the original
tube, and the prism plane normals were alignedzbotally. The major intensities of diffraction
from the zirconium (0002) were at the top (0°) &attom (180°) of the diffraction rings.

Figure 6 shows room temperature zirconium metéatifion peaks obtained by integrating the
intensity around the diffraction rings for the @t1% (12 ppm) hydrogen specimen. Diffraction
lines associated with the basal (0002) plane aisthpj1010} plane are labeled in the spectrum;
for the diffraction pattern obtained at each lawaiin the specimen, the intensity is normalized to
the strongest line, which is the pyramidal {1§. Zirconium metal has a hexagonal-close-
packed crystal structure with lattice parameterasueed in this work at 25 °Cg & 0.323 nm

and ¢ = 0.515 nm, as expected [46].

Hydrogen in solution expands the zirconium propor to the concentration: for example, at
450 °C, 1 at.% hydrogen increased the a-latticeisgay 1.13 x 18 nm and the c-lattice
spacing by 2.95 x Ibnm, providing an anisotropy factor of 2.61 [47]hus, changes in
zirconium lattice spacings are a measure of baéimgés in the concentration of hydrogen in
solution and thermal expansion.

Hydrogen can leave solution to form hydride phasele zirconium lattice, and additional
peaks appear in the diffraction spectrum. Inwosk, hydride peaks were seen because of the
face-centered-cubid-phase, with a lattice parameter at room tempezaitip.478 nm [48, 49],
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and they-phase, which has a face-centred-tetragonal (c/strigture, and reported lattice
parameters at room temperature a = 0.460 nm an@49¥ nm [48, 49] and a = 0.459 nm and
¢ = 0.495 nm [50]. Consequently, at room tempeedhydrides expand the zirconium lattice
locally by 12% to 17% [51, 52]. Figure 7 shows tlgion of the diffraction spectrum where
peaks associated with diffraction from {111} plaréy- andd-hydrides can be found for the
three hydrogen concentrations of this study at reemperature. The d-spacing for the {111}
peaks calculated from the lattice parameters [BSPa276 nm fod-hydrides, and 0.272 nm and
0.271 nm, respectively, fgr hydrides. The d-spacings in Figure 7 are lowantthese
calculated values because in this study the Xray®rse the specimen so that the hydrides
diffracting the beam are in compression in the fiatarior. X-ray diffraction patterns seen in
reflection have higher d-spacings from hydridesetdo the metal surface where any
compressive stress will be relieved. Similar lowpaicings of the {111§-hydride peak in
Zircaloy-4 have been reported in another synchnotransmission X-ray diffraction study [45].

The amounts of- andd-hydride were determined by integrating the intgnsf the diffraction
peaks from {111} planes of each hydride phase atdba circumference of the diffraction rings,
and in two angular ranges around the diffractiogsi ¢ to 20 and 55 to 75 counterclockwise
from the top. The amounts of hydrides were assumée proportional to the areas of the
diffraction peaks.

Diffraction spectra were obtained under isotheroomlditions at temperature intervals between
room temperature and 330 °C. The specimens weatediand cooled at P&/min between
temperature intervals of 10 °C or 5 °C between ZD@nd 330 °C, followed by an isothermal
hold of 3 minutes before spectra were collectedye®e& s for 18 s. The isothermal hold
facilitates both thermal equilibrium and equilibribbetween hydrogen in solution and hydrides,
but equilibrium is not required to interpret thésethermal diffraction spectra with dynamic
DSC heat flow measurements. The data obtainedgladoling were gathered after the data
obtained during heating, which included annealing>® °C for an hour that ensured all of the
hydrides were dissolved.

Theory:

The Einstein relation for Brownian motion [7] isaasto describe diffusion when velocities of
particles are limited to terminal values, suchamsimoving in liquids under applied electric
potential gradientd.g., Nernst-Einstein equation), particles moving irceiss liquids under
gravitational potential gradientsd,, Stokes-Einstein equation) and the drift current in
semiconductors. Solute atoms moving in solid sohstreach terminal velocities, that are
proportional to forces derived from negative gratBan chemical potentiak = -I Oy . The
proportionality constant is the mobility, The chemical potential is written using the defonit
of relative activity of the solute, viag = 1° +RT Ina, whereT is temperature in KR is the

Ideal Gas Constant, 8.314 J/mol.K, afids a reference state for the chemical potenti].[5
The activity is approximated by concentrati@yin the limit of ideal dilute solute, which willeb
assumed in accord with the solute (hydrogen) irstiiiel solvent (zirconium) being less than

1 at.% in this study. The chemical potential inlds an additional term to account for the work
done to expand the solvent (e.g. by the solutefhaoregions of tension lower the chemical
potential; this work is the product of the hydrioistaressureg, and the partial molar volum¥,

of the solute. The flux of solute, J, is the prcidef the velocity and the concentration. The flux
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reduces to the empirical equation of Fick [55] wilegre are no temperature or stress gradients
(i.e.,,J=-DOC, which defines the diffusion constabX); the equivalence of the flux and Fick’s

equation leads to the Einstein relation betweemrtbkility and the diffusivityl'=D/RT. Thus,
Fick’'s Law is derived from the chemical potentithserting the gradient of the chemical
potential into the equation for the velocity, mpllying by the concentration to give the flux, and
substituting the Einstein relation for the mobilipyelds the Einstein flux in a hydrostatic stress
gradient at constant temperature in terms of tffagivity [8]:

cv
J=-D(0C+—=-0o0). 3
( = o) (3)

The flux of solute atoms, J, contains a diffusianrent, which depends on concentration
gradients as in Fick’s Law, and a drift currentjeblhdepends on stress gradients. Equilibrium is
defined when the chemical potential of hydrogethhéssame in all phases, which is equivalent to
J = 0. Equilibrium is temperature dependent bex#uwes drift current and diffusivity both vary
with temperature.

The simple no-flux solution to Equation 3 is for gradients in concentration and stress. This
solution can be used to define the solvus, whichusique temperature and concentration of
hydrogen in solid solution in dynamic equilibriunitkvhydrogen at a hydride surface in the
volume adjacent to the surface in the limit wherg stress gradients are zero. Similar
approaches are used to truncate the stressestat die sharp crack, which defines an event
horizon to avoid a singularity [56, 57]. The hytés that form will be under compression, and
the adjacent metal lattice will be under tensiBetween these regions of compression and
tension is the neutral stress region, where tlesstgradient is zero, and, by Equation 3, where
there will be no concentration gradient at equilibr. These two conditions define the solvus in
terms of the concentration of hydrogen in solutiothe volume adjacent to the hydride surface
in the limit where any stress gradients are zero.

Consider cooling gradient-free zirconium alloy @ning hydrogen completely in solution. Just
before precipitation there are no concentratiomnligrats, and there are no stress gradients
associated with matrix hydrides, because thera@me. The onset of precipitation will be used
to approximate the temperature for the no-gradientslition that defines the solvus temperature
associated with only one concentration. This cotraéion is the solvus, or the terminal solid
solubility, Crss  This value was used to predict the maximum laykel hydride cracking

growth rates in zirconium alloys [8] and will beedsto explain the observations of this work.

Additional no-flux solutions to Equation 3 occur evhthe two gradient terms are equal and
opposite. Thermal fluctuations can lead to tramdigcal concentration gradients in embryonic
condensations of hydrogen clouds, and accomparsyiags gradients because of the hydrostatic
stress from the hydrogen atoms, but these strigctuitebe dissipated by thermal agitation until
hydrides form. When hydrides are present, stresdients will form as the metal is expanded
because of the larger volume of metal hydrides @egwith the metal. Stable stress gradients
also form in response to internal defects and eatdoads. When stable hydrides are present,
there will be regions where local concentratioressaabilized at the solvus concentration;
concentration gradients within the hydrogen clowdisterminate with the solubility limit.
Equilibrium concentrations of hydrogen in solutiarthe presence of hydrides and stress
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402 gradients are determined by setting the flux ofrbgén in Equation 3 to zero and integrating
403 with one concentration limit equal €@ss There are two possibilities:

ac VUlo c, (0OC VUo
- RT Crss\ C RT

405 At these limits, the difference in hydrostatic siés negatively proportional to the yield stress,
406 @, for tensile stress gradients. The proportionaldgistant is the elastic stress concentration
407 factor,K, which is expected to vary between 1 and 2.4latter being the value in the plain-
408 strain limit, appropriate for needle-likehydrides, in a lattice that deforms in a perfegilystic
409 manner [56-59]. The two solutions for tension depen the ordering of the integration limits:

410 C.(T)= KV, ), 5
_( )_CTss(r)eXp( = j (5)

411 C.(T)=C..(T *KVo, 6
L (T) = Crag( )exp( =T j (6)

412 Different values oK may be possible for different internal defects,éwample, dislocations,
413 that give rise to local gradients in hydrostatress seen by the solute. For example, Equations 5
414 and 6 are plotted in Figure 8 fr= 2.

