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The fully reduced activation brazing alloy TiZr4Be and a tantalum intermediate layer are considered to
be used for joining tungsten (W) to reduced-activation ferritic-martensitic steel (RAFM) for future DEMO
reactor application. Deuterium retention in the W-Rusfer joints and separate elements was investigated
with the focus on the intermediate brazing layer. The samples were exposed in deuterium gas (p = 1-
10 Pa, T = 300-600°C) and plasma discharge (T = 600°C). An acceptable deuterium concentration was

observed after gas exposure at the pressure of 1 Pa, that is relevant to operating conditions of future
fusion devices, however the brazing alloy and tantalum accumulate a large amount of deuterium in the
case of the pressure above 100 Pa that leads to failure of the joint. The D retention after D plasma irra-
diation was substantial, but nearly independent on the fluence and the thickness of the W layer due to
absorption from surrounding D, gas.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Due to higher neutron fluxes, fusion power, and operation
time in future DEMO reactors in comparison to ITER and cur-
rent machines, new solutions for plasma facing components
(PFC) are under development. One should avoid materials with
high induced radioactivity, therefore, reduced-activation ferritic-
martensitic steels (RAFM) [1,2] are main candidates for structural
materials. Tungsten (W) is one of the most promising PFC mate-
rials due to the high thermal conductivity and melting tempera-
ture, low sputtering by light plasma particles, low tritium reten-
tion and moderate activation by fusion neutrons [3]. Current con-
ceptual designs of DEMO reactors consider tungsten (W) not only
for the divertor area, but also for the first wall [4,5]. Due to the dif-
ference of thermal expansion coefficients of W and RAFM steels, a
direct joining is challenging. Therefore, various intermediate layers
(V, Ta, etc.) [6,7] or more complicated concepts with a functionally-
graded W-Fe(iron) interlayer [8,9] are proposed. Recently, several
interlayer materials and brazing alloys were proposed to join tung-
sten to steel. The vast majority of investigations is performed with
Cu- or Ni-based brazing alloys, which are considered to be highly
activated and having low resistance to neutron irradiation [10].
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Recently, good mechanical properties of the W-RAFM joint were
achieved using Ta as an intermediate layer and the fully reduced
activation TiZr4Be brazing alloy [11]. In this work, we investigated
the compatibility of this joint with hydrogen gas and plasma expo-
sure since it is unavoidable in fusion devices.

It is known that tantalum, titanium and zirconium can accu-
mulate a large amount of hydrogen with subsequent embrittle-
ment due to hydride formation and fail. However, this problem can
be not so pronounced at elevated temperatures and relatively low
pressures. The goal of this work was to evaluate acceptable tem-
peratures and hydrogen pressures for safe operation.

2. Experimental details
2.1. Description of initial materials and brazing procedure

The tungsten samples with the size of 5 x 5 x 3 mm?3 (or
5 x 5 x 1 mm3) were cut from polycrystalline tungsten produced
by Polema (Russia) and manufactured according to ITER speci-
fications. The steel samples were cut from EK-181 (Rusfer) (Fe-
12Cr-2W-V-Ta-B, wt. %). More information about Rusfer can be
found in [12,13]. The sample size was either 5 x 5 x 3 mm?> or
5 x 10 x 3 mm3. The steel in its as produced state was used for
brazing and in thermal treated state for gas exposure of single ma-
terials. Here and after we call steel and tungsten as base materials.
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The key element of this investigation was the brazing alloy
48Ti-48Zr-4Be wt.% (TiZr4Be) STEMET 1412 rapidly solidified into
the ribbon of 70 wm thickness by applying melt spinning tech-
nology (see [14] for details). The initial state of the foil was
amorphous-crystalline [15]. The same brazing alloy and procedure
was also used to braze a self-passivating tungsten alloy to steel
[16].

To evaluate the phase composition of the TiZr4Be brazing alloy,
synchrotron X-ray diffraction (SynXRD) was used. Before the anal-
ysis, the foil was annealed at 600°C for 2 hours that corresponds
to the preliminary heating procedure in gas exposure experiments.
SynXRD was performed at the X-ray structural analysis beamline
of the Kurchatov Synchrotron Radiation Source [17] with 0.74 A
wavelength monochromatic irradiation. A small piece of the foil
was placed perpendicular to the beam. The detailed description of
the scheme can be found elsewhere [18,19]. The foil was exposed
for 240 sec. Indexing of the recorded SynXRD patterns was made
using the ICDD PDF4+ database.

