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h i g h l i g h t s
� Desorption behavior of deuterium in CuCrZr alloys was investigated following the ITER scopes.
� Deuterium was embedded in CuCrZr alloys at a depth of less than 15 mm, and can be completely retrieved in 15 min through dynamic pumping at
800 �C.

� Desorption rate of deuterium was inversely proportional to the increment of the thickness of the sample but proportional to the loading temperature.
� The trapping energies of deuterium in CuCrZr alloys were 62 and 79 kJ/mol.
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a b s t r a c t

Desorption behavior of deuterium (D2) in CuCrZr alloy was investigated considering sample thickness,
loading and baking temperature of deuterium followed by the ITER scopes. Cylindrical specimens of 1, 3,
5 mm thick with 4 mm diameter were exposed to deuterium at a pressure of 25 bar at 120, 240 and
350 �C for 24 h, then baked at 800 �C in a vacuum chamber maintained at a pressure lower than
10�7 Torr. Deuterium desorption characteristics such as desorption rate and amount of deuterium in the
sample were estimated by analyzing the desorption peaks monitored with a residual gas analyzer (RGA),
and the trapping energy of deuterium was calculated using thermal desorption spectroscopy (TDS).
Secondary ion mass spectroscopy (SIMS) results showed that deuterium atoms embedded in the sample
at a depth of less than 15 mm and desorbed as low as 400 �C. All absorbed deuterium atoms in the
specimen were completely retrieved by dynamic pumping at 800 �C in 15 min. The desorption rate of
deuterium per unit area was inversely proportional to the increment of the thickness of the sample, and
was proportional to the loading temperature. Based on the assumption that a uniform distribution of
interstitial sites for deuterium follows the Femi-Dirac statistics, the result of TDS demonstrated that the
CuCrZr alloy has two types of trapping energies, which were estimated to be 62 and 79 kJ/mol.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

CuCrZr alloys are considered to be attractive structural materials
for plasma-facing components (PFC) in fusion reactors, including in
the International Thermonuclear Experimental Reactor (ITER),
Demonstration Power Station (DEMO), Tore Supra (TS), and Joint
European Torus (JET) [1e3], because of their high thermal con-
ductivity and stability at elevated temperatures, high fracture
toughness and high resistance to radiation damage during plasma
operation [4e7]. Furthermore, the materials also show excellent
welding properties and good thermo-physical and mechanical be-
haviors, making them promising candidates for various purpose
fusion devices [8]. Of these, precipitation hardened (PH) copper
alloy, called PH-CuCrZr, has been used as a heat sink for first walls,
diverters, heating systems, and in electrical strips or even as plasma
facing materials [9].
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During the fusion reaction, tritium is produced when neutrons
interact with lithium contained in the blanket wall of the tokamak.
The reaction releases an exothermal energy of 4.8 MeV, and the
tritium that is produced is retained in fusion reactors by perme-
ation or transmutation. The production of tritium can be repre-
sented through the following process:

6
3Liþ n/4

2He þ 3
1T þ 4:8 MeV

In general, hydrogen isotopes dissolve in interstitials or in lattice
sites of the material and are retained by imperfect sites such as
vacancies, grain boundaries, and impurities. Hydrogen retention
will affect transport and the physical and mechanical properties of
the host materials. The permeation of hydrogen and its isotopes
through various materials such as tungsten, beryllium, stainless
steel, and their alloys has been a focus of attention owing to its
importance from both a scientific and an engineering perspective
[10e13]. For example, the permeation of hydrogen isotopes
through metals induces embrittlement and degradations such as
lower tensile ductility or radiation hardening, due to the damaging
effect on the structure and phase instabilities of the materials
[14e18]. Thus, the permeation of hydrogen isotopes through ma-
terials is an important issue in the technical design of nuclear
fusion devices. Tritium is of particular concern because it is radio-
active, and its high permeability will result in unacceptably high
rates of discharge to the environment. Yet despite the importance
of the retention of hydrogen isotopes during the plasma operation,
very limited studies of desorption behaviors of hydrogen isotopes
in CuCrZr alloys have been reported, and it is thus necessary to
quantify the desorption parameters to retrieve the embedded
hydrogen isotopes for the safe storage and disposal of tritiated
waste. Taking the example of deuterium, the ratio of deuterium to
atoms on the surface of W, nD/nW, is 42 at. %, and the dissolved
deuterium permeates into the structural components and affects
not only the stability of devices and recycling to plasma, but also
has an influence on the environmental safety [19]. While the
transport properties including the permeability, diffusivity, and
solubility of hydrogen isotopes in CuCrZr alloys have been scarcely
studied [20e22], desorption parameters associated with uptake
and retention of the isotopes in these alloys are not yet available.

