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a b s t r a c t 

During operation in a nuclear reactor, Zr-based nuclear fuel cladding is subject to waterside corrosion 

which can lead to hydrogen ingress. The hydrogen that enters the material will migrate to colder spots 

and precipitate as zirconium hydrides if the hydrogen content exceeds the hydrogen terminal solid solu- 

bility in the material. Since a temperature gradient is established in the radial direction of the cladding 

during operation, the hydrides can preferentially precipitate at the colder outer surface of the cladding. 

Other gradients can also occur in the longitudinal and azimuthal directions of the cladding tube. As a 

consequence, hydrogen redistributes itself in response to the concentration and temperature gradients 

present in the sample. The response of the hydrogen in solid solution to temperature gradients is gov- 

erned by the heat of transport Q 

∗ as a function of temperature, so it can be used in the BISON code. A 

set of experiments was set up to determine the heat of transport ( Q 

∗), in which a uniformly hydrided 

Zircaloy-4 sample is annealed under a fixed temperature gradient at a range of temperatures, and the re- 

sulting hydrogen distribution is analyzed to determine Q 

∗. The results are discussed in terms of existing 

literature. 

© 2022 Elsevier B.V. All rights reserved. 

1

f

a

r

Z

w

g

n

t

d

i

c

t

d

h

t

m

a

o

d

e

c

a

T

r

p

r

S

o

m

h

0

. Introduction 

Zirconium alloys have been extensively used for nuclear reactor 

uel cladding [1] . During normal reactor operation, the zirconium 

lloy cladding is in contact with the reactor coolant water and cor- 

odes by the oxidation reaction expressed by Eq. (1) 

r + 2 H 2 O → ZrO 2 + 2 H 2 (1) 

The oxidation reaction between the cladding and the cooling 

ater releases hydrogen from the water, and some of this hydro- 

en is picked up into the Zr-based nuclear fuel cladding [2] . We 

ote that the hydrogen entering the cladding is thought to be due 

o corrosion rather than to additional dissolved hydrogen from ra- 

iolysis or hydrogen water chemistry [3] . The hydrogen remains 

n solid solution in the Zr matrix during operation until its con- 

entration reaches the terminal solid solubility (TSS) at operating 

emperature at which point it is then precipitated as zirconium hy- 

rides. Because these hydrides are more brittle than the Zr matrix, 
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ydride-induced embrittlement can be an important contributor to 

he possible degradation of cladding ductility [4] . 

The distribution of hydrides in irradiated fuel rods is not ho- 

ogeneous, but varies depending on the gradients of temperature 

nd solid solution hydrogen concentration present during normal 

peration and dry storage. This causes the hydrides to be unevenly 

istributed within the cladding. Specifically, the hydrides are pref- 

rentially accumulated at the cold spots in the cladding, and be- 

ause the outer part of the cladding tube is coldest, they can form 

 dense hydride layer or “hydride rim” near the outer diameter [4] . 

he fracture strains for the cladding tube decrease with hydride 

im thickness thus degrading cladding ductility. Therefore, it is im- 

ortant to develop a tool that can predict hydrogen migration and 

edistribution and implement it into the fuel performance code BI- 

ON to be able to effectively predict hydrogen induced degradation 

f cladding performance through life. 

When hydrogen is in solid solution in a zirconium alloy its 

igration is driven both by a solid solution hydrogen concentra- 

ion gradient (Fick’s Law) and by a temperature gradient (Soret Ef- 

ect) [ 5 , 6 ]. The hydrogen flux from these two effects is given by

https://doi.org/10.1016/j.jnucmat.2022.154122
http://www.ScienceDirect.com
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Fig. 1. Gaseous hydrogen charging apparatus. 
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qs. (2) [7] : 

 H = −D H ∇C ss 
H −

D H C 
SS 
H Q 

∗

RT 2 
∇T (2) 

here T is the temperature, J H is hydrogen flux; D H is the hydrogen 

iffusion coefficient in the material; C ss 
H 

is the hydrogen concentra- 

ion in solid solution; R is the gas constant and Q 

∗ is the heat of

ransport. Note that this formulation neglects the effect of a stress 

eld on the hydrogen flux [8] . This approximation is valid as long 

s large stress concentrators, (such as can occur near a crack tip or 

otch), are not present. 