Tantalum compensating layers were cut from the 0.2 pm thick
foil with the size of 5 x 5 mm.

The brazing of the W/TiZr4Be/Ta/TiZr4Be/Rusfer joint was car-
ried out in a vacuum furnace (p < 10~ mbar). The specimens
were fixed by a 200 g load that corresponded to 0.08 MPa. The
brazing procedure included thermal heat treatment at 1100°C for
1 hour and aging at 720°C for 3 hours [18]. This treatment corre-
sponds to the heat treatment of Rusfer steel (see details in [20])
and allows to keep its initial properties. Shear strength tests were
carried out at room temperature by the scheme presented in [21].
Five samples were measured for each experimental condition. The
microstructure of the samples was analyzed using the JEOL JSM-
6610LV scanning electron microscope (SEM) with the energy dis-
persive spectroscopy (EDS) module INCA X-ACT (Oxford Instru-
ments, the U.K.).

Operating conditions for DEMO reactors are not finally defined.
The heat and particle fluxes from plasma to PFC can vary during
the operation, especially during transient events. There is also in-
ternal heating caused by neutron irradiation and further transmu-
tations. According to modeling [22], the steady state heat load to
the first wall will be below 1 MW/m? in most places, while the
peak load of 7 MW/m? can be expected at baffle areas. In some
PFC designs [23], the temperature of the steel part reaches 523°C
already at 0.8 MW/m?2. Independently on the PFC design, the RAFM
steels, however, should operate below the critical temperature of
550°C. The temperature at the joining layer is expected to be sim-
ilar due to its small thickness. Therefore, the temperature of 600°C
was taken as a maximal in our experiments.

The typical pressure of hydrogen isotopes during the plasma
discharge in ITER is below 1 Pa and the flux of energetic neutrals
and charged particles is estimated below 10%! particles/m?2s [24].
Similar estimates can be expected for DEMO.

2.2. Gas exposure

The exposure of samples in D, gas was performed in Kurchatov
Institute. For this purpose, a high-vacuum chamber with the vol-
ume of 310 cm3 and the ultimate pressure of <10~6 Pa was used.
The temperature (T) of the samples was monitored by a type K
thermocouple and it was varied from 300 to 600°C. The deuterium
pressure (p) during the exposure was measured with a capacitance
manometer and it was in the range of 1 - 10* Pa. The purity of
D, gas was above 99,99%. Prior to gas exposure the samples were
degassed at 600°C for 2 hours. During exposure, the total gas pres-
sure in the chamber was decreasing due to sorption by samples
and it was maintained in the range of +£10%. The exposure time
was 50 hours in all experiments. The flux of impurity gases did
not exceed 107 Pa*l/s during the exposure. To avoid a possible
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contribution in experiments with the lowest gas pressure (1 Pa),
the chamber was evacuated continuously during this exposure.

In addition, the annealing of few brazed samples in the initial
state was carried out at 600°C for 100 h in argon atmosphere.

2.3. Plasma exposure

Plasma irradiation of the brazed samples was carried out in a
linear plasma-chemical reactor based on beam-plasma discharge
in MEPhI (see [25] for details). This setup allows to create a sta-
tionary plasma with a uniform distribution of electron density and
electron temperature in beam cross-section resulting in uniform
surface treatment by plasma. Samples were mounted on an elec-
trically insulated holder biased by a DC power supply. During the
experiments, only the front tungsten surface of samples was ex-
posed to the plasma beam by using a diaphragm with a diameter
of 3 mm mounted in the front of the sample ensuring that only
the surface of the sample was interacting with plasma. All plasma
irradiation experiments were carried out at the joint point tem-
perature of 600°C, the D, pressure of about ~1 Pa, and the sample
bias voltage of 300 V. The samples were not actively cooled, and
the temperature was controlled by a thermocouple mounted close
to the brazed layer. The composition of the ion flux according to
the previous studies mainly consists of D,* [25]. Plasma parame-
ters such as plasma density and electron temperature during the
exposure were controlled by a single movable Langmuir probe lo-
cated close to the sample position. In-situ ion saturation current
measurements with single probe provided incident deuterium ion
flux densities of about ~1.2 x 102! D/m?2s in all experiments, but
the exposure time was varied from 2 to 16 hours.