For this reason, it is important to investigate the amount of
absorbed hydrogen isotopes in CuCrZr alloys during the plasma
operation and qualify desorption parameters in order to retrieve
the embedded hydrogen isotopes for the safe generation of plasma.
The mission of this study is to measure the deuterium removal
efficiency from CuCrZr specimens scaled-down to the ITER scope
for radwaste treatment and processing, and to estimate the
desorption rates of deuterium in the samples.
2. Experimental procedure

CuCrZr alloys (grade ELBRODUR®G) were purchased from KME,
Germany AG and Co., KG. The chemical compositions and physical
Table 1
Physical properties and chemical compositions of ELBROD

Density at 20 �C
Melting temp. (liquid)
Mean coeff. of linear thermal expan. (20e300 �C)
Modulus of elasticity
Thermal conductivity at 20 �C
Electrical conductivity
Softening temperature
Recrystallization temperature
Composition
properties of CuCrZr alloy are shown in Table 1. To meet the ITER
scope, a chunk of CuCrZr alloy was machine processed into several
pieces having a rod shape with a thickness of 1, 3, and 5 mm and a
diameter of 4 mm.

The surfaces of the samples were first mechanically polished
using sandpaper (No. 100,000) followed by abrasive powder having
an average particle size of 1 mm. Polished samples were subse-
quently cleanedwithmethanol in an ultrasonic bath for 10min. The
surface roughness and structure of samples were analyzed using
scanning electron microscopy (SEM), atomic force microscopy
(AFM), Auger electron spectroscopy (AES) and X-ray diffraction
(XRD) measurements.

Deuterium was loaded into samples using a laboratory-built
system. The system is composed of two parts: 1) the gas delivery
part formed with a D2 cylinder, standard volume cell, and pressure
gauges connected with 1/400 stainless steel tubes, and 2) a sample
chamber connected with the gas delivery part using a VCR metal
gasket, and 3) a pumping systemwhich can evacuate the system to
~10�3 Torr. Samples were exposed to 25 bar of deuterium pressure
at 120, 240 and 350 �C for 24 h.

Deuterium exposed samples were heated in a vacuum by using a
baking system which was custom built based on the concept of a
continuous flow system. The actual temperature of the sample was
independently controlled and recorded from the temperature
controller by using a K-type thermocouple placed near the sample.
The out-gassed elements were identified, and the amount of partial
pressure of desorbed deuteriumwas monitored over time using an
RGA equipped with a quadrupole mass spectrometer. The partial
pressure of the desorbed deuteriumwas integrated to estimate the
amount of the element in the sample. The specimens were baked at
800 �C using a thermal heater at heating rates of 3.6e4.2 �C/sec
from room temperature. 240 �C loaded 5 mm thick samples were
baked at three different temperatures; 400, 600 and 800 �C.

A thermal desorption spectroscopy (TDS) system was built and
data were analyzed to estimate the amount of desorbed elements
and to determine the trapping energy of deuterium [23e26]. The
samples were heated to 900 �C from room temperature at various
heating rates ranging from 10 to 30 �C/min, and the desorption
energy of deuterium was estimated by employing an Arrhenius
equation.

3. Results and discussion

The morphology, roughness and the structure of the samples
were determined by analyzing SEM, AFM and XRD data. Before the
mechanical polishing, the color of the samples was dark-gray,
suggesting that a natural oxygen layer with unknown organics
covered the sample (see Fig. 1(a)). However, after the polishing,
the samples showed a shiny surface with a traditional copper
color, suggesting that most of the organic impurities and
morphological surface defects had been removed (see Fig. 1(c)).
The AFM images, as shown in Fig. 1 (b) and (d), are evidence that
the surface roughness was significantly decreased from 80 to
UR® G alloy.

