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Abstract 

The effect of pressure on the room temperature solubility of hydrogen in Zircaloy-4 was examined using 
synchrotron X-ray diffraction on small ground flake samples in a diamond anvil cell at pressures up to 20.9 
GPa. Different combinations of hydrogen level/state in the sample and of pressure transmitting medium 
were examined; in all three experiments, it could be concluded that pressure resulted in the dissolution of 
δ hydrides and that interstitial hydrogen seemingly retards the formation of ω Zr. A pressure of around 9 
GPa was required to halve the hydride fraction. These results imply that the effect of pressure is 
thermodynamically analogous to that of increasing temperature, but that the effect is small.  The results 
are consistent with the volume per Zr atom of the α, δ and ω phases, with the bulk moduli of α and δ, and 
with previous measurements of the hydrogen site molar volumes in the α and δ phases.  The results are 
interpreted in terms of their implication for our understanding of the driving forces for hydride 
precipitation at crack tips, which are in a region of hydrostatic tensile stress on the order of 1.5 GPa. 

1. Introduction

Zirconium alloys used in water cooled nuclear reactors are susceptible to hydrogen pick-up in service 
leading to embrittlement and in some cases a time dependent failure mechanism known as delayed 
hydride cracking (DHC).  The mechanism of DHC requires a stress raiser, such as a notch, which then 
attracts hydrogen dissolved in the bulk zirconium metal, eventually resulting in the precipitation of a brittle 
hydride phase.  The macro-hydride precipitate (made up of stacks of micro-hydrides) then grows until it 
reaches a critical size and fractures.  At this point the new crack tip attracts more hydrogen and the process 
repeats itself, ultimately leading to failure of components.  For decades the mechanisms for DHC have been 
debated from the original proposals of Dutton and Puls [1-2], who first suggested that tensile stress was a 
critical feature of DHC, by both reducing the chemical potential of hydrogen and through the reduction of 
the solubility limit of hydrogen in zirconium, through to more recent models of Kim et al. [3-5] and McRae 
et al. [6]. These recent models were labelled in the literature by McRae as the precipitation first model 
(PFM) and the diffusion first model (DFM), respectively, and much debate occurred [7-11].  The subject of 
this work is not the details of these mechanisms, but on one key difference between DFM and PFM models 
that allows them to be tested experimentally. The PFM model requires that tensile stress, created by the 
presence of a crack, reduces the solubility limit of hydrogen in α-zirconium, by a substantial amount. This 
results in the precipitation of hydride as a first step of DHC.  In contrast, the DFM model does not require 
any reduction in hydrogen solubility with tensile stress, as it is based on the diffusion of hydrogen to the 
crack tip, due to reduction of the chemical potential of hydrogen in the presence of a tensile stress field. 

In between the development of the early and more recent mechanistic models of DHC, work was done to 
assess whether the solubility of hydrogen did indeed change significantly with applied tensile stress and, if 
so, by how much.  Coleman’s experiments on stressed pre-cracked Zr-2.5%Nb samples showed no 
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detectable differences in the stressed and unstressed solubility limit but were limited in the testable range 
of stress by yielding of the material [12].  MacEwen et al. subsequently showed, through careful neutron 
measurements of the lattice parameter of α-zirconium, that the difference in the molar volumes between 
hydrogen in the hydride phase and dissolved hydrogen in the zirconium matrix, was smaller than originally 
thought [13]. From this they estimated that the reduction in solubility due to a tensile stress of 500 MPa 
would be less than 3% at 570 K and hence within the scatter of experiments conducted. Since this 
experiment, whilst debate on DHC mechanisms continues, little has been done to verify the results of 
MacEwen et al.  although recently, Blackmur et al. have also observed a similar dilation using synchrotron 
X-ray diffraction, suggested to be associated with hydrogen [14], and we and others have examined the
effect of stress on hydride cycling [15,16] and hydride micromechanics [17].