To use Eq. (2) , it is necessary to obtain accurate values of the

eat of transport ( Q 

∗), as it governs the Soret effect. Q 

∗ is as-

umed to have a constant value of 25,070 J/mol in the BISON fuel 

erformance code. A close analysis of Kammenzind’s experiments 

9] as reviewed by Merlino [10] casts some doubt on this conclu- 

ion. Therefore, this paper presents an experiment designed to de- 

ermine the heat of transport ( Q 

∗) so that the existing hydrogen 

igration predictions in BISON can be made more accurate. This is 

escribed in the following Section 4 (discussion). 

. Experimental methods 

The experiment consists of gas charging a Zircaloy-4 sheet sam- 

le uniformly with hydrogen and subjecting it to a long anneal (on 

he order of a month) under a fixed linear temperature profile. Be- 

ause of the Soret effect, the hydrogen migrates towards the colder 

art of the sample. At the end of the prescribed time, the sample is 

ectioned and the hydrogen profile resulting from the Soret effect 

edistribution of hydrogen is measured. From those measurements, 

he heat of transport can be evaluated. 

Several runs of the experiment were conducted at a range of 

emperatures (varying both the high and the low temperatures). 

he experiment was designed to establish a high enough gradient 

o distribute the hydrogen during the anneal time and to run it 

ong enough to reach a steady state. The temperature was tightly 

ontrolled during the experiment and did not vary by more than 

 °C at either end. The measurements of hydrogen content both 

efore and after the experiment were conducted by hot vacuum 

xtraction. 

.1. Hydrogen gas charging 

Zircaloy -4 sheet in the cold worked stress relieved (CWSR) 

tate was provided by ATI Specialty Alloys and Components. Its 

imensions were 1.5 cm width x 6.5 cm length x 0.06 cm thick- 

ess. Before hydrogen charging the specimen, the Zircaloy-4 sam- 

les were etched in a solution of nitric acid ( HNO 3 ): water ( H 2 O ):

ydrofluoric acid ( HF ) = 45 : 45 : 10 in vol. % to remove the na-

ive oxide layer that forms during exposure to air, and which can 

lock hydrogen ingress. After etching, the Zircaloy-4 samples were 

uickly coated with a thin layer of nickel ( ≈ 20 nm) using sputter 

eposition. This was done to prevent a reformation of the native 

xide while still allowing hydrogen ingress during charging. 

The coated Zircaloy-4 samples were hydrided using a gaseous 

ydrogen charging method. Fig. 1 shows the gaseous hydrogen 

harging machine used for that procedure. It consists of a furnace, 

 hydrogen container, and a quartz tube evacuated by rough and 

urbopumps. A hydrogen container gauge measured the hydrogen 

ressure in the container so that a specified amount of hydro- 

en can be introduced into the quartz tube. The rough and turbo 

umps evacuated the quartz tube to a pressure of < 10 −6 Torr. Af- 

er that, the chamber was heated to 400 °C, and a hydrogen and 

rgon gas mixture (12.5% H 2 and 87.5% Ar) was released into the 

uartz tube, and the sample was annealed for 24 h. By following 
2 
he pressure drop it was determined that hydrogen in the con- 

ainer entered the sample. Then the samples were furnace cooled 

t a rate of 1 °C/min. The hydrogen content in the samples was 

imed for 200 wt.ppm so as not to exceed Terminal Solid Solu- 

ility for dissolution ( T SS d ) at the planned test temperatures, and 

hus have all the hydrogen in solid solution throughout the exper- 

ment. 