8.9 g/cm3

1075 �C
18 � 10�6/K
128 (GPa)
330 W/(m$K)
48 � 106 (S/m)
475 �C
700 �C
Cr:0.65, Zr:0.1 wt. %, Cu rem.



Fig. 1. Surface images of CuCrZr samples measured by SEM (left) and AFM (right) before (a), (b), and after (c), (d) mechanical polishing, respectively.

Fig. 2. Results of depth profile of AES for mechanically polished CuCrZr-ELBRODUR® G
alloys.
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10 nm after the polishing.
The depth profiles of Auger electron spectroscopy (AES)

measured from polished samples revealed that an oxygen layer,
approximately 2 nm thick, exists, and average chemical composi-
tions of the surface of the sample are 96.68, 0.41, 0.87, and 2.04 at. %
for Cu, Cr, Zr and O, respectively (see Fig. 2). The existence of oxygen
on the sample was not avoidable, but the oxygen layer on the
surface can be removed through a plasma etching of Ar [22].

Before the loading, the full loading time of deuterium in the
specimen was estimated from the following relationship [27,28]:

tlag ¼ d2
.
6D (1)

where tlag, d, and D, are lag-time, thickness of sample, and diffu-
sivity, respectively. The values for the samples having different
thicknesses at various temperatures were estimated using the
transport parameters reported by Noh et al. [22], and are summa-
rized in Table 2.

The XRD patterns measured from the polished samples revealed
that the sample is an FCC structure with a lattice constant of 3.62 Å.
After deuterium exposure under 25 bar at 350 �C for 24 h, therewas
no change in structure, and the lattice constant value with forma-
tion of an impurity phase was found within the limit of XRD res-
olution (see Fig. 3).
To investigate the penetration depth of deuterium into the
samples, depth profiles of secondary ion mass spectroscopy (SIMS)
data were measured using Csþ primary ions with impact energy of



Table 2
Deuterium loading time for CuCrZr. Diffusivity values of deuterium in the sample at
various temperatures were obtained from Ref. [22].

Loading temp. (�C) Thickness
(mm)

Diffusivity
(m2$s�1)

tlag
(hours)

Full loading time
(days)

120 5 2.23 � 10�16 829,980 93,372
240 1 1.89 � 10�13 61.1 6.9
240 3 1.89 � 10�13 550.2 61.9

240 5 1.89 � 10�13 978.1 110.0
350 5 9.35 � 10�12 19.8 2.2

Fig. 3. XRD patterns of CuCrZr samples measured before and after exposing 25 bar of
deuterium at 350 �C for 24 h. No structural change was noted. The different intensities
for (220) peaks are due to the texture effect of the samples.

Fig. 4. Depth profile result of SIMS analyzed from a 5 mm thick sample exposed to
deuterium at 240 �C for 24 h.

Fig. 5. Plots of partial pressure of deuterium (a), and desorption rates per unit area
depending on sample thickness of 1, 3, 5 mm deuterated at 240 �C (b). The measured
sample temperature is shown with an orange-colored line in (a), and the results of
Gaussian fits for 1 and 5 mm thick samples are shown with dotted lines in (b). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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15 keV in an area of 5� 5 mm2 under 6.87� 10�10 Torr in an analysis
chamber. The distribution of embedded hydrogen and deuterium
was very close and their depths were less than 15 mm (see Fig. 4).
For example, in the 240 �C loaded 5 mm thick sample, deuterium is
found with a linearly decreasing intensity in a logarithmic scale
down to 10 mm from the surface, and then is rapidly diminished
thereafter. One can notice in Fig. 4 that the deuterium and hydrogen
concentration is also closely related to the zirconium concentration,
which hints towards hydrogen isotopes possibly being trapped by
zirconium atoms. The penetration depth of deuterium in CuCrZr
alloy was much less than in stainless steel, which was in an order of
a few tens of micrometers [29]. It should also be noted that the
intensity of the elements in Fig. 4 was a relative estimation of
ionized ones, and thus quantitative amounts of the elements would
be calibrated by using a standard sample.