2.4. Thermal desorption spectroscopy

The deuterium retention was measured using thermal desorp-
tion spectroscopy in the UHV TDS stand in MEPhI (see [25] for
details). The heating rate during the TDS analysis was either 0.2
K/s or 2 K/s depending on the expected D amount in the samples.
The desorption flux of deuterium-containing masses (D, HD, HDO,
D,0) was monitored with the quadrupole mass-spectrometer Pfeif-
fer Vacuum QME 100 (QMS). The calibration of the absolute sensi-
tivity for D, gas was performed after each separate TDS measure-
ment (see [25] for details).

3. Experimental results
3.1. Pre-characterization of materials before deuterium exposure

Fig. 1 presents the SynXRD pattern of the TiZr4Be foil after an-
nealing at 600°C for 2 hours. The foil crystallized completely af-
ter annealing (the initial state was amorphous-crystalline [15]) as
no amorphous halo is observed in the pattern. Some peaks are
overlapped, but we put labels of a phase with the highest inten-
sity above other labels (e.g. B(Ti,Zr) has a higher intensity than
Ti;Zr3 at 17.5°). The most intense peak at 20-18.5° identifies Ti;Zr3
compound. This compound was also observed in high-entropy al-
loy FeMoTaTiZr manufactured by vacuum arc remelting [26]. High
temperature solid solution of Ti and Zr (B(Ti,Zr)) and two Be-Zr
compounds (Be,Zr, Be;Zr,) were identified as well. Apart from
compounds consisting of alloying elements, there were BeO and
ZrO oxides identified. Be and Zr are known for creating a strong
chemical bond with oxygen. These oxides were likely formed dur-
ing casting of the brazing alloy, so they could not be expected to
melt during brazing and likely, remained as formed in a brazed
seam. Additionally, the oxides were likely to be formed on the sur-
face of the foil during the contact with air.
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Fig. 1. Synchrotron XRD pattern of TiZr4Be brazing foil manufactured by melt spinning after annealing at 600°C for 2 h.

SEM images and EDS distribution maps of the W/TiZr4Be Ta/
TiZr4Be/Rusfer joint are presented in Fig. 2. Good interaction and
formation of different phases promotes stronger binding of the ma-
terials. Microstructure of the Ta/W seam is different from those
observed in [11] with identical brazing procedure. The only differ-
ence was the dimensions of the Ta layer, which was wider than
base materials in [11]. In this work, the width of Ta and base ma-
terials were identical and mixing of melts at Rusfer/Ta and Ta/W
seams was possible. Therefore, base materials can be dissolved in
the melt during brazing and penetration of iron from Rusfer/Ta into
Ta/W seam is observed. This could cause the shift of thermody-
namical balance of the melt, which led to formation of different
from [11] microstructure. The observed mixing of the melts could
be expected in real manufacturing conditions, because usually a
long brazing foil is used [27] and the amount of the melt of this
foil is enough to wet the whole surface of a Ta interlayer (both
with boundaries).

In spite of the difference at the Ta/W seam, the mechanical tests
in this work provided results similar to [11]. The shear strength of
the joints was measured to be 118+28 MPa and all joints failed
at Rusfer/Ta interface that means the strength of the joint doesn’t
depend on Ta/W microstructure and the most brittle phase of the
joint forms at the Rusfer/Ta interface. According to [27], this phase
is Ta,Be with needle-like shape.

3.2. Gas exposure

Fig. 3 shows experimental data on D, gas exposure of single
components of the joint: W, Rusfer, Tantalum, and TiZr4Be brazing
alloy. All materials have been exposed in one run for 50 hours at
the D, pressure of 10 Pa that is far beyond operation conditions
in fusion devices. Several experiments were performed at differ-
ent temperatures in the range from 300 to 600°C. The Y axis is an
average D concentration in materials assuming homogeneous dis-
tribution in the bulk.