415 Equation 5 corresponds to when the hydrogen coratent in solution equal€tss at the stress

416 riser andC. in the neighbouring matrix, which first happend.atvhen cooling from a
417 temperature where all the hydrogen is in solutligyre 8). The hydrogen flux also equals zero
418 when the hydrogen concentration in solution eqGads at the stress riser al in the

419 neighbouring matrix. At temperatufeshown in Figure 8, the concentration of hydrogen in
420 solution in the matrix neighbouring the stressrresuals the total hydrogen concentration. The
421 hydrogen in solution in the matrix neighbouring stess riser can form equilibria with

422  subsequent neighbouring regions when the concemtsagatisfy J = 0. For concentrations and

423 temperatures bounded by the expression€f@ndC., the flux of hydrogen, J, is negative and
424  hydrogen moves from the surrounding matrix to theride, otherwise J is positive and the
425 hydrides lose hydrogen to the solution. Thus, lodrare predicted to be stabilized against

426 dissolution above the solvus temperature untiand destabilized and dissolve beldw The
427  drift current directed towards tensile stressesrmatiiag from lattice imperfections such as

428 dislocations or from hydrides already formed, aaribit dissolution, which can lead to hydride
429 precipitation above the phase boundary, and hydiigsolution below the phase boundary.
430 These solutions given by Equations 5 and 6 do ietd @ solvus, by definition, because the
431 concentration of hydrogen in solution is not unigue to the concentration gradient.

432 Concentration varies with location, notably oneaantration at the stress riser and a second
433 concentration far-field in the matrix.

434  Equation 5 has been proposed before to explaindedayed hydride cracking can occur above
435 the solvus on cooling from temperatures wherefath® hydrogen is in solution: hydrides are
436 stabilized at the crack tip by the drift currenten. is reached (see Figure 6 in [8] whakds
437 calledTs). Equation 6 is proposed in this work to représlea concentration of a hydrogen
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cloud formed at a stress concentration or a Cb#telosphere of hydrogen in solution at a
dislocation [60]. The concentration in the hydnogéoud or Cottrell atmosphere can be higher
than the solvus concentration when it is stabilizgdhe drift current, and can be destabilized for
concentrations and temperatures above the lin€.foEquation 6.

Results:

The areas of hydride diffraction peaks were founohtrease as hydrides precipitated and
decrease as hydrides dissolved, and spacings airttomium lattice were found to expand and
contract in accord with hydrogen moving in and @iugolution. Figure 9 shows the areas of
hydride peak intensities integrated around theuaiference of the diffraction ring for the
specimen with 1 at.% hydrogen, (113+4) ppm. Oringdrom a temperature where all of the
hydrogen is in solution (37T), y-hydride diffraction peaks were observed at 330 The area
of thesey-hydride diffraction peaks decreased to a minimaae at=315°C, coincident with
the minimum heat-flow temperature on heating showkigure 3, and.. With further cooling,
the areas of the-hydride diffraction peaks increased as the tentpezavas lowered past the
onset of precipitation temperatuiee( the solvus or TSS: 28Q, Figure 3), and reached a

maximum value at245°C, which is coincident witif.. (The calculation of. andT. is
described in the Discussiondyhydrides were not observed during cooling untd 23. On
heating,y-hydride peak intensities integrated around thg were not discernible from the
variability in the background. The areadiydride peak intensities integrated around thg rin
were seen to rise with heating to a maximum vati&88°C, and then fall with further heating.
For temperatures above 28I thes-hydride peaks were not distinguishable from theality

in the background.

The large intensities of adjacent zirconium diffraic peaks makes it difficult to see small
hydride peaks. This large confounding backgrowrdlze reduced with a judicious choice of
viewing angles for the hydrides between the regieinere the texture makes the zirconium lines
intense. The hydrides can be seen relativelydfegrconium interference betweeft0 20 and
55°to 75 from the top of the diffraction rings.

Figure 10 shows stacked plots of integrated intgfisim @ to 20 and 55 to 75, from the top

of the diffraction rings, obtained with the specmwntaining 1 at.% hydrogen for a series of
isothermal measurements made at progressively highgerature in the region whereand
o-hydride peaks are found. The temperatures oftideked spectra range from 220 °C to 310 °C
(top to bottom) in steps of +10 °C, with each speutoffset vertically from the low temperature
spectrum. Both the andd-hydride peaks persisted to temperatures aboverbet

precipitation temperature, and disappeared whetethperature reached the minimum

heat-flow temperature determined during heatingy WSC.

Figure 11 shows stacked plots of diffraction speotstained with the specimen containing

1 at.% H for a series of isothermal measurementieraaiprogressively lower temperature. The
temperatures of the stacked spectra range froniG36 230 °C (top to bottom) in steps

of -5 °C, with each spectrum offset vertically frohe low temperature spectrum. Prior to these
measurements the specimen was heated to 550 &0 foyur to ensure all of the hydrides were
dissolved. Figure 11 shows the integrated intgrissm @ to 20 and 55 to 75 from the top of
the diffraction rings. Common to both views ingbdigures, there is no indication®hydride
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480 until the lowest temperature of 230 is reached. In both angular views, yHeydride peak seen
481 at the starting temperature, 3%0), decreases as the temperature is lowere@816°C, then rises
482 to a maximum value at an intermediate temperahaedepends on the view, before falling
483 again as the temperature is lowered to Z30

484  Figure 12 shows stacked plots of diffraction speotstained with the 0.6 at.% H specimen for a
485 series of isothermal measurements made at progegskwer temperature. The temperatures
486 of the stacked spectra range from 300 °C to 20Qdto bottom) in steps of -5 °C, with each
487 spectrum offset vertically from the low temperatgpectrum. Prior to these measurements the
488 specimen was heated to 550 °C for an hour to ersuoéthe hydrides were dissolved.

489  Figure 12 shows the integrated intensity frdhtad02C and 55 to 75 from the top of the

490 diffraction rings. There is no indication &hydride on cooling until 208C. They-hydride

491 peak in the Dto 20 view is first seen on cooling at 280; the peak grows reaching a maximum
492 value on further cooling, and then disappears285°C. Compared with the specimen

493 containing 1 at.% H, for the 0.6 at.% H specinteré is no indication gfhydride in the 55to
494 75 view, outside of the limits inferred for the baotgnd, and, in the°@o 20 view, signals

495 associated witd-hydrides at low temperatures are difficult to itigiish from the background.

496 The diffraction lines for 0.6 at.% H in Zircaloyshown in Figure 12 confirm features seen in
497  Figure 11 for 1 at.% H: on coolingshydrides are seen to form above the DSC onset

498 precipitation temperature in th& @ 20 view; the diffraction lines associated with these

499 y-hydrides grow reaching maximum values below theebprecipitation temperature, and then
500 decline, and disappear in the 0.6 at.% H specileiored-hydrides are seen in both views,
501 which happens 50 °C below the onset precipitagomperature.

502 Figure 13 shows how the areas under the diffragieaks from {111} planes of thehydrides
503 andd-hydrides (subsequently called area) vary with terature during cool-down, and heat-up
504 for the specimen with 1 at.% H. These plots shaalitptively how the amounts of various
505 hydrides change as they precipitate and dissolvaraius temperatures. The areas of the
506 y-hydride lines on cooling have been normalizedh&rtmaximum values on cooling, and the
507 areas ob-hydride lines on heating are normalized to theaximum values on heating.

