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ABSTRACT

The combination of reduced-activation ferritic-martensitic steels (RAFM) and
tungsten is suggested for plasma-facing components in future fusion reactors,
but joining these materials is challenging. One promising method is a brazing
technique that uses a Ta interlayer and a fully reduced activation brazing alloy,
TiZr4Be. The initial microstructure of the Rusfer/TiZr4Be/Ta/TiZr4Be/W joint and
transformations caused by exposure to D, gas at elevated temperatures and a
pressure of 1 Pa were assessed using electron backscatter diffraction (EBSD),
synchrotron X-ray diffraction analysis and secondary ion mass spectrometry. The
joining layer was the main center of deuterium accumulation, but there were no
changes in the microstructure after D, exposure at 300 °C. The total D retention
after D, exposure at 600 °C was lower, but it was concentrated in the W/TiZr4Be/
Ta seam, and the formation of an additional ZrFe,D, ¢, phase was observed.
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development of fusion energy sources will be reactors
operating under more severe conditions, e.g., DEMO
(DEMOnstration fusion reactor) [3-5]. Since the reac-
tors will operate under more severe conditions than

Introduction

Fusion energy promises to produce electricity with a
high level of safety and low environmental impact. The

favorable characteristics of fusion energy have been
established as an alternative source of energy pro-
duction on an industrial scale [1, 2]. The ITER fusion
reactor is currently under construction and highlights
many challenges that are associated with the design
and selection of materials [3]. The next stage in the
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ITER, new approaches of the first wall are under devel-
opment [6-10].

Tungsten is considered as a promising plasma facing
material, with a reduced activation ferritic martensitic
(RAFM) steel as a structural material [11] and there-
fore they should be joined. Methods to join tungsten
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to steel could be divided into two main groups: braz-
ing [12-16] and solid-state bonding [17-20]. Since the
coefficient of thermal expansion (CTE) of tungsten and
steel are drastically different, a compensating inter-
layer should be provided. As such an interlayer mate-
rial with an intermediate CTE value can be used or
a brazing alloy itself. When developing a method to
join tungsten to steel one should follow the require-
ment of reduced activation [21]. Meanwhile just a few
brazing approaches offer the usage of a fully reduced
activation brazing alloy, e.g., Ti—-Fe-Sn [22], Fe-Si-B
[13] and Ti—Zr-Be [23]. The least research was carried
out by our team and was extensively investigated so
far, this joint Rusfer/TiZr4Be/Ta/TiZr4Be/W was the
object of this article.

Although there is a number of investigations
aimed at the tungsten/steel joining, only a few of
them presented the results on the behavior of the
joints in hydrogen isotopes environment. Wang
et al. [24] showed that the W/Ti/(91 grade steel) dif-
fusion bonded joint exposed to 200-1000 Pa remains
integrated. When the joint was exposed at 0.1 MPa,
it failed. We investigated deuterium retention in the
Rusfer/TiZr4Be/Ta/TiZr4Be/W joint [25]. It was shown
that the joint withstands the normal First Wall DEMO
exposure conditions, while the deuterium amount in
the intermediate layer grows substantially with the
increase of the surrounding deuterium pressure. This
paper presents a more detailed analysis of deuterium
distribution and microstructure transformation in
the joint after deuterium gas exposure using several
technics. For a better understanding of the microstruc-
ture of the obtained compounds, this article presents
the results of EBSD (Electron backscatter diffraction),
SynXRD (synchrotron X-Ray diffraction analysis) and
SIMS (the secondary ion mass spectrometry) and other
studies, since the TDS analysis itself provides only
general information about the temperatures at which
deuterium is released and how much of it is captured
in the integral.

Experimental details

We used vacuum brazed joints Rusfer/TiZr4Be/Ta/
TiZr4Be/W, where W—ITER grade tungsten, Rus-
fer —RAFM Rusfer EK-181, Ta—pure tantalum inter-
layer, which was used to suppress the mismatch of
CTE between W and Rusfer, TiZr4Be —rapidly solidi-
fied into ribbon alloy of the following composition

@ Springer

J Mater Sci (2023) 58:14879-14888

48Ti-48Zr-4Be wt%. W and Rusfer were in the
form of cubes with the dimensions of 5 x5 x 3 mm?
(width x length x thickness). The Ta interlayer with the
dimensions of 5x 5 x 0.18 mm®. The TiZr4Be brazing
with a thickness of 70 um alloy was used. The brazing
procedure included thermal heat treatment at 1100 °C
for 1 h and aging at 720 °C for 3 h (see [23] for details).