.2. Post charging analysis 

After gaseous hydrogen charging, the nickel on the surface of 

he samples was mechanically removed using silicon carbide pa- 

er. The hydrided sheets (1.5 cm x 6.5 cm) were then cut into 1 

m x 4 cm samples in Fig. 2 and were used for the hydrogen mi-

ration experiments, conducted at the University of Michigan. The 

emaining area with the left and right sides of the samples was 

emoved because it touched the sample holder. Three pieces from 

he bottom of the sample were used for the analysis of the initial 

ydrogen content ( Fig. 2 ). In some experiments, the average of the 

hree pieces on the bottom of the samples was used for determin- 

ng initial hydrogen content. In other experiments, the average of 

he hydrogen content in three pieces on the bottom and the top of 

he samples was used. The hydrogen content among the different 

ieces varied within a range of 4-40 wt.ppm, suggesting some vari- 

tion in charging content although this was not achieved in every 

ase. 

.3. Sample anneal for hydrogen migration 

Table 1 shows the tests conducted in this study. The tempera- 

ure ranges were chosen so that calculations predicted a measur- 

ble result in a reasonable time. The annealing time for the hy- 

rogen content to reach steady-state was determined by running 

he mHNGD model [ 5 , 11 ] using the initial hydrogen concentration 

nd the expected temperature profile of each sample. In the initial 

ests by performing hydrogen measurements before and after the 

ests we found that the average hydrogen content in the samples 

ncreased during the tests. To mitigate this issue, in subsequent ex- 

eriments the nickel on the surface of the samples was removed, 

nd the samples were exposed to air to form a thin oxide layer 

o prevent hydrogen ingress during the experiment. This was done 

or all experiments listed in Table 1 except UM9, and it did help 

educe the hydrogen ingress during the experiment. 

We note, however, that whether or not hydrogen comes into 

he sample during the experiments would not affect the calcula- 

ion of the heat of transport as long as: (i) the hydrogen that en- 

ers the sample has enough time to move in response to the tem- 

erature gradient established (which it is estimated to have at the 

emperatures of the tests) and (ii) that the overall hydrogen con- 

ent remains below the TSS. It is potentially, however a source for 

pecimen-to-specimen scatter in the final test results. As shown in 
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Fig. 2. Sample cutting scheme for initial hydrogen analysis. 

Table 1 

List of experimental runs conducted in this study. 

Specimen UM8 UM9 UM10 UM11 UM12 UM13 UM14 UM15 UM16 UM17 

Temperature (Cold end) [K] 681 695 678 689 687 701 717 723 739 659 

Temperature (Hot end) [K] 816 799 814 806 808 794 844 850 865 769 

Temperature gradient [K/cm] 34 26 34 29 30 23 32 32 31 27 

Initial hydrogen content [wt.ppm] 141 114 203 107 132 194 184 212 169 137 

Average hydrogen content after experiment [wt.ppm] 212 274 276 160 132 214 241 280 264 141 

Annealing time [days] 27 27 27 26 26 27 22 21 20 34 

Sample length [cm] 4 4 4 4 4 4 4 4 4 4 

Nickel coating on the sample surface No No No No No No No No No No 

Chamber environment during anneal Air Ar gas Air Air Air Air Air Air Air Air 

Fig. 3. The annealing facility design. (a) Schematic of the full experimental apparatus facility (b) Pictures of stainless steel block holder (c) Pictures of the insulator and 

various sizes of copper sheets, (d) Linear temperature profiles of UM15 obtained from thermocouples. 
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ection 3 (results), although the second condition was not always 

beyed, it was consistently possible to eliminate the hydride pre- 

ipitation from the calculations. 