508 The d-spacings for the {10} and (0002) alpha zirconium lines, with thermabansion

509 subtracted, determined from the specimen contaidib@t.% H, are depicted in Figure 14.

510 These plots corroborate hydrogen moving into artcbbsolution; d-spacings increase or

511 decrease when hydrogen moves into or out of salutio both plots, the values were raised and
512 lowered so that the high temperature results oppdd. The values after cooling were lower
513 than those for heating presumably because of thssstelief within the specimen after the

514 550°C heat-treatment. Similar results were seen #®zttconium lines of the specimen

515 containing 0.6 at.%. The cooling results for thesmen containing 1 at.% H are discussed
516 first.

517 Figure 13a shows that on cooling from temperatutesre all of the hydrogen is in solution,

518 y-hydride diffraction lines are observed to form adthe temperature of minimum endothermic
519 heat-flow seen on heating (315 °C; Figure 3), arlwb¢h diffraction-ring viewing ranges

520 between 55° and 75° and betweehafd 28from the top of the diffraction ring. These

521 y-hydrides are clearly visible in the diffractiontdaappear to be transient and they do not appear
522 to contribute to the heat flow measured with DS@rdyucooling (Figure 3). The hydrides
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diffracting between Yand 20 grow below 315 °C and, because they continueaobntribute
to the heat flow, at least until 280 °C, they aecled with the superscript to connote that
these hydrides are apparently athermal.

On cooling a further 35 °C, at diffraction-ring &g between 55and 75, y-hydride diffraction
lines again become visible at the temperatureefitht indication, or onset (TSS), of
exothermic heat flow observed in the DSC experin280 °C, Figure 3) and continue to grow
on cooling; they are called ‘thermathydrides, and labellegd, even though these hydrides were
apparently athermal for temperatures above 31®f@he isothermal X-ray diffraction
measurements shown in Figure 13a.

The different diffraction-ring angles wheyeandyt are observed suggests these hydrides
precipitate on different planes in the texturedairium matrix. Although the amount of
y2-hydride might appear to be large in Figure 13ealig¢hat these areas have been normalized,
and the intensities in the angular collection range not necessarily similar. The amount of
hydrogen leaving solution inferred from the chanigearconium lattice spacings integrated
around the ring shown in Figure 14 provides a battécation of the relative amountswfand

vt for the measurement temperatures. The amoupthofdride should provide an exothermic
signal but it is too small to resolve with the antr DSC instrument.

On further coolingy? andyt precipitation reaches maximum amounts at Z6and at 245C,
respectively. On still further cooling, the aréaisthesey-hydrides decrease. These hydrides are
dissolving and hydrogen is going into solutionradiéated by the increase in zirconium lattice
parameter in Figure 14 starting at 280 They-hydrides dissolve at temperatures above where
d-hydrides appear suddenly at 28Din both viewing angles (Figure 13a). The sudden
appearance a@i-hydrides is shown in Figure 15 by the time-depahdeowth of thed”-hydride
peak between 8%and 75; theyt-phase peak decreases over the same time. Undikdetline of
theyt-phase, the increasedfi-phase did not reach equilibrium in the 18 s oletéwm time,

which occurred after cooling from 286 to 230°C, at 10°C/min, and then waiting for 3 min
(Figure 16). The-phase lattice parameter declined when the speaivasrcooled from 23%

to 230°C (Figure 14), but it remained constant over the bBservation time of Figures 15 and
16, which suggests prior hydrogen accumulatioméregions wheré&-hydride precipitated. No
extra heat was detected by DSC at the temperatueeawthed-phase started to precipitate
between 235 °C and 230 °C, Figure 3.

Figure 13b shows that on heating from 220 °C ytHeydride areas increase as the temperature is
increased (thus hydrides are forming), reachingagimum around 268C, and then dropping to

a low value at280°C. Thed'-hydride areas increase until 24D (these hydrides are also

forming during heating), but then dissolve andgoee by= 315°C. Thed"-hydride areas
decrease monotonically with heating. Nadwydride areas are difficult to quantify in Figure
(bottom plot): although the peak intensities arangfing, with the peak widths increasing above
~280°C, the peak areas seem almost constant over tipetatare range. Figure 14 shows that
the d-spacings of the zirconium lines increase rtamcally with increase in temperature: there

is no hiatus.
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Discussion

TheT.temperature limits shown in Figures 9, 13 and ldewalculated with the temperature
dependence of the solvus (TSSP in [61]), the pamidar volume of hydrogen [45], and the
yield strength determined in this work. For therent solvus (TSS) temperature, which is equal
to the DSC onset temperature for precipitationawling (280°C, Figure 3), the calculated
plain-strain perfectly-plastic upper limit fax is 320°C, which agrees well with the temperature
where hydrides disappear on heating, wrllydrides appear on cooling315°C (Figure 13).

The plain-strain perfectly-plastic lower limit fdris calculated to be 23T. Experimentally

the temperature where tktehydrides dissolve (Figure 13a) and hydrogen gadessiolution
(Figure 14) is between 245 °C and 250 °C. If iadttheK factor multiplying the yield stress is

reduced from the plain-strain perfectly-plasticueabf 2.4 to 2.0, theh, becomes 314 °C and
becomes 245 °C, which agree with the observed ewrpatal temperatures; these temperatures
are indicated as vertical lines in Figures 9, 18 . Equations 5 and 6 are plotted in idealized
form in Figure 8 along with th&, temperature limits calculated wikh= 2. Crack-tip stresses in
the plain strain limit have been characterized withilar values of multiples of the yield stress
[63] suggesting that the stress fields around lagdrare similar to those found at crack tips in
plain strain. Figure 8 indicates the regions whbkeeeflux of hydrogen is initially positive
(leading to hydride dissolution) or negative (leegio hydride formation) during heating and
cooling when hydrides are present or can form gtirae — these positive and negative fluxes
are not general, they correspond to specific exasngéscribed below. An example where the
initial flux designations in Figure 8 would not dyps for temperatures well above, where the
initial flux will be negative and hydrogen will floto regions of tension, but no stable hydrides
would form. Eventually, the flux would go to zesten equilibrium is achieved. Hydrogen
concentration gradients without precipitates haaentobserved in zirconium bars subjected to
bending stresses [62].

Hydride precipitation and dissolution during cogliand heating is controlled by the

concentration€,, Cyss andC.. At a constant temperature, equilibrium is whea t
concentration of hydrogen in solution at the hydsdirface i€rssand surrounding layers have

concentrations dof. Crss, orC._ (i.e., J = 0). When the temperature first chartygig heating
or cooling, the local concentrations do not chang&antly, which on Figure 8 would be

represented by moving concentrations along horadinies, so the concentratioBs andC.
that were present at the equilibrium temperatutermove either into regions where J > 0 or

J < 0. For cooling, the initi&. moves into a J < 0 region and is stabilized. inf&l C.
concentration moves into a J > 0 region and woiddalive except for the stress has been
relieved by the influx of hydrogen forming a hydeogcloud. This initial state is stable on
cooling until the initialCrssintersects with th€, line, demonstrated with the top horizontal line
in Figure 8; this intersection happens at the Ts88/(s) temperature. The initially formed
hydrides dissolve at this point, and new hydridgsear in unstressed regions of the matrix.
These events are ultimately controlled by@édine.

For heating from an initial equilibrium state, tleverse happens, and the events are ultimately

controlled by theC_ line. When heating from an initial equilibriu@, moves into a J > 0 region
and dissolution occurs. Heating mo¥&sinto a J < 0 region, and ti@& concentration grows
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because the stress gradient diminishes, perhagisimgasufficient values for condensation of
hydrogen. This initial state is stable on heatingl the initial Crssintersects with th€. line.