Here, to avoid the limitations on the stress range obtainable in tension tests, encountered by previous 
workers, compressive strain was applied instead with the hypothesis that the effect on hydrogen solubility 
should be the same as in tension but simply in a reverse sense. This was achieved by pressurising samples 
under quasi-hydrostatic conditions inside a diamond anvil cell (DAC) allowing the examination of a much 
greater range of stress than achievable in tension tests from close to zero up to ~20 GPa.  From this it is 
possible to study whether compressive strain causes hydrogen to go into solution in Zircaloy more readily, 
or precipitate out of solution. Investigation into the effect of interstitial hydrogen in Zircaloy on the stability 
of the α phase relative to the high pressure ω phase (hexagonal) was also carried out.  Pure zirconium 
transforms from α phase to ω phase at ambient temperature at around 3.5 GPa pressure [18] although a 
range of transition pressures have been observed, sensitive to impurities [19]. 

In this study we measure, in situ using synchrotron X-ray diffraction, the effect of stress on the solubility of 
hydrogen in α-zirconium by applying quasi-hydrostatic compressive stress to Zircaloy-4 samples with 
hydrogen dissolved in the α-Zr structure, as well as hydrogen that has caused the precipitation of the δ-
hydride phase.  We also examine whether hydrogen can be induced to enter Zircaloy by the application of 
compressive strain. 

2. Experimental

Experiments under high hydrostatic pressure were conducted in custom-constructed donut-type (i.e short 
piston-cylinder) DACs equipped with rhenium and stainless steel gaskets, and diamonds with 450 μm or 
250 μm culets at room temperature.  Zircaloy-4 samples made from hot-rolled plate and sourced ultimately 
from ATI Wah Chang (see Table 1 for composition) had hydrogen added electrochemically. It should be 
noted that the measured Sn content lies slightly outside the specification limit of 1.7 wt%, but probably 
within the ICP-OES uncertainty for the measuring laboratory.  The electrochemical hydrogen addition was 
done by welding electrodes of zirconium and platinum to the sample and a platinum wire mesh 
respectively and connecting them to a power supply.  The zirconium sample acted as the cathode while the 
mesh was the anode.  Samples were immersed in an electrolytic solution of diluted H2SO4

(H2SO4:H2O→2:100), at a temperature of 65˚C (±5˚C) with an applied current density of 2 kA m-2.  Samples 
formed a (relatively) uniform surface hydride layer of approximately 60 µm thickness, equivalent (if 
dissolved into the entire sample at temperature) to a hydrogen concentration of circa 300 wppm; this is 
taken as the H content.  The sample was then diffusion annealed at 300 ˚C in an encapsulated inert gas (Ar) 
filled quartz tube to prevent oxidation in order to diffuse hydrogen throughout the sample; hydrides then 
precipitated on cooling leaving the metal matrix saturated with hydrogen at the room temperature 
solubility limit of <1wppm [20]. Full details of the charging procedure are provided in Ref. [21].   

Table 1. Chemical composition (measured, ICP-OES, Incotest Hereford) of the hot-rolled and recrystallized Zircaloy-4 plate 
utilised. 

Element Cr Fe N Nb Ni O Sn Zr 
Weight % 0.12 0.22 0.003 0.01 <0.01 0.13 1.78 Bal. 
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Both as-received and pre-hydrided samples were ground to fine powders with a diameter < 200 μm.  Flakes 
from the powder were manually selected and placed in the sample chamber in the DAC gasket.  A ruby 
microcrystal was also placed in the sample chamber to enable measurement of pressure using the 
established ruby fluorescence technique [22]. 