Deuterium gas (D,) exposure was performed at the
pressure of 1 Pa for 2 h at two different temperatures:
300 °C and 600 °C (see [25] for details).

The microstructure of the samples was analyzed by
scanning electron microscope (SEM) TESCAN CLARA
equipped with EBSD Oxford Instruments Nordlys
Nano and EDS Oxford Instruments Ultim MAX 100.
Prior to the analysis, the samples were grinded and
polished with subsequent ion etching by Technoorg
Linda SEMPrep?2.

SynXRD was applied to get deeper understanding
of the microstructure. Recording of the XRD pattern
was conducted at the Kurchatov Synchrotron Radia-
tion Source with the wavelength of 0.74 A. The proce-
dure was previously presented elsewhere [25, 26]. Two
spectra were recorded for each brazed seam in slightly
different positions in order to cover all phases.

SIMS method using the TOF. SIMS?® facility pro-
vided an additional information about deuterium
distribution in the sample. The analysis was carried
out in several modes with registration of both positive
and negative secondary ions. A beam of Bi;" ions with
the energy of 25 keV was used as an analyzing beam.
The probing beam was unfolded into a raster with a
size of 500 x 500 um?. Ton etching of the analyzed sur-
face, aimed at its cleaning and chemical modification,
was carried out with Cs” ions (in the case of obtaining
an ion microscopic image in negative secondary ions)
and O," (in positive secondary ions) with an energy
of 2 keV. Accumulation of the signal was carried out
by frames with a discreteness of 128 x 128 or 256 x 256
points. The entire mass spectrum was stored in the
range 0 +430 a.m.u. for each point of the frame.

As-joined microstructure

Figure 1 shows the microstructures of two composing
seams: Rusfer/TiZr4Be/Ta—a and Ta/TiZr4Be/W —b
and c. Comparing the microstructure of Ta/TiZr4Be/W
in [23] and [25], we found the formation of different
phases in this seam due to the contact of the melts
from Rusfer/TiZr4Be/Ta and Ta/TiZr4Be/W seam:s.
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Figure 1 Microstructure of Rusfer/TiZr4Be/Ta/TiZr4Be/W brazed joint and schematic representation of the mixing effect due to the
contact of the melts from Rusfer/TiZr4Be/Ta and Ta/TiZr4Be/W seams.

This phenomenon schematically presented in Fig. 1.
If the melts of Rusfer/TiZr4Be/Ta and Ta/TiZr4Be/W do
not contact each other (no mixing of the melts occurs),
the microstructure presented in Fig. 1b forms, on the
other hand if the melts contact each other (mixing of
the melts occurs)—Fig. 1c. At the same time, the micro-
structure similar to Rusfer/TiZr4Be/Ta seam is formed
in the fillet region.

During the brazing process, the dissolution of base
materials is a common phenomenon that is typically
referred to as “erosion.” In our case, the steel is more
prone to dissolve in molten TiZr4Be due to the exist-
ence of eutectics between Fe and the components of the
filler alloy. Simultaneously, TiZr4Be exhibited a high
wetting ability at the bonding temperature. These two
factors led to the contact of two melts: one with a high
concentration of Fe and C atoms (at the steel side), and
another with a low concentration of the same elements
(tungsten side). As a result, a gradient of concentration
occurred, leading to the transport of atoms from the
Rusfer/Ta side toward the Ta/W side. Since the tanta-
lum buffer layer had the same dimensions as the base
materials, there were no obstacles to the mixing pro-
cess. Using a larger buffer layer and less brazing alloy
could help avoid this phenomenon. However, we do
not consider it a negative factor and instead aim to
provide insights into the microstructural differences.

Microstructure of Rusfer/TiZr4Be/Ta seam

The Rusfer/TiZr4Be/Ta seam was investigated earlier
in [23] by EBSD. We found out that the seam consists
of the following phases: bec-Fe (aFe), ZrC, Ta,Be, bcc-
Ta (aTa) and ZrFe, phases. EBSD is a local microa-
nalysis, but XRD and especially XRD with synchrotron
irradiation allows to define fine phases within the bulk
sample. Hence, we have refined the microstructure of
the Rusfer/TiZr4Be/Ta brazed joint by SynXRD in this
work.