On cooling: hydrides can form and dissolve

It follows that the first hydrides to form on caudj, the athermap-hydrides, must be
precipitating in regions where there are priorssrgradients and concentration gradients,
because they form above the solvus temperatureprédymmse that hydrides observed below
315 °C between%and 20 around the diffraction ring are associated witiatiations. Hydrides
are suggested to form when hydrogen trapped bjléesteesses at crystal imperfections (e.g.
dislocations) attain concentrations sufficient tegipitate hydrides. Metals contain
imperfections in the lattice that produce locakiknstress gradients, and there are many sites of
residual stresses, for example from intergranuféerdntial thermal expansion, that will
encourage hydrogen to flow and form precipitatethénsame way as to a crack tip under an
applied tensile stress [8]. The internal stresgmdd activate the drift current and promote
precipitation above the solvus temperature, hgmtgdrides are predicted.

Figure 17 shows hydrides decorating dislocatioqogsible. The precipitates form well above

the onset temperature in Figure 3 and appear &hgemal. If kinetic energy of the hydrogen is
lost when associating with the imperfection, thes ¢hemical energy released might appear to
be small. The aggregation of hydrogen atoms iniehsile region relieves hydrostatic stresses

when the elastic dilation caused by the dislocdtias been replaced by the dilation associated
with the different atomic volumes of solute andveal: Cottrell atmosphere [60].

When hydrides form, the concentration of hydrogesdlution at the hydride edge will be at the
solubility limit, Crss for the formation temperature. Hydride formatiatroaduces additional
stress and further hydrogen movement to form aitiaddl hydrogen cloud with concentration
C. that surrounds the region@#ss As the temperature is lowered, hydride growtstisited:
initially hydrogen moves towards the hydride beealis 0, until the additional stress associated
with the hydride is relieved, at which point J arid there is no hydrogen flux to grow the
hydride. These hydrides once formed do not growmtooled, until a temperature is reached
where J > 0 at the periphery of the second hydratgrd so that the hydrogen in solution
trapped at the hydride edge can diffuse away amthydride will dissolve. A consequence of
hydrides being unable to grow when cooled is they form into arrays of platelets, which are
discussed later.

They-hydrides that form above the solvus temperatur@aadicted to dissolve in the order

they were formed as the temperature is loweredibtie solvus temperature, and be gond by
The result is that a maximum amountohydrides should be seen between the solvus

temperature andl.. The sequence of events is depicted in Figung-Biydrides that form above
the solvus temperature will decline followifg below the solvus (seen as the intersection of the
horizontal grey lines witlkC,). Theye-hydrides that form below the solvus temperaturé wil
increase with cooling as do the vertical grey lisesn in Figure 8 below the solvus. The net
difference predicts a maximum hydride diffracticeag area at 26%C, which agrees with the
observed maximum temperature.
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On further cooling below_, and to the left of theQ,, J=0) line in Figure 8, the flux becomes
positive and hydrides dissolve. In Figure 13auath250°C, we see the areas fgrhydrides
decreasing, and in Figure 14 the zirconium latsipaeing increasing, which confirms the
hydrides are dissolving during cooling and hydrogegoing into solution. Thg-hydrides

continue to dissolve, and a peak is seen in zitsorattice spacing at a temperature belaw

Then formation ob-hydrides intervenes. Thehydrides cannot simply transformaehydrides;

the large stoichiometry difference has to be owvae@and there is not enough hydrogen in the
(ZrH) y-hydrides to form (Zrhls.1 69 6-hydrides. The-hydrides would have to collapse to a
smaller volume while rearranging hydrogen bondirtge 5-hydrides were formed strictly from
solid-state conversion gfhydrides. In addition, §-hydrides were transforming intehydrides

by solid-state conversion, the rates of changb@fireas of hydride diffraction peaks would sum
to zero. Figure 16 shows that during the 18 srmisien period after the cooldown to 230 °C
and hold, the-hydride signal remains almost constant afte s while the area of tleehydride
peak continues to grow, hence, solid-state conmeiisinot supported by the time dependence of
the hydride diffraction signals.

Instead, thg-hydrides dissolve putting hydrogen into solutiorgluding into the surrounding
hydrogen cloud and into the metal matrix. Thisrogen is available when the higher
stoichiometrics-hydrides form as the temperature reaches’230r the specimen containing
1 at.% H. The ratios d. to Crsscalculated from Equation 6 vary from 1.6 to 1.%hees
temperature is reduced from 2&Dto 23(°C provide the range of stoichiometry for the
d-hydride. The concentration of hydrogen in solutitops suddenly as tliehydride forms, as
demonstrated by the last of the cooling pointsigufe 14 showing the decrease in lattice
parameter for the zirconium lines between A3%o0 230°C, and the sequential growth of the
d-hydride peaks shown in Figure 15 and Figure 16ngistent with hydrogen condensing from
the local hydrogen cloud, there was no further moet of the zirconium diffraction lines
during the sequential growth showing that the nesgbamount of hydrogen in solution had
already moved to the regions where dHeydride formed in the time between the start alicg
from 235°C and the start of the measurement at’Z30The amounts ofhydrideand
d-hydride may vary in this concerted way with furtbeoling.

In the specimen with 0.6 at.% H, on coolidghydrides were observed to form suddenly well
below the solvus temperature in a similar mannetagrved for the specimen with 1 at.% H.
Figure 12 shows the process seen for 1 at.% Hpeated in the specimen with 0.6 at.% H,
except the formation @-hydrides occurs at 206. The lower temperature (206 versus
230°C) is in accord with the lower solvus temperat@s5(3 °C + 2 °C versus 278 °C + 4 °C)
because of the lower concentration (0.6 at.% Hugetsat.% H) in the specimen. For both
specimensy-hydrides formed above the solvus temperature ofira and then on further
coolingos-hydrides formed 50 °C below the solvus temperaaiftesry-hydrides dissolved. For
both specimens, hydrogen moving in and out of gmiutas corroborated by the change in
d-spacings observed for the zirconium lines.

Figure 7 shows that the room-temperature propastag-hydride and-hydride in the
Zircaloy-2 specimens of this study changed in dlaimmanner as reported for low hydrogen
concentrations in pure zirconium [9, 10, 11] andiircaloy-4 [12] and in Zr-2.5Nb [16-19] (See
the background in the Introduction). At low conzations, 0.1 at.% H, onlyhydrides were
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observed. For 0.6 at.% H and 1 at.% H, hotttydrides and-hydrides were observed, with a
greater proportion ai-hydrides for the larger total hydrogen concentrati The areas of the
y-hydride peaks are similar for the three concemnati If the events leading to the precipitation
of 6-hydrides seen in Figures 11, 12, 13 and 14 car sy a template, then hydride formation
starts withy-hydride precipitation, and follows with dissolutiohsomey-hydrides at

temperatures below the solubility limit, and tiehydrides precipitate beloW. The

dissolution ofy-hydrides will take longer for lower total conceniwas of hydrogen because the
diffusion rates are lower because the temperaarekwer. The preponderanceydiydrides at
low temperatures for low total hydrogen concenragicould result from insufficient time for
they-hydrides to dissolve so théthydrides can precipitate, for example, during gpeeiment.
For higher total hydrogen concentrations, for whimperatures are also higher, the diffusion
times will be shorter. The implication is thahydrides are expected to dominate for low
concentrations, angthydrides dominate for high concentrations, in gpeas with similar
cooling when compared at room temperature.

The decreasing and then increasing of the latpeeiags in Figure 14 during cooling, and then
the drop oncé-hydrides precipitate shows that the concentratidmydrogen in solution below
onset precipitation temperatures cannot be captuithda simple universal function (e.qg.
exponential). For instance, specimens with lowltbydrogen concentrations need to be cooled
to low temperatures to instigate precipitation, diffusion is slow at low temperature, and
precipitation of%-hydrides might be indeterminately delayed. Hetloe concentration of
hydrogen in solution could be higher than expebtech extrapolation of TSS precipitation onset
values determined with DSC at higher temperatufedisproportionately small, or absent,
d-hydride peak could indicate hydrogen frozen iuBoh. The implication is that models of
phenomena that depend on the concentration of ggdrin solution, such as delayed hydride
cracking [8], could under-predict rates at low temgtures and low concentrations. There are
indications that TSSP features change with tempegdtistory [64], seemingly suggesting
complicated precipitation, whereas the currentltesthow both precipitation and dissolution
behaviour, Figures 13 and 14. In contrast, expantaily determined TSSD concentrations vary
smoothly with temperature on heating, like thadatspacings for the zirconium lines in

Figure 14.