The largest D retention was in the brazing alloy and Ta with the
maximum at 600°C, although the H solubility decreases with the
temperature in these materials. This indicates that the equilibrium
D concentration was not achieved at 300°C and 400°C. A reduced
absorption rate is usually caused by contamination of the surface
and oxides were detected in the brazing layers by SynXRD.

The D retention in W and Rusfer was much smaller than in Ta
and TiZr4Be, as it was expected from low H solubility in these ma-
terials.

Fig. 4 shows SynXRD patterns of the TiZr4Be foils after D, gas
exposure. The phases are marked according to the ICDD PDF4+
database. Hydrides were not identified in the foils exposed at
300°C and 400°C and this correlates with a relatively low deu-
terium retention (fig. 3) in these conditions. Oxides were not de-
tected also that indicates the reduction of their amount in hy-
drogen environment. Additionally, Bey;Zr, and B(Ti,Zr) dissolved,
likely, because of long annealing time during exposure (50 hours).

Hydrides formed in the foils exposed to 500°C and 600°C. In
the pattern of the foil exposed to 500°C, one can see titanium
deuteride (TiH;gg, ICDD # 04-002-5203) formation and no Ti-
Zr phases. It means that all titanium interacted with deuterium
leaving «Zr solid solution. In the foil exposed to 600°C, intense
peaks of TiZrD, (TiZrD,, ICDD # 01-082-7060) and Be,ZrDgsg
(BeyZrHg 56, ICDD # 04-013-0305) dominate with no clear peaks of
intermetallic compounds. The presence of other phases is possible,
but with lower concentrations.

Embrittlement of Ta and brazing alloys was also observed after
high temperature gas exposure at 500 and 600 °C and this corre-
lates well with hydrides formation observed by SynXRD (Fig. 4).

The next step was D, gas exposure of the full joints (Fig. 5,
Table 1). The length of the steel part exceeded the tungsten part.
This geometry was chosen for the possibility to perform mechani-
cal tests after exposure. The first series was done at the same pres-
sure of 104 Pa and two temperatures of 300 and 600°C, and the
joints failed in both cases. At p = 100 Pa, the samples failed at
300°C, but survived at 600°C. At p = 1 Pa, the samples survived
both at 300 and 600°C. Examples of the failed and survived sam-
ples are presented in Fig. 5 a and b correspondingly. The brazing
alloy turned to dust in the case of the failure. The tantalum part
remained solid, but became brittle also.

The shear strength and the D retention were measured for
the samples remained intact after exposure; the results are pre-
sented in Table 1. The joint loses 30% of its strength after exposure.
Nevertheless, its strength is higher than that of diffusion bonded
W/Ti/(91 grade steel) after D, exposure [28].

In contrast to preliminary experiments with single materials,
the D retention is high not only after high temperature expo-
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Fig. 2. SEM image with EDS maps of W/Ta/Rusfer joint brazed by TiZr4Be alloy: a) W/Ta seam; b) Ta/Rusfer seam.
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Fig. 3. The average D concentration in single materials (W, Ta, Rusfer, brazing alloy TiZr4Be) of the joint after exposure in D, gas at 10* Pa for 50 hours at different
temperatures. The D concentration in atomic percent is indicated for several points as a reference.
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Fig. 4. Synchrotron XRD pattern of the TiZr4Be brazing foil manufactured by melt spinning after annealing at 600 °C for 2 h and D2 gas exposure for 50 h at different

temperatures: a) 300 °C, b) 400 °C; c) 500 °C; d) 600 °C

a

Fig. 5. Photos of the joints: a) after 300°C, 100 Pa. b) after 600°C, 100 Pa.

sure, but also after exposure at 300°C. It decreases with the ex-
posure temperature as it is expected for Ta and the brazing al-
loy in the equilibrium. Thus, D penetration into the brazing alloy
and Ta was even better than in the case of single materials ex-
posure that is possibly due to thermal treatment and suppression
of surface oxidation. The sum of the D retention after separate

exposure of the joint components is also provided in Table 1 for
comparison. At 600°C, one can roughly estimate the pressure de-
pendence of the D retention and it is close to the square root
as expected from the Siverts law. Gas absorption measurements
were available only in few experiments and can be compared with
TDS only in one experiment. A lower D amount in TDS could be
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Table 1
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The shear strength of the W/TiZr4Be/Ta/TiZr4Be/Rusfer brazed joint, the D retention, and the average D concentration (assuming all D atoms are trapped in

the joining layer) after deuterium gas exposure.