The annealing facility consists of a stainless-steel holder, a 

eater, eight K-type thermocouples, thermal insulation, a sample 

hamber, and an electrical box. Fig. 3 (a) and (b) show the stainless- 

teel holder, where the hydrided Zirclaoy-4 sheet sample, heaters, 

nd a copper sheet were arranged. The heater is connected on one 

ide of the stainless-steel holder and the other side was attached 

o various sizes of copper sheets for the control of temperature 

istribution and gradient along the sample, as shown in Fig. 3 (c). 

even evenly distributed thermocouples are attached to the sample 
u

3

enterline. A linear and high-temperature gradient was achieved 

ith the annealing facility, demonstrated in Fig. 3 (d). 

.4. Measuring the hydrogen distribution in the Zircaloy-4 sheet 

ample after annealing 

After hydrogen redistribution, samples were cut into equal 

ieces along the width direction, as shown in Fig. 4 . The hydro- 

en content of the cut pieces was determined by hot vacuum ex- 

raction using the NRC Model 917 performed by Luvak Co. The hy- 

rogen gas was extracted from the specimen in the known vol- 

me container at 1200 °C then the pressure of hydrogen gas was 
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Fig. 4. Sample cutting scheme to determine the hydrogen content after redistribu- 

tion experiments. 
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easured to calculate the hydrogen concentration in the specimen. 

he hydrogen concentration of each section is plotted in a graph, 

s shown in Fig. 5 (a). The error bars in Fig. 5 (a) originate from the

xperimental uncertainty of the hot vacuum extraction determina- 

ion of the hydrogen concentration. 

In each experiment, the determination of the hydrogen concen- 

ration slope in log concentration vs 1/T space allows the determi- 

ation of the heat of transport Q 

∗. Eqs. (3 - 5 ) show how to calculate

he slope which determines the heat of transport ( Q 

∗) values: 

 ( x ) = C o exp 

(
Q 

∗

RT ( x ) 

)
(3) 

n C ( x ) − ln C o = 

(
Q 

∗

RT ( x ) 

)
(4) 

Q 

∗

R 

= [ ln C ( x ) − ln C o ] T ( x ) = slope (5) 

here T (x ) is the spatial temperature distribution, C(x) is the hy- 

rogen concentration in solid solution at a steady state, C o is a con- 

tant, Q 

∗ is the heat of transport, and R is the gas constant. 

Following this derivation, Fig. 5 (b) shows a linear least-squares 

tting of a plot of the logarithm of the hydrogen concentration ver- 
ig. 5. (a) Hydrogen concentration versus position, (b) Logarithm of the hydrogen conc

0 0,0 0 0 datasets (see Section 2.4 ) of UM11 and 12. 

4

us the inverse temperature as per Eq. (4) . The slope multiplied by 

he gas constant is the heat of transport ( Q 

∗), as per Eq. (5) . 

To account for experimental uncertainty, we incorporate the 

ata into a linear regression to find the slope. The distribution of 

lopes was analyzed to calculate the average value of Q 

∗ and its 

tandard deviation in each experiment. A random point within the 

rror bar is generated at each temperature and the slope is cal- 

ulated with those points. For each experiment 10 0,0 0 0 datasets 

ere created, which produced a histogram of the calculated slopes. 

n each of the results presented below, this distribution of results 

s calculated in each case. From this method, the slope was deter- 

ined as the average value and the standard derivation was taken 

s the error bar. 

. Results 

.1. Hydrogen diffusion under a linear temperature gradient 

The experimental results are now shown in sequence. The 

oints in Fig. 5 (a) show the hydrogen contents measured after ex- 

eriments UM11 and UM12 as a function of distance (and thus 

emperature) on the sample. Because it is important to ascer- 

ain what portion of the hydrogen is in solid solution, the ter- 

inal solid solubility (wt.ppm) of hydrogen in Zircaloy-4 given in 

q. (6) [12] 

 SS d = 106 , 446 × exp ( −4328 /T ) (6) 

s also plotted in blue for the temperatures established during the 

xperiment. Also plotted in Fig. 5 (a) (in green) is the average hy- 

rogen content in each case (labeled initial Avg H). Once the hy- 

rogen distribution reaches a steady state, the maximum hydrogen 

ontent is achieved at the coldest point. 