Figure 13 show hydrides on cooling abdue for reasons that are not yet clear. The ziraoniu
lattice contracts when cooled squeezing hydrogenraygions of relative tension where the

concentration could locally exce&d, even though the average concentration would hbus,

a second ‘rainbow’ line(_.) could be defined belo®.. Similarly, hydrides abové, also
suggests additional no-flux conditions with diffet@alues folK. Regions of compression will
likewise lead to no-flux equations like those fengion (Equation 4). Compressive yield
strengths can be higher than tensile yield strengthd could be different depending on direction
for a textured matrix.

On heating: hydrides can dissolve and precipitate

Figure 13b shows the areasdtthydride diffraction peaks decrease as the temyera raised;

hydrides in this view were previously labelled that. The areas @f-hydride diffraction peaks
increased with heating from 220, and reached a maximum=240°C. Figure 8 suggests the
maximum should occur at 25Q, which is the temperature where a horizontalfiom TSS at



731
732
733
734
735

736
737
738
739
740
741
742
743
744
745

746
747
748
749

750
751

752
753

754
755
756
757

758
759
760
761
762
763

764
765
766

767
768
769
770
771

Precipitatesin metalsthat dissolve on cooling and form on heating: an example with
hydrogen in alpha-zir conium

220°C intersects th€. line. &'-hydrides are seen in the view associated with ifapons such
as dislocations. When heating first starts, theuteneous increase &thydride and decrease
of 6""-hydride combine to reduce the rate of increagsaefimount of hydrogen entering
solution, and a slow rise in d-spacings is sediallyi in Figure 14 reminiscent of the horizontal
line connecting Points C and D in Figure 2.

Figure 9 shows that on heating the téthlydride signal increases with temperature until 23
which suggests that the increasedenydride is larger than the decreased6hydride over this
initial heating range. Simultaneously, the hydrogencentration in solution increases with
heating, as shown by the rise in the d-spacingiseai-zirconium lines in Figure 14. Because
the total amount of hydrogen in solution and asiagdis constant, the implication is that the
y-hydride phase must be suppressed when thestbitgdride phase reaches a maximum value.
When the totab-hydride signal decreases abe#@t0°C, the suppression of tlyehydride

should cease, and the amouny-tifydride increase, which can be seen in the risehgfride
signal in Figure 10 above 25Q. These concerted changes-imydride and-hydride suggest
that these phases are physically close.

The amount oft-hydride decreased to a small value as the sohassapproachedyt-hydrides
formed below the solvus temperature reached maximaloes below the solvus, not above it,
even though the flux is still negative above thes® Because the hydride lattice strain is
relieved by hydrogen in solution at the periphefrg diydride, hydrides once formed do not

dissolve when heated, until a temperature is rehatere J > 0,i ., when theC. line is
crossed) at which point the hydride will dissolviheyt-hydrides that formed during cooling

from 245°C to 220°C will reachC. and begin to dissolve on heating at 26Q0and should be
completely dissolved by 28. On heating, once the temperature passe§@45-hydrides

form, but most of these hydrides re&thand dissolve by 28tC, with just a few lasting to
286°C. Thus, the/t-hydride areas are predicted to increase af’@4Beach a maximum around
255°C, and fall to low values at the solvus temperat28°C, which is what is observed in
Figure 13b.

Even though the areaswhydride diffraction lines during heating becomeadirfor

temperatures above the solvus, they do persist.y-phase is stable above the solvus on heating
when J < 0. The process is self-stressing statgli@here the sharp edges of hydrides put the
local zirconium lattice into tension, which invokig® drift current, and hydrogen in solution is
driven to the hydride, even though the solvus teatpee has been exceeded. The drift current
counteracts the dissolution current and stabilizegprecipitates to higher temperatures. For

temperatures abovi,, J changes sign, and the hydrostatic stress irdgms¢he lattice by the
sharp end of the hydrides is not enough to overabm@ropensity of these hydrides to dissolve,
and so they do.

Theye-hydrides do not follow the temperature dependerea foryt-hydrides when heated.
Figure 10 shows peak widthsfhydrides broaden for temperatures abdws, while the areas
of the peaks remain relatively constant, altholnghitackground in Figure 10 weakens definitive
inferences. Thg-hydrides are possibly more stable at high temperatbiecause their
stabilizing Cottrell atmospheres were also formieigh temperatures on cooling. Above the
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solvus temperature, thye-hydrides may experience a broadening range ofssfires the
underlying dislocation as the hydrides become s&mall

The zirconium lattice spacings shown in Figure &dy\vsmoothly with increase in temperature.
Eventually, on heating, the concentrations of hgdroin solution associated with hydrides will

intersect with, and follow, th€. boundary, which varies smoothly with temperatufer initial
heating, the increase with temperature of latte@meters for the prism {10} diffraction lines

is less than for the basal (0002) line, which agjreigh earlier work that suggests hydrogen in
solution more easily expands the crystal latticmglthe c axis [47]. The relative changes in the
lattice parameters with temperature suggests hieadinisotropy in the presence of hydrides is
temperature dependent. At high temperatures, @hef the hydrides have dissolved, the
contribution of hydrogen in solution to the ratidattice spacings, c/a, levels off to a constant
value [47].

Implications of the Phase Rule: a composite hydride with variable stoichiometry

For regions in the bulk metal where the chemic&bpital can be described in terms of two
intensive variables, concentration and temperathese is one degree of freedom, as described
in the Introduction. The metal is ideal and defeeé. In these regions, there are no stress

gradients and th€_. andC, lines collapse about the central J=0 solutiongodfion 3 shown in
Figure 8, which defines the solvus. The Phase Rulegese regions requires that for every
temperature there is a unique concentration ofdgeln in equilibrium with a unique hydride
phase, as in Equation 2. The solvus concentraitire total hydrogen concentration in the
metal in the limit as the temperature approache®stiset precipitation temperature on cooling —
the concentration of hydrogen in solution in théklloes not change appreciably when
infinitesimally small amounts of hydride precipéatAt equilibrium, hydrogen in solution at the
hydride-metal interface is at the solvus conceiutnatin the volume where the solvus
concentration is defined adjacent to the hydrid¢éairieterface, there are no net concentration
gradients, and, by Equation 3, there are no nessigradients at equilibrium. In this gradient-
free volume, the Phase Rule dictates one degrizeaafom.

Multiple hydride phases are not allowed at equiilibor if hydrogen also exists in solution. If
multiple hydride phases existed, then each hygidese would have a similar region adjacent to
its hydride-metal interface where there would beoocentration gradients, and thus no stress
gradients. In each of these regions, an equilibigoncentration would exist that would be
different from the other equilibrium concentratidosthe other hydride phases. But, these
different concentrations would cause hydrogendw fio the hydride phase with the lowest
equilibrium hydride-metal interface concentratibg,analogy with Ostwalt ripening where
precipitates with high local solute concentratidissolve while precipitates with low local

solute concentrations grow [65]. If equilibriumnoentrations can be defined in regions adjacent
to hydrides, then only one hydride phase can exisguilibrium if hydrogen is in solution.

It follows that if there are two hydride phasegrtat equilibrium there can be no hydrogen in
solution if there is a single degree of freedonmuftaneous observation of two hydride phases
and hydrogen in solution suggests one hydride phiaseunded by another at equilibrium. The
sudden formation a¥-hydrides shown in Figure 15 and Figure 16 is thoeeca non-equilibrium
processd-hydrides can never be in equilibrium with hydrogesolution ify-hydrides exist
simultaneously or are formed first. A single degoé freedom requires a composite hydride
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forms with a single outer hydride phase, which loarithen-hydride ors-hydride. Which
phase forms the outer layer between the hydridengdbgen in solution may depend on rates
of cooling and heating, and amounts of hydrogen.