Figure 2 shows the SynXRD pattern of the Rusfer/
TiZr4Be/Ta joint. The presence of the aFe phase was
established and confirmed. In addition to aFe, the yFe
phase was identified in the pattern, which is responsi-
ble for the retained austenite. Analyzing the SynXRD
spectra, the presence of ZrC and ZrFe, was also estab-
lished. Additionally, we found TiC carbide. It can be
assumed that carbides are formed inside the ferritic
grains in the form of small precipitates, similarly to
the formation of TiC in brazed joint obtained by Cu-Ti
brazing alloys [26]. Hence, SynXRD supported EBSD
results and establish the presence of TiC phase.

Taking into account dissolution of the elements
according to EDS maps, one can suggest the following
composition of the Rusfer/TiZr4Be/Ta seam: otFe, yFe,
Ta,Be, ZrC, (Zr,Ti),(Fe,Cr,Ta), a(Ta,Ti), TiC.
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Figure 2 SynXRD spectra 2500 — T T T
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Microstructure of Ta/TiZr4Be/W seam

According to EBSD [23], it was found that the brazed
seam with no mixing consists of aTa, aW, Ta,Be, $Ta,
solid solution based on bec-Ti (3(Ti, Zr, Ta)), ZrC. All
these phases were found by SynXRD (Fig. 3) as well.
Additionally, we found other phases with the figure-
of-merit no less than 0.77: TiC, TaC and Be;,Ti. The
presence of carbides in this seam shows that there was
still a contact of the melts, but the mixing is not intense
and no Fe-containing phases form. So Ta/TiZr4Be/W
joint with no mixing consists of: aTa, aW, Ta,Be, fTa,
B(Ti, Zr, Ta), ZrC, TiC, TaC and Be;,Ti.

In the case of mixing, the microstructure of the Ta/
TiZr4Be/W seam looks very different (Fig. 1c). EBSD,
EDS maps and SynXRD spectra for this case are given
in Figs. 4 and 5.

By EBSD, we found following components:
aTa, aW, Ta,Be, ZrFe, and ZrC. aTa grains formed

2000

20 (degree)

in the initial Ta interlayer in the seam. In the
seam, aTa dissolves titanium, zirconium and iron
(52Ta-36.5Ti—6.5Zr-3W-2Fe at%), which can be writ-
ten as a(Ta, Ti, Zr, W, Fe). The morphology of the
Ta,Be phase is different from that observed in the Ta/
TiZr4Be/W brazed joint without mixing (Fig. 1b). The
amount of ZrC phase in this joint is lower compared
to the brazed joint without mixing.

By EDS analysis composition of ZrFe, measured
as: 51Ti-31Zr-14Ta-3Fe at%, hence it can be rewrit-
ten as as (Ti, Zr)(Ta, Fe),. Along aW grain boundaries,
a(Ta, Ti, Zr, W, Fe) and (Ti, Zr)(Ta, Fe), phases were
found. The EDS map shows that the (Ti, Zr)(Ta, Fe),
phase could also form at the a(Ta, Ti, Zr, W, Fe)/aW
interface.

Additionally to EBSD, we found other phases by
SynXRD: TiC, TaC and a bcc structure which can
correlate to TiZrC,. Since the carbides where not
found by EBSD, we can conclude that they formed

Figure 3 SynXRD spec-
tra of Ta/TiZr4Be/W seam
with no mixing between two
composing seams of Rusfer/ 1500 |-
TiZr4Be/Ta/TiZr4Be/W

brazed joint.
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500

° TaZBeI
%116 7
oTaC

CTa

v Be12Ti |
0 Ta30

oTi -
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Figure 4 EBSD phase

map and EDS maps of Ta/
TiZr4Be/W seam with mix-
ing between two composing
seams of Rusfer/TiZr4Be/Ta/
TiZr4Be/W brazed joint.

Figure 5 SynXRD spectra

14883

of Ta/TiZr4Be/W seam with
mixing between two compos-
ing seams of Rusfer/TiZr4Be/
Ta/TiZr4Be/W brazed joint.

2000
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Intensity (a.u)

1000

500

in a very fine size. At the same time, unidentified
peaks remained on the diffraction spectrum. Nev-
ertheless, we can confirm that the brazed seam Ta/
TiZr4Be/W with mixing consists of at least: aTa, aW,
a(Ta,Ti,Zr,W,Fe), Ta,Be, (Ti,Zr)(Ta,Fe),, ZrC, TaC,
TiC, TiZrC,.