Fig. 5 (b) shows the logarithm of the hydrogen content versus 

he inverse of temperature. The hydrogen, which was initially uni- 
entration versus 1/T graph, (c) Histogram of calculated linear regression slope for 
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Fig. 6. (a) Hydrogen concentration versus position, (b) Logarithm of the hydrogen concentration versus 1/T, (c) Histogram of calculated linear regression slope for 10 0,0 0 0 

datasets (see Section 2.4 ) of UM8, 9, and 10. 
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ormly distributed, has moved preferentially to the colder side of 

he sample. The hydrogen contents increase exponentially with de- 

reasing temperature, as per Eq. (3) . The figure shows the slope 

nd the R squared value calculated from linear regression. To apply 

q. (5) to calculate Q 

∗, the hydrogen needs to be in solid solution.

t is clear that for the experiments shown in Fig. 5 (UM11 and 12)

he points all fall under the TSS d , so that the hydrides were fully

issolved and all hydrogen was indeed in solid solution during the 

xperiment. Thus, in those cases, all the points were included to 

alculate Q 

∗ because all points were under T SS d . 

To account for the possible errors in the fit, and as explained in 

he previous section, an uncertainty analysis was performed using 

onte carlo techniques to generate slopes 10 0,0 0 0 times. The re- 

ults are shown in Fig. 5 (c). For each case, the average value was

aken as Q 

∗ and the standard deviation as the error. For these two 

ases, the values of Q 

∗ were 20.55 kJ/mol and 19.10 kJ/mol, respec- 

ively, which agree well with the linear regression determined best 

t slopes through the data shown in Fig. 5 (b). 
5

Figs. 6 and 7 are plotted in a similar manner. Fig. 6 shows the

esults of experiments UM8, 9, and 10. In contrast with the exper- 

ments shown in Fig. 5 , in each of these cases, the hydrogen con- 

ent at the cold end was above the TSS, which means that hydrides 

ere precipitated at the colder side. It is clear from Fig. 6 that in

ome locations the TSSd curve falls below the green curve indicat- 

ng that hydride precipitation is favored. Precipitation will be even 

ore favored when hydrogen migrates to the cold end during the 

xperiment. Additionally, although the initial hydrogen concentra- 

ion was aimed to be below TSS, additional hydrogen ingress dur- 

ng the experiment pushed the cold end hydrogen content above 

t. As a result, the TSSp is reached and hydrides can precipitate. An 

xamination of the plot of logarithm concentration versus distance 

hows a clear peak on the cold side, indicating precipitation has 

ccurred. Accordingly, those points are colored red and were elim- 

nated from the calculation of Q 

∗. Once those points are eliminated 

rom the fit, it is clear the remaining points fall on a straight line, 

s described by Eq. 5 . 
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Fig. 7. (a) Hydrogen concentration versus position, (b) logarithm of the hydrogen concentration versus 1/T graph (c) Histogram of calculated linear regression slope for 

10 0,0 0 0 datasets (see Section 2.4 ) of UM13, 14, 15, 16, and 17. 
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Fig. 7 shows the final hydrogen concentrations measured in ex- 

eriments UM13,14,15,16, and 17. In these experiments, although 

he final hydrogen concentration exceeded TSS D in the colder end, 

SSp was not exceeded. Accordingly, no clear increase in hydro- 

en concentration indicating hydride precipitation was observed. 

n each case, the initial uniform average hydrogen concentration 

as below TSS D even at the coldest spot (TSS D curve is always 

bove the green curve), so that initially the hydrides are fully dis- 

olved and all the hydrogen is in solid solution. Although TSSp was 

ot reached, after the experiments, the hydrogen concentration at 

he colder side has increased so that it is likely in the hysteresis 

egion (i.e. between TSSd and TSSp). In that case, if hydrides are 

ot present, the hydrogen remains in solid solution [5] . As a re- 

ult, no hydrogen concentration peaks are observed. As in the pre- 

ious case, the points below TSS fall on a straight line, as shown 

n Fig. 7 (b). 