When thed-hydrides formy-hydride areas are observed to decreasej-bwdrides still exist in
detectable amounts to the end of the observatioacp@-igure 15). I6-hydrides form the outer
hydride phase of the composite hydride, thenythgdrides must be completely surrounded and
cut-off from hydrogen in solution to comply withetlsingle degree of freedom. Figure 10 and
Figure 13b show the signals froahydrides change at the solvus temperature whetimigethe
areas of thgt-hydrides decrease appreciably, and the diffradtiewidths increase for the
y-hydrides. The-hydrides will only be sensitive to the solvushiéy are in contact with
hydrogen in solution, hencé&hydrides do not form the outer hydride phase efabmposite
hydride in this study.

When thed-hydrides form, equilibrium can only be attainethiés-hydrides are surrounded by a
layer ofy-hydride, which would form when there is insufficidnydrogen available to form the
higher stoichiometrié-hydrides. Becausghydrides were the first to precipitate, probably
because of stoichiometry and lower strain enelgy,ibterpretation would requitehydrides to

be surrounded by-hydrides. The TEM picture in Figure 1 showbgydrides surrounded by
y-hydrides [35] in another zirconium alloy, Zr-2.5Ntemonstrates that this interpretation has
merit. Results of nano-beam electron diffractigpegiments on Zircaloy-2 containing 1 at.% H
have similarly been interpreted &phase encased yphase [28].

Neutron diffraction results also support the praabsomposite hydride [33]. Areas of neutron
diffraction peaks associated wighydrides and-hydrides do not decrease monotonically with

heating, but their sum does, following EquatiombG.. This behaviour is expected if the
y-hydrides an@-hydrides are not separate and independent, bebarescted in a composite
where their combined dissolution is constraine@byquilibrium relation. The neutron
diffraction results suggest that the energetiadisgolution and precipitation gfthydrides and
d-hydrides are similar, otherwise the concentratibhydrogen in solution would change when,
for exampley-hydrides diminish ané-hydrides increase in Zr-2.5Nb as they do on hgattn
180°C in Fig 8 of [33], but such a change in conceitnabf hydrogen in solution was not
observed (see Fig. 4 of [38]) The implication is that the heat required tesdige they-hydrides
is similar to the heat given off when thdrydride precipitates, on a per hydrogen atom basis
Density Functional Theory (DFT) that includes tiffe&s of enthalpy as well as entropy and
disorder concurs thathydride and-hydride are very close in energy [4]. In the eatrstudy,
no indication was observed in the DSC exothermat flew at 230°C (Figure 3) where the
y-hydrides decline angthydrides form in Figure 15. The extra exothertreat flow that might
be expected from th&hydride that forms after thehydrides stop dissolving (Figure 16) would
be small if thed>-hydride formed by condensation of hydrogen tragpdatie surrounding
hydrogen cloud containing the stoichiometric dmition of hydrogen.

! The temperature wheyehydrides diminish and-hydrides increase on heating in [33] is similattte
temperatures where the ratio@f to Crssfor Zr-2.5Nb equals the stoichiometry ratios fogty (1.75) and ZfHs
(1.67): 180°C and 21G6C, respectively.
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Figure 18 shows the phase diagram consistent hétlnterpretation of the current observations
in which a boundary has been added at 0.5 mol&drafor ZrHy-hydrides. Similar boundaries
have been proposed previously [67, 69, 70]. If &ld compound, then it is represented as a
vertical line in the phase diagram. Figure 18 glsows a prediction of the boundary delineating
the §+06) phase field calculated from ratios@f to Crss determined with Equation 6.

The diffraction line profile fob-hydrides was not the same for formation and digsni. When
5-hydrides formed the line grew symmetrically witmé at 230°C (Figure 15), but as the
temperature was increased, successive isothernzsurenments showed the line diminishing
from left to right in Figure 10. Th&hydride line profile includes contributions fraivhydrides
with reported stoichiometry from ZgH to ZrH; 67. The d-spacings increase with stoichiometry
as the lattice expands because of the extra hydrogke symmetric growth of tlehydride
diffraction profile shown in Figure 15 suggeststttie distribution of stoichiometry does not
change whei-hydrides condense from hydrogen trapped in hydratguds formed when
cooling. The range of stoichiometry depends orrdinge ofC. values that exist when tle
hydrides condense, which from the horizontal limeSigure 8 should correspond to the
temperature range eB5°C, or from 230F°C to 230°C + 35°C for 1 at.% hydrogen. The
corresponding ratios @. to Crssare 1.6 to 1.7, which is the predicted range @thtometry

for the condensing-hydrides. The width of th&hydride diffraction peak in Figure 15 includes
this range of stoichiometry.

In contrast, when heated, thdaydride diffraction profile decays asymmetricalith the lowest
stoichiometric hydrides systematically disappeariSgabley-hydride form with surrounding

layers of hydrogen in solution trapped at conceianaC,, CrssandC.. When these layers
condense to forrb-hydride, the concentration profile is recordedhia stoichiometry profile of
thed-hydride. When heated, the composite hydride tisscsystematically from the outermost
layers.

Ab initio calculations suggest that the H-Zr stoichiometit® ofy-hydride could vary from 1.1
(0.52 mole fraction of H) at temperatures of 8600 1.4 (0.58 mole fraction of H) at
temperatures of 30 [70], in which case the vertical boundary lin@® &0 mole fraction

(50 at.%) would be curved in Figure 18. The stmictetry of they-hydride cannot be
determined from the diffraction spectrum, it istamed to be 1:1 as described in the
Introduction. In the temperature range of thiglgtuhe position of thg-hydride diffraction

peak does not vary significantly suggesting anyatian because of changes in stoichiometry is
within the resolution of the measurement.

Comparison with previous interpretations

The temperatures in Figure 3 where exothermic addthermic heat flows are most evident
have been used to define two independent solvifamngrecipitation, and one for dissolution.

On heating, the temperature at which the diffee¢hieat flow reaches a minimum value is
sometimes called TSSD, which stands for terminkd solubility at dissolution (318C in

Figure 3). When the sample is cooled from theestdtere all of the hydrogen is in solution, the
temperatures where exothermic changes can be @osstart at 280C: this temperature is

called the onset TSSP, where P stands for pretipitaThe difference between the TSSD and
TSSP solvi temperatures is now commonly calledhiisteresis’ [40]. A feature of the previous
interpretation of the hysteresis is the hiatusrief® when switching between cooling and heating
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where the concentration of hydrogen in solutionsdoa change until TSSD is reached, as
indicated by the horizontal line between Pointsn@ B in Figure 2. This previous interpretation
is not supported by the X-ray diffraction resules@use as soon as the temperature is increased,
the lattice parameters of zirconium shown in Figl4eise monotonically indicating hydrogen
going into solution.

The interpretation of the current results provithesunderlying reasons for the apparent
hysteresis. What has been called TSSP, is noWddmsmply TSS, which is defined as the

single solvus. The TSSD dissolution solvus of yei@., which is determined directly from a

J = 0 solution of the Einstein flux equation, andtten in terms of the TSS concentration
(Equation 5), which means TSSD is not an indepenelaity, and is not a solvus — it is the line
about which the flux of hydrogen changes sign alibeesolvus temperature.

In the standard interpretation of TSS depictedigufe 2, TSSP and TSSD concentrations exist
at the same location, but at different times (wbeoling and when heating, respectively, the
concentrations are everywhere the same). In tirertuinterpretation, the concentrations at

equilibrium of hydrogen in solution associated WitBSP (TSS), and TSSIZ) exist at
different locations at the same time.

Theoretical formulations have been developed, fangle using accommodation energies
required to form hydrides, to account for the appaihysteresis, and to reconcile multiple solvi
[39]; these formulations are unnecessary when iimgpthe Einstein flux equation.

Curiously, in Figure 9 hydrides were seen to fomtooling around 328 and might be

inferred to dissolve finally on heating around 280 These temperatures are reversed from the
precipitation and dissolution temperatures detegeahiinom the DSC heat flow curves in

Figure 3. If onlyd-hydride peaks were observed, then it would apitedrprecipitation

occurred at 238C and dissolution finally around 280, which again is not in accord with the
DSC heat flow curves in Figure 3. Diffraction datane can be misleading without
complementary information from DSC, which was usethis study to characterize the solvus
by the onset precipitation temperature, or froneothethods indicating hydride precipitation,
for example dilatometry [40].