Samples were pressurized in both a hydrogen pressure transmitting medium (PTM) and an inert PTM (4:1 
methanol-ethanol solution).  Hydrogen was loaded by closing the DAC under 2 kbar of hydrogen pressure in 
a custom-designed gas loader apparatus [23,24], and 4:1 methanol-ethanol solution was loaded by placing 
a droplet of the solution over the sample chamber and closing the DAC before the solution was able to 
evaporate. The time between pressure changes and measurements were  in excess of 10minutes, providing 
ample time for hydrogen diffusion at room temperature.  Methanol-ethanol is a good choice of PTM as it 
has been shown to be inert at room temperature, similar to argon, and to achieve quasi-hydrostatic 
conditions through gradual solidification into a disordered structure rather than rapid crystallization [25]. It 
is worth noting that hydrogen is not a gas in these experiments but is expected to transform to a rigid liquid 
at around 0.2 GPa [26] and solidifies at 5.5 GPa [27] at 300 K. 

The hydrogen compressibility in the pressure range of these experiments is greatly reduced compared to 
the gas phase [28,29].  However, its ability to diffuse into different materials is not.  If anything, hydrogen 
becomes even more reactive and diffusive under high hydrostatic pressure in the solid state [30-33]. 

X-ray diffraction (XRD) patterns were collected at the Diamond Light Source using 30 keV monochromatic X-
rays and a MAR345 image plate area detector. The FIT2D software package was used to calibrate diffraction 
parameters and integrate the diffraction rings to 1-dimensional intensity-2θ plots [34].  The peak positions 
in the 1-dimensional plots were determined using multi-peak fitting in IgorPro with the pseudo-Voigt 
function, a convolution of the Gaussian and Lorentzian functions.  The (0002), {101�1} and {112�0} 
diffraction peaks from the αZr phase were fitted individually using a single-peak function whilst the {101�0} 
peak from the αZr phase was fitted using a multi-peak fit due to its proximity to the {111} peak from the δ-
hydride phase. 

The 𝑎𝑎RZr lattice constant was calculated from the fitted 𝑑𝑑-spacings for the {101�0} and {112�0} reflections and 
the average taken of these values.  The 𝑐𝑐RZr lattice constant was then calculated from the fitted 𝑑𝑑-spacings 
for the (0002) and {101�1} reflections and the average taken of these values.  The unit cell volume was then 
calculated from these lattice parameters. 

We conducted our own measurement of the unit cell volume and lattice parameters of as-received 
Zircaloy-4 at ambient conditions and obtained values closely matching those available in the literature [35].  
The unit cell volume and lattice parameters are shown in Table 2. The lattice constant 𝑎𝑎RZrH and unit cell 
volume for the hydride phase were hence calculated from the fitted 𝑑𝑑-spacing for the {111} peak, the only 
peak observed from the δZrH phase.  Other studies (Ref. [21] and citations therein) have shown this to be by 
far the most intense peak from the δ phase, as expected. 

Table 2. Comparison between the α-Zr lattice parameters measured at ambient conditions in the present work and those 
obtained from Ref [31]. 

Source/lattice parameter a �Å� c�Å� c/a 
This work 3.2310 5.1515 1.5944 
Steuwer et al. [31] 3.2276 5.1516 1.5961 
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3. Results 

Three high pressure experiments were conducted, at room temperature, the results of which will be 
described in turn. 

3.1 Compression in the absence of hydrogen 

An inert PTM, 4:1 methanol-ethanol solution was used to compress a sample of Zircaloy-4 that had been 
electrochemically charged. In this case, the hydrogen was found to be all in solution in the hcp α-Zr matrix 
host causing a modest lattice expansion, i.e. the δ-ZrH phase was not observed, suggesting that the flakes 
selected contained no hydrides.  This sample would therefore only be expected to contain the room 
temperature solubility limit of hydrogen (<1wppm [20]), for contrast with the hydride-containing samples 
examined subsequently. In this experiment precipitation of the δ hydride phase was not observed at any 
point, however a partial phase transformation from the α-Zr phase to the ω-Zr phase was observed 
(commencing at 19 GPa, just below the highest pressure reached of 20.9 GPa).  Selected diffraction 
patterns are shown in Figure 1.  The reduction in intensity of the (0002)𝛼𝛼 peak and increase in the 
{112�0}𝜔𝜔 is consistent with the Silcock orientation relationship (0002)𝛼𝛼 ∥ {112�0}𝜔𝜔 [36]. 

