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Brazed joints between tungsten and steel are the essential part of the divertor armor block. Meanwhile, liquid Li
is considered as a prospective coolant and plasma facing material. Therefore, it is important to estimate the
corrosion rate of the brazed seam. Corrosion mechanism in liquid Li at 600 °C after 100 h exposure investigated
on two types of brazed joints: with Cu and with TiZrBe filler metals. Severe corrosion damage and corrosion
failure occur on the brazed seam with Cu filler. Corrosion primarily affects Cu phases in brazed seam. The brazed

joint with TiZrBe filler metal shows high corrosion resistance. Results of chemical analysis indicates that
corrosion products deposited on specimen surface contain high Fe and Cr content. The corrosion mechanism is
similar to corrosion of steel. Corrosion in liquid Li causes preliminary dissolution of Cr-containing phases.

1. Introduction

The future fusion systems are strongly affected by high heat load.
Plasma facing component (PFC) in next generation applications such as
DEMO and ITER are required to withstand long plasma pulses, overloads
and plasma disruptions. Heat flux on a PFC could reach 20 MW/m? [1,
2]. Due to water thermophysical properties, conventional cooling sys-
tems are unable to absorb and remove heat from heavy loaded surfaces
[3]. In terms of heat absorption, liquid metals show better performance
[4-6].

Beside that liquid metal walls have been proposed to address the
issue of PFC compatibility with plasma [7,8]. Nowadays various
tokamak concepts and designs use liquid metal as a coolant and breeder
material [6,9-14]. One of the most prospective liquid metal is lithium
due to its ability to act as a breeder, good physical and thermal prop-
erties and shielding [10,15,16]. In addition, lithium is feasible for
capillary porous system (CPS), the concept which is one of the major
approaches to a problem of interaction between plasma and PFC [10,14,
17]. However, there are some limitations in terms of compatibility of
liquid Li with structural materials.

Tokamak divertor was designed to remove heavy particles from
plasma, therefore it is the most heavily loaded system in tokamak [18].
Divertor constructed of a tungsten armor block joined with base

* Corresponding author.
E-mail address: NSPopov@mephi.ru (N. Popov).

https://doi.org/10.1016/j.fusengdes.2023.114004

structural material — reduced activation ferrite/martensite (RAFM) steel.
To join tungsten to steel high temperature vacuum brazing is used [19].

The most common filler metal for joining W and steel is Cu-based
alloys [20,21]. Alternatively brazing can be performed via Ti-based
brazing alloys with high reactivity [22,23]. However Cu have an
extremely high dissolution rate in liquid lithium [24], thus
Cu-containing brazed joints should have low corrosion resistance.

Interaction between most of all fusion-relevant material and liquid Li
already was investigated in series of articles [25-28]. However, corro-
sion resistance in liquid Li of brazed joints, which are supposed to
operate in contact with coolant in liquid wall tokamak design, have not
been studied yet. Local corrosion of brazed joint could significantly
affect the heat transfer which lead to malfunction of entire system.
Therefore, corrosion test of brazed joints is a topical problem. In this
work corrosion was studied at maximum working temperature of liquid
Li — 600 °C [15,29].

2. Material and methods

Tungsten (99.96 wt.%) and Rusfer EK-181 (Fe-12Cr-2W-V-Ta-B wt.
%) steel were joined via high temperature vacuum brazing with Ti-48Zr-
4Be (wt.%) alloy. To decrease difference in CTE, pure Ta interlayer
between W and steel was used. Brazing alloy in form of amorphous foil

Received 25 May 2023; Received in revised form 31 August 2023; Accepted 11 September 2023

Available online 20 September 2023
0920-3796/© 2023 Elsevier B.V. All rights reserved.


mailto:NSPopov@mephi.ru
www.sciencedirect.com/science/journal/09203796
https://www.elsevier.com/locate/fusengdes
https://doi.org/10.1016/j.fusengdes.2023.114004
https://doi.org/10.1016/j.fusengdes.2023.114004
https://doi.org/10.1016/j.fusengdes.2023.114004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2023.114004&domain=pdf

N. Popov et al.

Holder

Specimen

Fig. 1. 3D visualization of the container before corrosion test in liquid Li.

placed between W and Ta and also between Ta and steel. Brazing con-
ducted using mode 1100 °C - 60 min with additional exposure at 720 °C
- 180 min to decrease thermal stress. Alternative combination with pure
Cu (99,9 wt.%) with a thickness of 0.1 mm was brazed without Ta
interlayer.