Concluding the above results, we proved that the
Ta/TiZr4Be/W seam may have different microstruc-
ture depending on the mixing of the melts from both
seams (Rusfer/TiZr4Be/Ta and Ta/TiZr4Be/W):

e no mixing: aTa, aW, Ta,Be, BTa, B(Ti, Zr, Ta), ZrC,
TiC, TaC and Be,,Ti;

o mixing: aTa, aW, a(Ta, Ti,Zr,W,Fe), Ta,Be, (Ti,Zr)
(Ta,Fe),, ZrC, TaC, TiC, TiZrC,.

20 (degree)

In the subsequent stages of our work, we have
planned to conduct tests aimed at revealing the influ-
ence of each phase on the mechanical performance of
the joint.

Microstructure after deuterium exposure

SynXRD of the joint after deuterium retention was
carried out as well. Finalized results of the analysis
are collected in Table 1. We found no hydrides in the
Rusfer/TiZr4Be/Ta joint and in the Ta/TiZr4Be/W joint
with no mixing. Hydrides were found only in the Ta/
TiZr4Be/W joint with mixing after deuterium exposure
at 600 °C: ZrFe,D, ¢ (ICDD #01-072-6471). Figure 6
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Table 1 Phase composition of Rusfer/TiZr4Be/Ta/ TiZr4Be/W in the as-joined state and after deuterium exposure

300 °C, D, 600 °C, D,

As-joined
Rusfer/TiZr4Be/Ta
o(Ta,Ti), TiC
Ta/TiZr4Be/W no mixing
TaC and Be,Ti
Ta/TiZr4Be/W mixing

D retention, 10%2 D/m? (TDS data) Adapted with —
permission from reference [25]. Copyright
[2022], [J. Nucl. Mater]

Shear strength, MPa Adapted with permission
from reference [25]. Copyright [2022], [J. Nucl.
Mater]

118+28

oFe, yFe, Ta,Be, ZrC, (Zr,Ti),(Fe,Cr,Ta),
oTa, aW, Ta,Be, pTa, f(Ti, Zr, Ta), ZrC, TiC,

oTa, aW, a(Ta,Ti,Zr,W,Fe), Ta,Be, (Ti,Zr)
(Ta,Fe),, ZrC, TaC, TiC, TiZrC,

No change No change

No change No change

No change As-

joined +ZrFe,D, ¢4
204 2.8+0.5
80+16 80+30
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Figure 6 Main intensities of Ta/TiZr4Be/W SynXRD with mix-
ing in as-joined and exposed to deuterium state.

shows SynXRD spectra between 17° and 19° of Ta/
TiZr4Be/W with mixing in as-joined and exposed state,
the spectra are shown for the main peaks pointing out
formation of a new peak for ZrFe,D, ¢ In addition, a
shift of the peaks of the Ta,Be phase is noted, which
indicates a change in the lattice parameter. At this
stage, it is not possible to reliably determine the cause
of the shift, but it can be assumed that the formation of
the ZrFe,D, ¢, phase has led to the deformation in the
neighboring phases. The fact that this phase formed
at 600 °C coincides with the previous research where
a Zr-based phase of a round outline was formed [25].

Figure 7 shows SIMS elemental maps and deute-
rium profiles in the Rusfer/TiZr4Be/Ta/TiZr4Be/W
joint, obtained by SIMS and SEM: a, c—exposure at

@ Springer

300° C during 50 h at 1 Pa; b, d —exposure at 600 °C
during 50 h at 1 Pa.

The maximum concentration of deuterium is
observed in the brazed seam. In the case of exposure
at 300 °C (Fig. 7a, c), deuterium is found both in the W/
TiZr4Be/Ta seam and in the Ta/TiZr4Be/Rusfer seam.
At the same time, in the case of exposure at 600 °C
(Fig. 7b, d), deuterium is found mainly in the W/TiZ-
r4Be/Ta seam.

In the sample exposed at 300 °C (Fig. 7a, c), deute-
rium is clearly observed in tantalum, but its amount
is several times less than in the brazed joints. The
solubility of hydrogen in tantalum is less than in the
alloying elements of the brazing alloy (titanium and
zirconium). An increased concentration of deuterium
is found in the area of elongated (3(Ta, Ti) grains in the
Ta/TiZr4Be/Rusfer brazed seam. The maximum values
of deuterium coincides with a high concentration of
the Ta,Be phase; therefore, it can be concluded that
the formation of the Ta,Be phase contributes to the
increase in the capture at this temperature.