The deuterium exposed samples were baked in a vacuum to
investigate the desorption behavior of deuterium depending on the
thickness of the material. Fig. 5 shows the partial pressure and
desorption rate of deuterium per unit area from the samples loaded
at 240 �C and baked at 800 �C. The thinner samples showed a lower
desorption-start temperature with a faster completion of desorp-
tion than the thicker ones. For example, in a 1 mm thick sample
desorption started as low as 550 �C and lasted for 155 s, while a
5 mm thick sample shows a delayed desorption time of 320 s
(Fig. 5(a)). In general, the desorption-start temperature was pro-
portional to the thickness of the sample because the real temper-
ature of the sample had a lag compared to the target temperature
due to the heating rate being faster than the heat conductivity.
The desorption rate of deuterium per unit area was calculated
using the following formula:
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Desorption rate;
mol
m2s

¼ PP � PS
R� RT � SA

(2)

where PP: partial pressure of D2, PS: pumping speed of the baking
system which is 92.6 l/sec, RT: room temperature, SA: surface area,
and R: gas constant. As shown in Fig. 5(b), the thinner ones show a
faster desorption rate per unit area than the thicker ones because
the desorption rate is inversely proportional to surface area (Eq.
(2)), while none of our samples was fully deuterated. It should be
noted that the peaks can be separated into two peaks (shown with
dotted-lines in Fig. 5(b)) by using a Gaussian fit, suggesting that the
deuterium residing on the surface desorbed first and the ones
embedded in the bulk follow. For example, a 1 mm thick sample
exhibits two peaks located at 130 and 180 s, and a 5 mm thick one
has peaks at 245 and 295 s, which represents the desorption from
near the surface and the bulk of the sample, respectively.

Fig. 6(a) shows the partial pressure of deuteriummeasured from
the samples having the same dimension but loaded at different
temperatures; 120, 240 and 350 �C. As expected, we observe in
Table 2 that the samples loaded at 350 �C desorbedmore deuterium
than the ones deuterated at a lower temperature, which demon-
strates that the absorbed amount is proportional to the loading
temperature. It is interesting to note that samples loaded at 120 �C
exhibited a desorption peak starting at 155 s, corresponding to
700 �C, demonstrating that deuterium absorption can take place as
low as 120 �C. The total amounts of desorbed deuterium from the
samples were estimated by integrating the desorption peaks, and
the results of these are shown in Fig. 6 (b). For example, the 5 mm
Fig. 6. Plots of partial pressure of deuterium (a), and amount of desorbed deuterium
per unit area depending on loading temperature measured from 5 mm thick samples
deuterated at 120, 240, 350 �C (b).
thick sample loaded at 350 �C desorbed a total of 5.3� 10�3 mol/m2

of deuterium.
In order to determine the parameters for optimum baking,

samples were deuterated at the same condition but heated at
different temperatures. Fig. 7(a) shows the partial pressure of
deuterium measured from the samples deuterated at 240 �C and
baked at 400, 600, and 800 �C with heating rates of 3.9, 4.2, and
3.5 �C/sec, respectively. For the samples baked at 800 �C, desorption
started at 190 s corresponding to 750 �C and completed within
325 s. It should be noted that a hint of deuterium desorption was
observed when baking at 400 �C, although not all of the absorbed
deuterium atoms were desorbed. The significantly delayed
desorption-start time for the 400 �C baked sample was due to the
slow diffusion of deuterium to the sample. Baking at a higher
temperature resulted in a faster completion of desorption than
desorbing at a lower temperature.When the samples were baked at
600 �C, no further desorption was noted after 700 s. The fact that
the desorbed amount of deuterium from the sample baked at
600 �C exceeded the amount extracted when baking at 800 �C can
be explained through the statistical difference between two sam-
ples (~35%). The total amount of desorbed deuterium was also
estimated by integrating the desorption peaks, and the results are
shown in Fig. 7(b).

To check whether or not the desorption was completed when
baking at 800 �C, samples were placed at 800 �C in a dynamic
vacuum for 20 min and after confirming that there was no further
Fig. 7. Plots of deuterium partial pressure (a), and amount of desorbed deuterium
depending on baking temperature measured from 5 mm thick samples deuterated at
240 �C (b).