 

Figure 1. (colour online). (a) Evolution in the diffraction peaks from the α and ω phases of Zircaloy with compression. 
y-axis shows intensity (au).  (b) shows a magnified view of the rapid appearance of the ω peaks around 2.4 Å from 19.5 
to 20.9 GPa.  

3.2 Compression of as-received Zircaloy-4 to 13.7 GPa pressure in hydrogen PTM 

Upon closure of the DAC in the hydrogen atmosphere, the pressure in an as-received, unhydrided sample 
was increased to 6.6 GPa (the hydrogen is now solid [27]) and the first X-ray diffraction pattern was taken.  
At this pressure the expected diffraction peaks from the αZr phase were present. An additional peak could 
be observed, overlapping with the {101�0}α-Zr peak (Figure 2), which we attribute to the {111}δ-ZrH peak of 
the hydride phase. Therefore, initial loading to 6.6 GPa caused enough hydrogen to adsorb and penetrate 
into the zirconium matrix to exceed the solubility limit in the outer layers of the sample and cause the 
precipitation of the δ-hydride.  The δ phase peak only appeared as a broad shoulder, consistent with size 
and strain broadening of the hydride phase, but its appearance is consistent with that observed in Ref. [35]. 
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Figure 2 shows the fitting of the relevant peaks at a range of pressures, and the intensity of the {111}δ peak 
relative to that of the {101�0}α-Zr peak (Figure 2d). Upon further compression to 13.7 GPa the intensity of 
the {111}δ peak decreased significantly.  Diffraction patterns were then collected upon decompression to 
3.7 GPa and as the sample was decompressed the intensity of the {111}δ-ZrH peak increased.  Therefore, 
hydride dissolution appeared to occur on the application of pressure, and re-precipitation on unloading. If 
equilibrium is assumed, this implies that the hydrogen content of the sample increased during the loading-
unloading cycle, due to the hydrogen medium used.  

 

Figure 2 (colour online).  (a-c) Variation in the δ-hydride {𝟏𝟏𝟏𝟏𝟏𝟏} peak intensity relative to the neighbouring {𝟏𝟏𝟏𝟏𝟏𝟏�𝟏𝟏} α-
Zr peak on compression and decompression in an as-received Zircaloy-4 sample, compressed in hydrogen PTM.  (d) 

Change in δ {𝟏𝟏𝟏𝟏𝟏𝟏} / α {𝟏𝟏𝟏𝟏𝟏𝟏�𝟏𝟏} peak intensity ratio upon compression and decompression. 

 

3.3 Compression of electrochemically hydrided Zircaloy-4 with δ already present in hydrogen PTM 

A sample of electrochemically hydrided Zircaloy-4, in which the δ-hydride phase was already present along 
with the α phase, was compressed to 20 GPa pressure in a hydrogen PTM.  An overview of the diffraction 
spectra obtained is shown in Figure 3. In this experiment we also observed the appearance of diffraction 
peaks characteristic of the ω phase of Zircaloy, from 17 GPa onwards upon compression (not shown). These 
ωZr reflections persisted during the unloading phase, at 12.7 through to 1.4 GPa, Figure 3.    