The apparent violation of the Phase Rule by simaltas observation of hydrogen in solution
and two hydride phases was resolved by contaimi@dphase withiny-phase at equilibrium.
Previously, it was argued that thghase ang-phase could exist independently at the same
time, but that thg-phase is metastable and would not be presenudigiym. Thus, the
observation of-phase and-phase was interpreted to indicate these systemes et at
equilibrium, which supported the ‘restricted anachamwic’ definitions of equilibrium during
cooling and heating used to interpret TSSD and T&B®es. The metastable argument requires
that they-phase should eventually disappear, but it stilbisés after hours in our experiments
and hours in neutron diffraction experiments with83 at.% hydrogen in Zr-2.5Nb up to
complete dissolution at 328 [33], and after three years at room temperatltg [If y-hydrides
were consistently metastable, then heating sheald 1o their disappearance not just lead to
reduced amounts [33]. The metastable argumenni®onded by DSC experiments that show
sharp reproducible indications of precipitation wiveoling at rates of & to 30°C per minute.
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The results of the current study suggest yHagdride is the equilibrium phase in contact with
hydrogen in solution.

The formation ob-phase requires some previous dissolutioplofdrides (e.g. see Figure 14

belowT. on cooling) to raise concentrations of hydrogesdhution to the values needed to form
new hydrogen clouds when thghase condenses (e.g. see Figures 13a and 1@ %2)23

When the hydrogen trapped in clouds condensestodgphase, the stabilizing hydrogen cloud
is lost and a new cloud needs to form by takingbgen from the surrounding matrix to
stabilize the newly condenségphase. Thus, the prerequisite stepdfbiydride formation is for
somey-hydrides to dissolve partially, and then nuclebés-phase in the hydrogen cloud.

Nucleation of appropriate hydrides is the critist@p to produce hydrides with their platelet
normals parallel with a tensile stress leadingattial hydrides in tubes [71]. The atherma) (
hydrides seen betweefl @d 20 are forming close to the {1J} hydride habit planes [72, 73],
which are 14.7from the basal plane. If stabilized by appliedstienstress, these hydrides could
act as the nucleation sites for damaging radiatitigd in pressure tubes with a strong transverse
texture, similar to the current experimental materiThe thermaly) hydrides are associated

with the {1010} habit planes [73] and are less likely to conttito radial hydrides.

In the current study, hydrogen clouds were postdl&d form in regions of tension to relieve the
stress. Hydrogen clouds surrounding hydrides shait growth during cooling and stabilize
them against dissolution during heating. Duringlicw, the stress-gradient regions, and not the
hydrides, become sinks for hydrogen, and whentsdtido more hydrogen flows. At
equilibrium, the concentration at the unstressedtilg surface, which i€rss and the
concentration at the end of all the stress graslienist be the same, otherwise hydrogen would
flow. Thus, at the point where the stress gradigntto zero, the conditions will be right for
another hydride to nucleate, and a series of stdbtged hydrides are expected to form.

High-resolution micrographs of hydrides in zircanialloys show that they are composed of
linear arrays of small platelets [74], Figure These ideas are reminiscentophase
precipitation in Al-3 wt.% Cu. Precipitates @fphase originate at dislocations, but stop
growing and then reinitiate via an autocatalyticleation process to form a linear array of plate-
shaped precipitates. The resulting elasticall\kéalcarrays are stabilized against growth or
coarsening, or both [76].

DFT calculations of free energies for hydrides sbdwositive values for 1 at.% hydrogen in
zirconium, which means that hydrides could not fosimilar results were seen for hydrogen
concentrations up to 2.7 at.% (300 ppm) [4], cantta observations. This DFT free-energy
calculation did not include the additional termattrount for the work done to expand the solvent
by the solute, which is the product of the hydrisgaressure and the partial molar volume of the
solute. This additional work term led to the dr#ftm in Equation 3 and makes the free energies
negative for hydride formation. Hydrides stabitlzgy a hydrogen cloud that forms in response
to the misfit between the hydride and the matrizassistent with suggestions from DFT that an
additional hydrogen concentrating mechanism, sscipr@cipitate interface lattice strain”, is
required to overcome the positive free energy daled for hydride precipitation in zirconium
with 1 at.% hydrogen [4].
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The equations fo€; andC. should be generally applicable to any stress gradvithin metals
where a solute can move to relieve that stressegradThe source of the stress gradient is

decorated by a Cottrell atmosphere or a cloud lots@toms until the limiting; andC.
conditions are met, where the flux changes signt@dolute moves away from the stress

source. Th&€, andC. lines can be crossed by varying temperature aedsst Thus, an applied
stress can be used to release the Cottrell atmaesgiee prevents dislocations from moving, and
maxima, called yield points, are seen in stressrstrurves [60]. Similarly, varying temperature
was used in this work to unlock the Cottrell atmeese or hydrogen cloud stabilizing hydrides
against dissolution, and maxima were seen for th@uats of hydride formed with temperature.

We are aware that results presented in this papecounter to common perceptions of what
hydrides, and precipitates in general, are supptwsdd when heated and cooled. But, think for
a moment about the common perception that for lgghan zirconium there are two TSS solvus
lines: one line applies when we cool, TSSP, andremdine applies when we heat, TSSD (see
Figure 2). The solvus defines an equilibrium ctindj so it should not depend on direction of
approach, yet the common perception is that it dmelsydrogen in hydride forming metals,
with zirconium being a clear example. What is deuto thermodynamics is equilibrium
defined differently depending whether the systeime@ted or cooled. Over-all, we report that
hydrides precipitate with cooling, and dissolvehmieating, as expected. But, close to the
solubility limit, because of the stress imposedt®/hydrides on the lattice, we see these little
perturbations. The flux of hydrogen to the hydsidepends on competing concentration
gradients and stress gradients that orchestraeeefous dance about a central single

solvus. The governing equation for this dancd the form Einstein used to explain Brownian
motion.

Concluding remarks

The behaviour of hydrides in zirconium have beeseoked using differential scanning
calorimetry and X-ray diffraction on specimens afcdloy-2 containing up to 1 at.% hydrogen:
hydrides both precipitate and dissolve on cooling dissolve and precipitate on heating. These
unexpected phenomena can be understood quantiatiith the Einstein flux equation, which

is the sum of a concentration-gradient diffusiorrent (Fick's Law) and a drift current
emanating from tensile stress gradients. Thres-fhax solutions to the equation exist. The
solution where there are no gradients in conceatrand stress defines the terminal solid
solubility - the solvus. There are two solutionsene the diffusion and drift currents are non-
zero and cancel: these solutions define a regiomeabnd below the solvus where the flux of
hydrogen is negative, and hydrides grow. Outditeregion, the flux is positive and hydrides
dissolve. The tensile stress can come from distmtain the lattice, which can stabilize hydride
formation above the solvus. The stress also cdrogsthe edges around hydrides that put the
local metal lattice into tension. Other sourcestagss include differential thermal expansion
leading to intergranular stresses. Hydrogen intgmi moves into these tensile regions forming
Cottrell atmospheres and hydrogen clouds to reliegestress, which stabilizes the hydride
against the effects of heating and cooling. Omesequence of this interpretation is that hydrides
should form linear arrays of small platelets. Tdtéce spacing of the zirconium matrix expands
and contracts in response to the hydrogen goiagdhout of solution.
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It has not escaped our attention that this desonmif precipitation and particle dissolution
should have general application to other hydridenfiog metals, for example Hf, Ti, Ta, Nb and
V, and may be even more general for other prectgsta

Hydrides are inferred to form composite structwbens-hydrides are observed. These
composites will include a surrounding layerédiydrides to satisfy the Phase Rule. There is no
solvus fors-hydrides; they are never at equilibrium with hygko in solid solution because there
is always a-hydride intermediary.