. Discussion 

Using the average values of the slope in each case a value of Q 

∗

as calculated from each test specimen using Eq. (5) and is shown 
6 
n Table 3 . These data need to be compared to previously existing 

ata in the literature. For this purpose, two previous experiments 

hich measured Q 

∗ are used to augment the data in this work. 

Several experiments performed by Sawatzky are used in this 

ork [13] . They follow the same method, with slightly different pa- 

ameters. Zircaloy-2 samples were uniformly loaded with hydrogen 

130 and 60 wt.ppm) and subjected to a fixed temperature gradient 

for 34, 41 and 44 days). At the end of this procedure, the sample 

as sliced up to measure the distribution of hydrogen in the sam- 

le. 

In the experiments conducted by Kammenzind, Zircaloy-4 sam- 

les were uniformly loaded with hydrogen using gas charging and 

ubjected to a temperature gradient [9] . These experiments cover 

 wide range of hydrogen contents (47 to 468 wt.ppm) and tem- 

eratures (533 to 700 K on the cold side). The durations were de- 

ermined to allow the system to reach steady state. 

The parameters in each case are summarized in Table 2 . 

Fig. 8 shows a plot of the heat of transport values versus the 

old side temperature for the experiments in this study, from 

ammenzind’s experiments [9] as reviewed by Merlino [10] and 

awatzky [13] . The cold end temperature in Fig. 8 is determined 
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Fig. 7. Continued 

Table 2 

Sawatzky and Kammenzind experiments. 

Temperature 

(Cold end) [K] 

Temperature 

(Hot end) [K] Gradient [K/cm] Duration [days] 

Initial hydrogen 

contents 

[wt.ppm] 

Calculated Q ∗

using Eq. (5) 

[J/mol] 

Calculated Q ∗ using 

mHNGD (steady-state) 

[J/mol] 

Sawatzky (Zircaloy-2) 

S1 573 773 80 44 60 19665 19665 

S2 573 773 80 44 60 25522 25522 

S3 403 750 139 34 130 17991 18950 ∗

S4 430 727 119 41 64 15899 17757 ∗

Kammenzind (Zricaloy-4) 

A09a 589 755 66 15 48 28754 30133 ∗

A09b 589 755 66 32 108 33573 33573 

A10a 589 755 66 15 64 30053 33629 ∗

A10b 589 755 66 32 62 30873 30873 

A11a 644 811 66 9 145 30200 33048 ∗

A11b 644 866 87 20 265 18327 18471 ∗

A12a 644 811 66 9 199 30650 35156 ∗

A12b 644 811 66 18 176 27446 31213 ∗

A13a 702 894 77 6 372 21775 24682 ∗

A14 702 894 77 6 261 20737 22156 ∗

A26b 533 755 87 54 47 24295 24295 

A31 589 811 87 26 184 26835 27522 ∗

A45 533 700 66 77 85 26204 26204 

A46 533 700 66 77 101 28837 28837 

A13b 700 922 87 12 392 19699 20566 ∗

∗ Corresponding to the data points marked with green arrow in Fig. 8 . 
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ith the coldest temperature where all the hydrogen was in solid 

olution rather than actual cold end temperature in experiments. 

he experiments from the present study were performed above 

59 K to check Q 

∗ values at higher cold end temperatures than the 

xperiments from Kammenzind and Sawatzky studies. The sample 

ames that start with “A” are the data from references [ 9 , 10 ], “UM”

re from this study, and “S” are from Sawatzky [13] . 