D retention, 1022 D/m2TDS data

D/Me, at. ¥TDS data  Gas absorption, 1022 D/m?

T,°C P, Pa Shear strength, MPa
As-produced 118428

300 (Separate exposure) 10000 - 6.1+1.2
600 (Separate exposure) 10000 - 550+50
300 10000 failure -

600 10000 failure -

300 100 failure -

600 100 86427 30+6
300 1 80416 20+4
600 1 80430 2.8+0.5
600 (5 h in plasma facility) 1 - 2.3+0.4

0.32+0.06 -
31+6 -

- 230450
1.65+0.35 47+10
1.1+£0.2 -
0.16+0.03 -
0.13+0.03 -

x1,000 10pm

a

SEI x1,000 10pm

cracks—:

x1,000 10pym

b

Fig. 6. The SEM image of W/Ta/Rusfer joint brazed by TiZr4Be alloy: a) after annealing at 600°C for 100 h; b) after exposure in 100 Pa D, gas at 600°C for 50 h.

due to partial D release during the storage and shear strength
tests.

There is a clear correlation between the D concentration in the
samples and their destruction. Formation of brittle hydride phases
in the case of the high D concentration is confirmed by SynXRD
(Fig. 4), and this should be the key mechanism of material destruc-
tion. In the case of the D concentration of few atomic percent and
less, the joints have acceptable mechanical properties. This is the
case for 600°C at 1 and 100 Pa, and for 300°C and 1 Pa.

Fig. 6 shows cross sections of the joints after 100 h annealing
at 600°C and after 100 Pa D, 600°C for 50 h, a and b correspond-
ingly. There is no microstructural degradation after pure annealing
at 600°C (Fig. 6a) and no changes are expected after pure anneal-

ing at 300°C as well. However, some cracks were formed in Ta,Be
phase both in W/Ta and Ta/Rusfer seams in the joints exposed to
D, gas. A new phase with a round outline is observed also in the
W/Ta seam (Fig. 6b), where EDS detected prevail of Zr. This Zr-
based phase is suggested to be a zirconium based hydride, since it
is observed only in deuterium exposed samples. This could be the
beryllium-zirconium hydride, since it was detected after exposure
of the single brazing alloy (Fig. 4).

One should mention that cracks were not distributed homoge-
neously in the brazed layer. Fig. 6b corresponds to the area close
to the side surface of the joint. Deeply in the bulk, there were still
Zr-based round-shape phases in the W/Ta seam, but no cracks in
both seams. It is suggested that deuterium absorption goes pre-
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Fig. 7. The fluence dependence of the D retention in W/TiZr4Be/Ta/TiZr4Be /Rusfer
brazed joints after plasma irradiation. The dashed line corresponds to Cp=0.15 at.%
in assumption of D presence only in the brazing layer similar to the data in Table 1.

dominantly at side surfaces leading to a higher D concentration in
the edges of brazed seams and higher embrittlement.

3.3. Plasma exposure

To analyse the rate of D accumulation in the joints in plasma
environment, a series of plasma irradiations was performed with
the ion incident flux comparable to the value expected at the
DEMO first wall. The main set of experiments was done with the
standard 3 mm thick W layer. In addition, a part of experiments
was done with the 1 mm thick W layer for comparison. The irra-
diation time was varied from 2 to 16 hours with the same flux of
about 1.2 x 102! D/m?s. All samples successfully survived after all
plasma experiments.