In the sample exposed at 600 °C (Fig. 7b, d), deute-
rium retention is predominantly carried out in the W/
TiZr4Be/Ta brazed seam; in the brazed seam Ta/TiZr4Be/
Rusfer a slight increase in the deuterium concentration
is observed in elongated (3(Ta, Ti) grains. In general, this
indicates a significant difference in the structure of the
two seams and a different ability to retain hydrogen.
The concentration maximum coincides with the 3(Ti,
Zr, Ta) phase in the W/TiZr4Be/Ta seam. Figure 7 b, d
shows the profile of deuterium, which was obtained in
the area of the brazed seam, where this phase is clearly
separated. With a shift from 3(Ti, Zr, Ta) to Ta, the
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Figure 7 SIMS elemental maps and deuterium profiles of the brazed seams exposed to deuterium.

deuterium concentration decreases, but does not drop
to zero. This is primarily due to the fact that 3(Ti, Zr, Ta)
is also present in this region, and it is also here that the
ZrFe,D, ¢, hydride can be formed, which was revealed

using Syn-XRD (Table 1). Thus, it can be assumed that
at 600 °C the retention of deuterium in the Ta,Be phase
is significantly reduced, and the capture of deuterium
occurs mainly due to 3(Ti, Zr, Ta) in the W/TiZr4Be/Ta
seam, as well as due to the ZrFe,D, ¢, phase.
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Discussions

Although the formation of a significant amount of
hydrides is not observed, previous studies have
demonstrated that these joints capture deuterium
in quantities of (20 +4) x 102 D/m? at 300 °C and
(2.8 +0.5) x 10?22 D/m? at 600 °C [25]. The average shear
strength values of these samples are the same; how-
ever, the deviation of the sample exposed to 600 °C
was larger, possibly due to the inhomogeneous dis-
tribution of the ZrFe,D, ; phase. In order to gain a
deeper understanding of the lower retention value at
600 °C, we conducted SIMS analysis to assess the path
of deuterium retention.

Firstly, the lower level of retention in the sample
exposed to 600 °C is attributed to the desorption that
already occurs at this temperature [25]. Clearly, as the
temperature increases, the mobility of deuterium also
increases. Conversely, deuterium stops being retained
in trapping centers with low binding energy. Upon
comparing the images provided by SIMS, we deduced
that this is predominantly due to desorption from
Ta,Be. Additionally, we can assert that Ta,Be primar-
ily influences retention at 300 °C, while 3(Ti, Zr, Ta)
becomes significant at 600 °C. The ZrFe,D, 4 phase
should also play an important role at 600 °C; how-
ever, at the available resolution, we were unable to
pinpoint the exact locations of this phase. We assume
that a minimum of (30 + 6) x 1022 D/m? is required to
resolve this phase by SEM, as it was easily found at
this retention level in previous research [25].

Drawing a definitive conclusion regarding why
deuterium exhibits stronger segregation in certain
phases than in others is complex, as the brazing pro-
cess is multicomponent. Evaluating the processes
occurring within it from a thermodynamic perspec-
tive proves challenging. However, one of the factors
influencing the segregation process to a greater extent
in certain phases than in others could be the binding
energy value.

Conclusions

Brazing W to RAFM Rusfer steel using the
48Ti-48Zr-4Be wt% alloy and the Ta interlayer seems
to be a prospective solution for future fusion reactors.
Meanwhile hydrogen isotopes retention may play a
drastic role, so the deep understanding of the brazed
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seams microstructure and deuterium retention were
assessed.

The analysis of the microstructure of the brazed
seams using EBSD, EDS and SynXRD techniques
revealed the presence of various phases in the Rusfer/
TiZr4Be/Ta brazed seam. The Ta/TiZr4Be/W brazed
seam, on the other hand, tended to form a different
microstructure depending on whether the melts mix
between the Rusfer/TiZr4Be/Ta and Ta/TiZr4Be/W
seams or not.

The SIMS analysis demonstrated that the joint accu-
mulates deuterium through both the Rusfer/TiZr4Be/
Ta and Ta/TiZr4Be/W seams at 300 °C, but at 600 °C
the major part of deuterium is concentrated in the Ta/
TiZr4Be/W seam.

No hydrides were identified after exposure at
300 °C. In this case, the Ta,Be phase is suggested to be
main deuterium trapping centers, from where deu-
terium desorbs at 600 °C. However, 3(Ti, Zr, Ta) and
the newly formed ZrFe,D, ¢, phase may accumulate a
substantial deuterium amount even at 600 °C. Forma-
tion of hydrides can potentially initiate a degradation
of mechanical properties, which was not observed in
our time scales. Therefore, more accurate investiga-
tions are needed to determine the operation window
of these systems.
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