One factor that was further considered in this analysis was 

hether all the experiments in Fig. 8 were run long enough to 
7

each a steady state. For that purpose, the mHNGD model was used 

o simulate these experiments. The mHNGD model [ 5 , 11 ] can sim-

late the time dependent hydride distribution considering both hy- 

ride dissolution and precipitation kinetics. The input parameters 

f mHNGD were modified with experimental temperature and Q 

∗

alues to fit the experimental conditions. The program shows that, 

s expected, during the experiment the hydrogen profile evolves 

rom a flat, homogeneous distribution to the steady state hydro- 

en concentration profile resulting from the equilibrium between 
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Fig. 8. Heat of transport ( Q ∗) vs temperature from experiments. Data from Kam- 

menzind [9] , Merlino [10] , Sawatzky [13] and this study (UM). The sample names 

that start with “A” are data from references [ 9 , 10 ], “S” are data from Sawatzky 

[13] and “UM” are data from the experiment in this study. Green arrows show the 

experiments were non-steady state. 

Fig. 9. Heat of transport ( Q ∗) evolution along the experimental time of A13a using 

mHNGD [ 5 , 11 ]. 
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Fig. 10. Heat of transport ( Q ∗) vs temperature gradient with this study (UM), Kam- 

menzind [9] and Sawatzky [13] . 
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ick and Soret diffusion. Because the slope of the hydrogen profile 

hanges during an experiment until it reaches steady state, an ex- 

eriment that was interrupted before reaching steady state would 

roduce a slope that does not represent the true Q 

∗ value that 

ould have been obtained at steady state. This check was done 

or all the experiments in Fig. 8 and it was found that a fraction

f those did not reach steady state. These are indicated with green 

rrows in Fig. 8 and Table 2 . The length of the arrows indicates the

mount of change. We found that although Q 

∗ undergoes only mi- 

or changes in these samples when calculated using steady state 

alues. 

Fig. 9 shows an example (from experiment A13a) of how the 

easured value of Q 

∗ would change from determining it before 

teady state and at steady state. The dotted line indicates when the 

xperiment was stopped. The steady-state in this study was de- 

ned where the hydrogen concentration difference between each 

ime step is less than 1%. In this case, it is clear that the sam-

le did not reach a steady state. The value of Q 

∗, in this case (the

argest difference found), changes from 21,775 to 24,682 J/mol. 
8 
The green arrows in Fig. 8 indicate experiments that did not 

each steady-state based on the mHNGD model. Further simula- 

ions were performed to find the Q 

∗ values needed to produce 

hose values measured for these experiments that did not reach 

teady state. Tables 2 and 3 show the corrected Q 

∗ values based 

n simulation. 

What is clear from Fig. 8 is that the value of Q 

∗ is spread on a

ide range between roughly 20,0 0 0 and 35,0 0 0 J/mole. No clear 

ependence on the cold end temperature is observed. The sim- 

le observation of Fig. 8 begs the question: would there be an- 

ther variable that would allow us to collapse the data? It is clear 

hat even within one set of experiments (such as those conducted 

n this work or those conducted by Kammenzind and co-workers) 

he value of Q 

∗ varies widely in the range above, with no obvi- 

us dependence on temperature. The experiments in this work and 

n Kammenzind work were done on Zircaloy-4 whereas those of 

awatzky were done on Zircaloy-2. Although the latter appears on 

he lower end of the spectrum, only a small number of experi- 

ents are available. Attempts to collapse the data by time of an- 

eal, hot end temperature, or hydrogen content were equally un- 

uccessful. 

As discussed earlier in Section 2.3 , there is evidence that some 

f the samples picked up hydrogen during tests. This was also true 

or some of the Kammenzind specimens, in particular specimens 

31, A11b, A13a and A13b. While there is no apparent correlation 

n Fig. 8 for the specimens experiencing the most pickup to be sep- 

rated from those experiencing the least, the effect of the pickup 

n the final distribution is difficult to analyze, not knowing when 

nd the rate at which it happened. Perhaps this may be one fac- 

or in the specimen-to-specimen data scatter. Regardless, the pre- 

onderance of the data appears to lie between 25,0 0 0 J/mol and 

5,0 0 0 J/mol, with no obvious dependence on test temperature. 