To estimate the corrosion resistance of brazed joint specimens were
placed in the special container. Container design is shown in Fig. 1, it
consists of two hollow cylinders. Molybdenum container with speci-
mens, holder and lithium were sealed inside steel container. Due to
highly reactive nature of lithium, lithium was injected as a liquid droplet
in argon atmosphere. Further steel container cover was welded inside

Fusion Engineering and Design 196 (2023) 114004

argon box.

Corrosion test were performed in pure liquid Li (99.954 wt.% of Li
with N content less than 0.01 wt.%, O, content — unknown) at 600 °C
during 100 h thermal exposure. The ratio between liquid Li volume and
specimens area was more than 90 mm®/1 mm?. Additional purification
by Zr chips sealed inside container with liquid Li allow to decrease ox-
ygen and nitrogen content. The container with specimen to be tested
placed inside muffle furnace. In initial conditions container was in turn
over position, so that lithium have not contact with specimen, but in
contact with Zr chips. On achieving exposure temperature container was
turned over, thus Li melt start to contact with specimen.

To clean specimens surface after immersion in liquid Li, they were
immersed in mixture of distilled water and alcohol. Dissolution in
alcohol solution increases the operation safety. The procedure finishes
with hydrogen desorption via annealing in vacuum 5 x 107> Torr at
600 °C during 2 h. Cleaning followed by cutting via IsoMet Low Speed
Precision Cutter (with a speed 180 rpm) and common polishing tech-
nique for microstructure investigation.

Cutting and microstructure investigation scheme is shown in Fig. 2.
Microstructure was investigated via Scanning Electron Microscopy
(SEM) on Carl Zeiss EVO 50 XVP and JEOL JSM-6610LV. Qualitative
elemental analysis performed using Energy Dispersion Spectrometry
(EDS) on Oxford Instruments INCA x-act. Corrosion product structure
studied via Transmission Electron Microscope (TEM) Carl Zeiss Libra
120 with an Oxford Instruments X-Max 80T EDX detector.

3. Results
3.1. Corrosion of W/Cu/EK181 joint

All specimens were brazed according temperature/time mode 1100/
60+720/180, which was tested in our previous work [30]. As it was
mentioned earlier, brazing with Cu-based filler metals allows to obtain
direct joints (without interlayer) between W and steel. These joints ex-
pected to be vulnerable to Li environment. The corrosion test in liquid Li
at 600 °C during 100 h was conducted to measure corrosion rate and to
describe the corrosion mechanism.

a

C

a — the initial view of the specimen and the contour of the incision, b — half of the

specimen subjected to static exposure in liquid lithium and cutting plane, c — specimen

after second cut off

Fig. 2. . Schematic representation of brazed joint specimen for corrosion tests in lithium
a — the initial view of the specimen and the contour of the incision, b — half of the specimen subjected to static exposure in liquid lithium and cutting plane, ¢ —

specimen after second cut off.
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Fig. 3. W/Cu/EK181 joint before (a) and after (b) corrosion in Li at 600 °C during 100 h, edge of brazing seam, which was in contact with liquid Li.
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Fig. 4. W/Cu/EK181 joint before (a) and after (b) corrosion in Li at 600 °C during 100 h, seam center area.

Fig. 3 shows the comparison between two parts of one specimen.
Before immersion in liquid Li specimen was cut so the first half become
the reference specimen and the second one was used in the corrosion
test. Initial W/Cu/EK181 brazed seam edge is shown in Fig. 3a, this
specimen was not exposed to liquid Li. Copper layer is clearly visible at
the brazed seam center. After 100 h of exposure this layer was selec-
tively leached which resulted in almost complete failure of brazed seam.
One of the specimens exposed to liquid Li fall apart during low speed
cutting.