The evolution of the peaks around 2.75 Å during the loading cycle is shown in Figures 4-5.  At the initial, 
lowest pressure data point at 7.8 GPa, the {111}δ-ZrH peak was observed as a low intensity broad shoulder 
to the left of the {101�0}Rα-Zr diffraction peak. Similar to the observations with the as-received Zircaloy, the 
{111}δ-ZrH peak gradually decreased in intensity upon compression, becoming unobservable above ~14 GPa, 
Figure 4.  The peak then re-appeared at a pressure of ~4.4 GPa upon unloading, increasing significantly in 
intensity upon further decompression, Figure 5.   At the lowest load (1.4 GPa), the intensity of the {111}δ-ZrH 
peak finally drops again.  
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Figure 3 (colour online) (a) Evolution of the diffraction from a pre-hydrided Zircaloy-4 sample upon compression 
(red), and decompression (blue) in a hydrogen PTM. On loading, the {𝟏𝟏𝟏𝟏𝟏𝟏�𝟏𝟏}α-Zr peak moves to lower d-spacing. At 
peak pressure and on unloading, the {𝟏𝟏𝟏𝟏𝟐𝟐�𝟏𝟏}Rω-Zr and {𝟏𝟏𝟏𝟏𝟏𝟏�𝟏𝟏}R ω-Zr doublet appears. The {𝟏𝟏𝟏𝟏𝟏𝟏}δ-ZrH peak can also be 
observed. 

 

  

Figure 4. (colour online).  (a-b) Variation in hydride phase {𝟏𝟏𝟏𝟏𝟏𝟏}δ-ZrH peak intensity relative to the neighbouring 
{𝟏𝟏𝟏𝟏𝟏𝟏�𝟏𝟏} α-Zr peak on loading in a Zircaloy-4 sample with δ phase already present, compressed in hydrogen PTM.  (c) 

Change in {𝟏𝟏𝟏𝟏𝟏𝟏}δ-ZrH/{𝟏𝟏𝟏𝟏𝟏𝟏�𝟏𝟏}α-Zr peak intensity ratio upon loading. 
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Figure 5. (colour online).  (a-b) Variation in hydride phase {𝟏𝟏𝟏𝟏𝟏𝟏}δ-ZrH peak intensity relative to the neighbouring 
{𝟏𝟏𝟏𝟏𝟏𝟏�𝟏𝟏} α-Zr peak on loading in a Zircaloy-4 sample with δ phase already present, compressed in hydrogen PTM 

during the unloading phase (c).  (d) Change in {𝟏𝟏𝟏𝟏𝟏𝟏}δ-ZrH/ {𝟏𝟏𝟏𝟏𝟏𝟏�𝟏𝟏}α-Zr peak intensity ratio upon unloading. 

4. Discussion 

The experimental observations are clear; hydrides in α-Zr dissolve under pressure and re-precipitate on the 
release of pressure, even in a hydrogen containing PTM. This occurs even when the pressure is raised high 
enough to precipitate the high pressure ω-Zr phase.  Therefore, increasing pressure has the same effect on 
the Gibbs energy curves as increasing temperature, T, that is, it increases the solubility of hydrogen in α-Zr, 
see Figure 6.  Thermodynamically, increasing T increases the entropy, S, contribution by –TS (where the 
configurational entropy is negative), and so it can be inferred that the entropy of δ-hydride increases more 
rapidly than that of α-Zr. 

Given the lattice parameters of the three phases (see Table 3), the volume per zirconium atom can be 
calculated and indicates that ω-Zr has the highest density, followed by α-Zr, followed by the δ-hydride 
phase.  This trend reproduces the observation that the application of hydrostatic compression favours (i) 
the ω phase, and (ii) α over δ; application of pressure results in dissolution of δ hydride.  However, the 
results showed that ω only formed at 17-19 GPa, when in pure Zr it is known to form somewhere between 
2-11.6 GPa [18-19], at 300 K, which implies that interstitial hydrogen retards the formation of ω.  This is 
reasonable given that hydrogen expands the α-Zr lattice and is also a known β bcc phase (i.e. least dense 
phase) stabiliser, as shown by the Zr-H phase diagram [37].  In the case of our work hydrogen stabilises the 
α over the ω phase.   This statement cannot be proved conclusively, however, as it does not take account 
the effect of the other alloying additions in Zircaloy-4, especially the oxygen, which is also known to 
stabilise α over ω as shown in titanium [38]. 
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Figure 6. Schematic depiction of the relative change in position of the α-Zr and δ-hydride Gibbs Energy curves as T 
increases (red), increasing the solubility of H in α-Zr and resulting in the dissolution of hydrides on heating. It is 

observed that increasing pressure has the same effect. 