Technological significances of these results are:

Contrary to the usual interpretation, only a sirtgleninal solid solubility limit
(solvus) exists, based on precipitation ofghase;

The large differences inferred from DSC measurem@rtd other methods) between
the temperatures at which hydrides start to pretgand completely dissolve is not
observed in these X-ray diffraction experimentgdiities have been observed to
form on cooling at temperatures above the predipitdemperature inferred from
DSC. The current results are useful for understephenomena such as delayed
hydride cracking, blister formation, and hydridésatation;

Thed-phase is not the equilibrium phase in contact Wittirogen in solution in the
zirconium even when it is the most abundant phdse implication of this
conclusion is that the equilibrium phase diagraousthinclude a boundary at

50 at% (0.5 mole fraction) hydrogen. The observed &iometry of thed-phase
captured by the curvature of the€d/5 line in the phase diagram can be calculated
from the concentration of hydrogen in solution yalfogen clouds that condense to
form o-hydrides;

The temperature dependence of the precipitatioogsis complicated when
compared with that of dissolution and contributethe variation of hydride phases
reported in the literature.
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1229 Figure 1: TEM micrograph showirighydride surrounded byhydride in Zr-2.5Nb, based on
1230 [35].
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1242 Figure 5: Diffraction rings from the Zircaloy-2epmen with hydrogen concentration 0.1 at.%,
1243 (12+3) ppm. The intensity scale is arbitrary. Tim@ermost most ring is {10}, the next ring is
1244  (0002). The variable intensity around the circufee of each ring is because of the texture in
1245 the zirconium: the basal plane normals tend totgoorth’, or towards 12 o’clock, because of
1246 the predominant transverse texture of the pressbeefrom which the specimens were cut. The
1247  zirconium specimens were cut in the form of compagghness specimens, but the notch was
1248 not examined in this experiment: all reported obsgons were made at distances of millimeters
1249 from the notch, which was loaded with 10 N to hible specimens in place.
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1260 Figure 7: Diffraction lines in the region where keassociated with diffraction from {111}

1261 planes ofy- andd-hydrides can be found for three hydrogen conceatra (1, 0.6 and 0.1 at.%,
1262 (11344, 634, and 12+3) ppm, top to bottom) at raemperature after cooling (summed from
1263 14 separate locations in each specimen). Therspae successively offset by 0.005 intensity
1264 units from the low concentration spectrum. VHeydride signal is relatively constant compared
1265 with thed-hydride signals, which are larger for larger hygio concentrations. Onfyhydrides
1266 are seen for the specimen containing a low conagoitr of hydrogen.
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1270 Figure 8: The no-flux solutions to the Einsteirxfeguation when hydrides are preséy, (

1271 TSS,C.); in the regions between these three solutiongiitiel flux of hydrogen in solution, J,
1272 is negative and hydrogen flows towards regiongn$ile stress forming hydrides. Vertical
1273 dotted lines show the upper and lower ‘J < 0’ terapee limits calculated wit = 2. The
1274 solvus is at 286C for 1 at.% hydrogen, which is shown by the hartabdotted line. The solid
1275 vertical and horizontal lines are used to descyibeydride precipitation and dissolution above
1276 and below the solvus temperature, as detailedeihetk.

1277
1278



1279
1280
1281
1282
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Figure 9: Areas of {111} hydride diffraction peaikdéegrated around the diffraction rings for the
specimen with 1 at.%, (113+4) ppm, hydrogghydrides on cooling (left) andthydrides on
heating (right). The vertical lines shdw the solvus temperature, andfor K = 2, as discussed
in the text.



Precipitatesin metalsthat dissolve on cooling and form on heating: an example with
hydrogen in alpha-zirconium

Intensity (arbitrary)

310°C
T : T T
0.270 0272 0.274 0276

1283 d spacing (nm)

Intensity (arbitrary)
o
g
di

1 4 310°

T T T T
0.270 0.272 0.274 0.276

1284 d spacing (nm)

1285 Figure 10: Spectra obtained with 1 at.%, (113+4npH in Zircaloy-2 for a series of isothermal
1286 measurements obtained by integrating intensityratdhe diffraction ring from 55to 75 (top)
1287 and 0to 20 (bottom). The temperature of the spectrum drawsiie is the same as the onset
1288 precipitation temperature determined from DSC (22& 4 °C); the temperature of the red-
1289 coloured spectrum is similar to the minimum heawftemperature during heating (315 °C
1290 7 °C).
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Figure 11: Spectra obtained with 1 at.%, (113+4npH in Zircaloy-2 for a series of isothermal
measurements obtained by integrating intensityratdhbe diffraction ring from 550 75 (top)
and @ to 20 (bottom). The temperature of the spectrum drawsite is the same as the onset
precipitation temperature determined from DSC (22& 4 °C); the temperature of the red-
coloured spectrum is similar to the minimum heawftemperature during heating (315 °C +

7 °C).
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1301 Figure 12: Spectra obtained with 0.6 at.%, (63#npH in Zircaloy-2 for a series of isothermal
1302 measurements obtained by integrating intensityratdhe diffraction ring from 55to 75 (top)
1303 and §to 20 (bottom). The temperature of the spectrum drawsiie is the same as the onset
1304 precipitation temperature determined from DSC (25&: + 2 °C); the temperature of the red-
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1305 coloured spectrum is similar to the minimum heawftemperature during heating (282.4 °C +
1306 2 °C).
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Figure 13: Normalized areas of hydride
diffraction peaks obtained during
cooling (a) and heating (bj*-
hydrides andt-hydrides are seen
between 5%and 75 around the
ring; 6’-hydrides ange-hydrides
are seen betweefi nd 26. The
vertical lines show, left to righT,.,
the solvus temperature, afdfor
K=2, as discussed in the text.

(1 at.%, (113+4) ppm, H in
Zircaloy-2)

Figure 14: d-spacings for the {10} (a) and
(0002) (b)a-zirconium lines,
determined by integrating around
the diffraction ring, and corrected
for thermal expansion. Values of
‘Delta d’ are proportional to the
concentration of hydrogen in solid
solution. Circles denote cool-down
and triangles heat-up. (1 at.%,
(113%4) ppm, H in Zircaloy-2)
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Figure 15: Diffraction peaks from {111} planes bktt-hydrides (left) and”’-hydrides (right) at
0.5 s intervals after cooling from 286 to 230°C, at 10°C/min, and a 3 min isothermal hold.
The first spectrum in the time sequence is showgrbgn-filled circles connected with green
dots; the last spectrum is red-filled circles carted by red dots. The areas of the peaks as a
function of time are shown in Figure 16. The isiéas of the peaks were measured around the
diffraction ring from 55to 75. (1 at.%, (113+4) ppm, H in Zircaloy-2)
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Figure 16: Time dependence of the areas of theadifbn peaks shown in Figure 15 from {111}
planes of thg-hydrides and-hydrides starting 3 min after cooling from 2%5to 230°C at
10°C/min. They-hydride peak areas decrease in the first few skcdhen stop. Th&hydride
peaks continually increase over the observatioe Bifll8 s. The zirconium diffraction peaks
did not move over this time. The hydride areagelagive to the initial and final areas of the
andy-hydride peaks, respectively.
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Figure 17: Thin-film transmission electron microgeof Zircaloy-2 specimen showing
dislocation lines decorated with hydride particles.
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Figure 18: Zirconium-Hydrogen phase diagram basef66]. The dashed vertical line for 0.5
mole fraction is proposed fgrhydride (ZrH). The solvus is the equilibrium balkamy that
separates the shaded regiap (vhere hydrogen is in solid solution in thezirconium matrix,

and the regiono( + y-hydride), where ZrH hydrides have precipitatethi& matrix. Mole

fractions about 0.6 are associated wiHydrides. The dashed blue curve ish&é boundary
calculated from concentrations of hydrogen in sotuin hydrogen clouds that condense to form
d-hydrides (Equation 6). For mole fractions betw8énand 0.6y-hydride is in equilibrium

with 8-hydride. The simultaneous observatiomehydrides and-hydrides apparently in

equilibrium with hydrogen in solution suggests ttmsatisfy Gibbs’ Phase Rudenhydrides are
surrounded by a layer gfhydride.
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Figure 19: Electron-backscatter SEM micrograph shgwblack’ hydride platelets forming
linear arrays in Zr-2.5Nb [75]. At lower magnift@an in light microscopy, these platelets
appear as single particles.