The D transport through W is strongly affected by presence
of lattice defects. The concentration of trapping sites depends
strongly on the grade of material. In particular, the effective diffu-
sivity in hot-rolled W foils can be lower by several orders of mag-
nitude in comparison to theoretical values [29]. In this work, the
D retention in the joints was substantial already after 2 hours of
plasma exposure and exceeded the D retention after similar ex-
posure of the W part only (without steel and brazing layers) by at
least 30 times. It was suggested, therefore, that deuterium can pen-
etrate through W quickly to the brazing layer. However, we found
later that dependences on the fluence and on the thickness of W
layers are very weak (fig. 7). Only the number for the smallest flu-
ence is slightly less than other data points. The total D retention
in these experiments is close to the number measured in gas ex-
posure experiments in similar conditions (1 Pa, 600°C). Therefore,
it was concluded that the main source of D in the samples in our
experiments was not the plasma, but surrounding D, gas itself. For
verification, a gas exposure experiment without plasma irradiation
has been done inside the plasma facility and the D retention was
again nearly at the same level (Cp=0.13 at.% after 5 hours D, ex-
posure).

Fig. 8 collects several TDS spectra for deuterium gas and plasma
exposure at 600°C. The heating rate in these experiments was 0.2
K/s. The D release from pure W after plasma exposure occurs at
highest temperatures, but the total deuterium retention is very
small as mentioned before. In spite of the similar total D retention
in other experiments, there are some differences in the dynamics
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Fig. 8. Typical TDS spectra of D, desorption after deuterium gas or plasma expo-
sure at 600°C. The amplitude of the TDS spectrum for pure W is multiplied by 10
times.

of D release caused partly by a different way of sample prepara-
tion for TDS. In the case of plasma exposure, the whole joints were
heated (solid lines) and there is a minor difference in TDS spectra
for the joints. Deuterium desorption starts around 800 K and has
a maximum at about 1000 K. A small shift to higher temperatures
is observed with the increase of the irradiation time and the thick-
ness of the W layer due to a longer diffusion path for deuterium
atoms. In spite of the similar D retention in the joints after gas and
plasma exposure, the TDS spectrum is slightly different. The D re-
lease in the gas exposed sample starts earlier and the TDS peak is
broader, however, the reason of this difference is presently unclear.

The last spectrum corresponds to gas exposure experiments
performed at the same pressure, but after longer exposure time
and after mechanical tests. Therefore, two pieces (W/Ta and Rus-
fer) were heated separately. The D amount in the Rusfer part was
very small and the spectrum in the Fig. 8 is for the part consisting
of W, Ta, and the alloy. Again, we see a shift of D release to lower
temperatures, since D can escape from Ta directly to vacuum with-
out diffusion through the base materials. From this spectrum, one
can suggest that long time baking at 750-800 K should be enough
for hydrogen isotope removal from W-Rusfer joints.

Finally, one can conclude that the chosen brazing technique can
provide a PFC compatible with DEMO operation conditions, but
care must be taken in the case of appearance of elevated pressures
of H isotopes.

4. Summary

New challenges appear in development of PFCs for future
DEMO reactors, such as safe joining of tungsten to RAFM
steels. W-Rusfer joints have been produced using the fully re-
duced activation brazing alloy TiZr4Be and the Ta interlayer
(W/TiZr4Be|Ta/TiZr4Be/Rusfer) and demonstrated good mechanical
properties. The phase composition of the brazing alloy was deter-
mined by synchrotron XRD, it mainly consists of Ti;Zr3, Beq;Zr>,
B(Ti,Zr) solid solution and Be,Zr. The shear strength of the as-
joined composition is 118428 MPa.

Single materials and prepared W-Rusfer joints were exposed in
D, gas. Large D accumulation and destruction of the brazing al-
loy was observed after long time exposure at high pressures (104
Pa) and temperatures in the range of 300-600°C. Destruction of the
material correlated with formation of hydrides detected by syn-



Y. Gasparyan, D. Bachurina, V. Efimov et al.

chrotron XRD. The acceptable D accumulation without failure of
the joints was at (T> 300°C and P<1 Pa) typical for normal op-
eration of plasma facing components at the DEMO first wall, and
even at higher pressures (<100Pa) for temperatures T > 600°C.

W-Rusfer joints were also exposed to D plasma at 600°C. The D
retention was very close to gas exposure experiments at the same
pressure of the working gas and there was a weak dependence on
the fluence and the thickness of the W.

Thus, hydrogen isotope retention in materials may limit the
choice of possible solutions for PFC. In particular, the chosen braz-
ing technique requires careful operation at elevated pressures of H
isotopes.
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