Another mechanistic reason for the dissolution of hydrides on application of pressure is that the bulk 
modulus of the δ-phase is higher, 126-132 GPa [39-41], than that of the α-phase, 92 GPa [18]. This means 
that the hydride is less compressible than the matrix, meaning that the application of a given volumetric 
strain will require more energy in the hydride phase; this will also favour hydride dissolution, as observed. 

As the thermodynamic system is alloyed and in a two-phase region, the transformation is continuous, with 
Figure 2(d) suggesting that 9 GPa is required to approximately halve the fraction of δ-hydride observed. 
Therefore, complete dissolution required around 18 GPa hydrostatic stress.  

Table 3. Cell parameters and volumes (per Zr atom). In the α phase, the interatomic spacing is taken as a; in δ as 
a/√2.  

Phase lattice parameters cell parameters V/nZr 
(Å3) 

(Vphase-Vα)/Vα  

(%) 
Ref. 

a(Å) c(Å) Vphase : 
volume (Å3) 

nZr 
(atoms per cell) 

α-Zr 3.231 5.146 139.6 6 23.3 0.0 27 
ω-Zr 5.039 3.316 102.4 6 17.1 -26.6 18 
δ-ZrH 4.78  109.1 4 27.3 17.2 27 

 

Recrystallised Zircaloy-4 has a yield stress, in uniaxial tension, less than 600 MPa, and therefore an upper 
bound for the tensile hydrostatic stress at a crack tip would be ~2.4 times the yield stress, ~1.4 GPa, as 
argued by McRae et al. [6] However, a (compressive) pressure of 1.4 GPa would only be sufficient to 
dissolve 8% of the maximum amount of hydride present. 

MacEwan et al. [13] previously measured the molar volume of hydrogen in solution in α-Zr, concluding that 
the change in molar volume per dissolved H, 𝑉𝑉𝐻𝐻����, is around 1.67x10-6 m3 mol-1, which is larger than for δ-
phase, 1.4x10-6 m3 mol-1. This results in the observation by dilatometry that hydride precipitation results in 
shrinkage of the material, which is consistent with the results above. 

Relating this back to the mechanistic understanding of DHC appears that the consequence of this work is 
that at a crack tip loaded in tension, substantial hydride precipitation cannot occur, maybe only on the 
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order of 0.5 mol%, on the assumption that hydrostatic compression and tension are analogous and 
reversible in sense.  

Conclusions 

The effect of pressure on the solubility of hydrogen in Zircaloy-4 at room temperature has been measured 
using synchrotron X-ray diffraction on small flake samples in a diamond anvil cell at pressures up to 20.9 
GPa.  

• An as-received sample placed in a hydrogen containing PTM resulted in the dissolution of δ hydride 
on the application of hydrostatic pressure, and the re-precipitation upon unload.  

• α-Zr matrix, at its 300 K hydrogen solubility limit, of ~40wppm, in an inert PTM, did not precipitate 
hydride on the application of pressure, even at pressures sufficient to induce the formation of the 
high pressure ω-Zr phase of 17-19 GPa. 

• A pre-hydrided sample containing hydride precipitates, in a hydrogen PTM, showed the dissolution 
of the hydride peak on the application of pressure. This was followed by ω-Zr transformation, and 
the re-precipitation of the hydride on pressure unload. 

The results are consistent with the volume per Zr atom of the α, δ and ω phases, with the bulk moduli of α 
and δ, and with previous measurements of the hydrogen site molar volumes in the α and δ phases. 

These results are then interpreted in terms of their implication for our understanding of the driving forces 
for hydride precipitation at crack tips, which are in a region of hydrostatic tensile stress on the order of 1.4 
GPa in magnitude (but may be higher for, for example in cold worked or irradiation hardened material). 
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