We include one more plot, which shows the value of Q 

∗ in the 

ifferent experiments against the temperature gradient imposed 

n the sample, as shown in Fig. 10 . As specified in Tables 2 and

 ., whereas the experiments marked “UM” were conducted us- 

ng a temperature gradient of ≈20-40 K/cm, Kammenzind and 

awatzky used temperature gradients between 60 and 85 K/cm 

nd Sawatzky’s were somewhat higher than that. With the ex- 

eption of UM11 and UM12, there appears to be an overall trend 

f decreasing Q 

∗ with increasing temperature gradient. Of course, 

ince each set of experiments had their own temperature gradi- 
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Table 3 

The present experiments. 

Temperature 

(Cold end) [K] 

Temperature 

(Hot end) [K] Gradient [K/cm] Duration [days] 

Initial hydrogen 

contents 

[wt.ppm] 

Calculated Q ∗

using Eq. (5) 

[J/mol] 

Calculated Q ∗ using 

mHNGD (steady-state) 

[J/mol] 

UM8 681 816 34 27 212 34380 34380 

UM9 695 799 26 27 274 29467 30470 ∗

UM10 678 814 34 27 276 26039 27485 ∗

UM11 689 806 29 26 160 20546 20560 

UM12 687 808 30 26 134 19102 19110 

UM13 701 794 23 27 214 28875 28900 

UM14 717 844 32 22 241 28462 27510 

UM15 723 850 32 21 280 30761 30750 

UM16 739 865 31 20 264 28973 28950 

UM17 659 769 27 34 141 26987 26980 

∗ Corresponding to the data points marked with green arrow in Fig. 8 . 
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nt, it is possible that another unknown factor particular to each 

xperiment is determinant in Q 

∗. 

. Conclusion 

In this study, Zircaloy-4 sheet samples were uniformly hydrided 

nd annealed under a linear temperature gradient for a long an- 

eal, intended to provide enough time to reach steady-state and 

o provide significant migration of hydrogen by the Soret effect. 

he experiment was carefully optimized to yield stable tempera- 

ure distribution and reliable results. The uncertainties were also 

valuated by computer simulation. The experiment was run at a 

ange of temperatures and the resulting hydrogen distribution was 

easured by successive sample cutting and hot vacuum extraction. 

he fit of the hydrogen profile allowed to determine the value of 

he heat of transport of hydrogen in Zircaloy-4, Q 

∗. The results are 

s follows: 

1 For the range of cold end temperatures between 659 K and 739 

K, the value of Q 

∗ was 20-35 kJ/mol. 

2 The Q 

∗ results roughly agree with Kammenzind experiments 

conducted over a cold end temperature between 533 K and 700 

K. 

3 Q 

∗ values of some experiments in the Kammenzind data set 

were concluded with BISON simulations to have not reached 

steady state values and were therefore underestimated. They 

were corrected using the mHNGD model in BISON. 

4 Some of the test specimens in the data set reported herein ap- 

parently picked up hydrogen during test, which introduces one 

source of uncertainty that is difficult to evaluate. This is also 

true of the Kammenzind data set. While one might expect hy- 

drogen pick-up during test to lead to a non-steady state profile 

leading to low inferred Q 

∗ values, there is no apparent correla- 

tion in the range of measured Q 

∗ values with specimens expe- 

riencing the most hydrogen pickup during test. 

5 The preponderance of the data from this work and the Kam- 

menzind work fall in the range of 25,0 0 0 J/mol to 35,0 0 0 J/mol,

with no trend with test temperature. This suggests the value 

used in the BISON model may be low and a more appropriate 

value might be 30,0 0 0 J/mol. 
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