Fig. 8. Plot of partial pressure for deuterium measured from 5 mm thick sample
deuterated at 350 �C for 24 h and baked at 800 and 900 �C. The measured sample
temperature is shown with an orange-colored line. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 9. (a) TDS results for deuterium loaded samples desorbed with different heating
rates from 10 to 30 �C/min, and (b) plot of relationship between ln(b/T2c ) and T�1

c . The
Gaussian fits for the desorption peaks are shown with dotted-lines in (a).
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desorption, the temperature was increased to 900 �C. As shown in
Fig. 8, the appearance of a prominent deuterium peak during the
heating to 800 �C with no hint of further desorption at 900 �C
demonstrates that 800 �C is an efficient condition for the complete
removal of the embedded deuterium in CuCrZr alloys.

To calculate the trapping energy for deuterium, 5 mm thick
samples deuterated at 350 �C were heated using the TDS system at
heating rates from 10 to 30 �C/min, followed by the heating pa-
rameters proposed by Poon et al. [11], and the results of partial
pressure for deuterium as a function of temperature are shown in
Fig. 9(a). The samples heated at 10, 15, 20, 30 �C/min apparently
exhibited one broad, but with a hint of a shoulder, desorption peak
starting at 405, 428, 488 and 528 �C. All peaks can be split into two
distinct peaks by using a Gaussian fit, which suggests two sites for
the trapping energy. Based on the results of the fits shown with
dotted-lines in Fig. 9(a), the desorption energy, Ed, which is same as
the activation energy for deuterium needed to escape from the
trapping site, is obtained from the relation between the tempera-
ture of the desorption peak maximum, Tc, and the heating rate F
[30]:

EdF

RTc2
¼ A$exp

�
�Ed=RTc

�
(3)

where is R the gas constant. This classical equation was modified in
terms of heating rate and temperature for the maximum
desorption:

d ln
�
F
.
T2c

�
d T�1

c
¼ �Ed

R
(4)

The desorption energy was calculated from the linear fit to the
differentials of lnðF=T2c Þ and T�1

c for the four Gaussian fitted
peaks with different heating rates, and the results are shown in
Fig. 9(b). Accepting the two assumptions that 1) the distribution
of available sites for deuterium in the sample obeys the Gaussian
function, and 2) an occupation of deuterium follows the Fermi-
Dirac statistics because one deuterium occupies one site, we es-
timate the trapping energies of 62 and 79 kJ/mol, which is very
close to the trapping energies of hydrogen in Cu measured by
Takagi [27], and is in the range of the values measured from
hydrogen in Fe and Al having different trapping sites such as
grain boundary, vacancy, dislocation and interstitials [30,31].
4. Conclusion

To evaluate the engineering applications of CuCrZr alloys for
plasma structural materials in fusion reactors, desorption dynamics
of deuterium in the materials as functions of sample thickness,
loading and baking temperatures were investigated following the
ITER scope. After exposing the sample to 25 bar of deterium at
350 �C for 24 h, no change in the structure or the lattice constant
was noted, while RGA detected a significant amount of deturium
during the baking of the sample as low as 400 �C. Depth profiles of
SIMS results showed that deuterium diffuses into the sample to a
depth of 15 mm and can be completely retrieved in 15 min by
heating in a vacuum at 800 �C. The amounts of desorbed deuterium
were estimated by integrating the desorption peak of RGA, and the
value, for example, was 5.3 � 10�3 mol/m2 for the 5 mm thick
sample deuterated at 350 �C. For the samples having the same
dimension, the amount of desorbed deuteriumwas proportional to
the loading temperature. We noted that the CuCrZr alloy absorbs
deuterium as low as at 120 �C and desorbs it at 400 �C, although the
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complete retrieval of deuterium can be obtained at 800 �C using a
dynamic pumping in 15 min. The trapping energy for deuterium
was calculated by analyzing TDS data heated at different heating
rates from 10 to 30 �C/min. By employing an Arrhenius plot and
Fermi-Dirac statistics following the Gaussian distribution function,
we estimated the trapping energies to be 62 and 79 kJ/mol, which
are mainly attributed to the intersitials in the alloy.
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