To describe the corrosion failure mechanism more detailed analysis
of initial brazed seam was carried out. According to EDS analysis shown
in Fig. 4, selective corrosion affects phases marked on the image with
chemical composition of 88Cu-9.7Fe-1.5Cr-0.8Mn at.%. These phases
identify as Cu-based solid solution, which forms during brazing.

As it was reported earlier in [20] Fe-based solid solution crystallize
on the W side of the seam. Apparently, this zone has higher corrosion
resistance to liquid Li than Cu-based phases.

After exposure to liquid Li for 100 h, the average weight loss of the
three specimens was 0.01817 g. Correct evaluation of corrosion rate is
quite difficult due to unknown area of the copper subject to corrosion
damage. The only way to estimate the area of corroded Cu, is to assume
it is close to the end face area of the initial Cu brazing alloy. Hence the
area of brazed seam was 2.8 mm? and the weight loss rate equals 6489
g*m~2 This corresponds with a weight loss rate of 6991.5 g*m~2 for

pure copper reported in [24]. Still due to methodological limitations this
value cannot be considered as correct.

3.2. Corrosion of W/TiZr4Be/Ta joint

Corrosion tests of W/TiZr4Be/EK-181 with Ta interlayer brazed joint
(mode 1100/60-+720/180) in liquid Li were carried out at a temperature
of 600 °C. Specimens were immersed in liquid Li for 100 h. Results and
discussion will be divided into 2 main parts, first one about brazed joint
between W and Ta, second one about Ta/EK-181 brazed joint Compre-
hensive phase analysis of brazed joint given in [30].

It should be noted that filler metal melt from the gap between W and
Ta mix with the melt from the gap between Ta and EK-181. This occur
due to TiZr4Be alloy high reactivity. After filling the space between
brazed materials, redundant melt starts to wet the side face of the
specimen. As a result, melt from W/Ta joint contact and mix with melt
from Ta/EK-181 joint.

Fig. 5 shows the microstructure of the joint surface after contact with
liquid Li. Corrosive products form on the surface. Few areas with signs of
corrosion damage and with corrosion products can be observed on
brazed seam.
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Fig. 5. SEM image of front side of the brazed seam W/TiZr4Be/Ta after exposure in Li at 600 °C during 100 h.
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Fig. 6. SEM image of front side of the specimens after exposure in Li at 600 °C during 100 h.

3.3. Corrosion of Ta/TiZr4Be/EK-181 joint

Brazed joint Ta/TiZr4Be/EK-181, shown in Fig. 6, demonstrates high
resistance to corrosion attack, however, some corrosive products in form
of crystals were observed on the surface of steel and on the brazed seam.
Identification of the chemical composition of these corrosion product via
EDS mapping shown in Fig. 7. It shows that Cr-based crystals formed on
the steel, and Fe-based crystals formed on the brazed joint surface. Be-
side that, Cr-based segregations formed on the surface near steel grain
boundaries.

3.4. Corrosion depth

The image of cross-section of specimen after corrosion shown in

Fig. 8. Investigated specimen consists of polished «face» surface and
edge zone (fillet area). Both of them were in contact with Li environ-
ment. Microstructure of the fillet area differs from the rest part of the
brazed seam. In practice, particularly this area will contact with liquid Li
in operation conditions of real device. Fig. 8a shows the «face» area after
contact with Li, Fig. 8b — an edge (fillet) area after corrosion in Li. No
visible signs of corrosion damage detected in Fig. 8a. All cracks and
pores in Fig. 8b formed after brazing. No signs of crack propagation
observed.

3.5. TEM analysis of corrosion products on brazed seam surface

To investigate the structure and chemical composition of corrosion
products on specimen surface TEM with additional EDS analysis was
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Fig. 7. Chemical analysis map of Ta/TiZr4Be/EK-181 after corrosion test.

used. High magnification image of brazed seam surface shown in Fig. 9.
Results of EDS are given in Table 1. According to EDS analysis shown in
Fig. 9, segregation (point 2) formed on typical Ti-based solid solution
(point 1). It can be clearly observed, that the surface of the segregation
has a light shade, which means high content of heavy elements (Ta, Fe).

3.6. TEM analysis of corrosion products on steel surface

Few areas with signs of corrosion damage detected on a steel surface.
Image with high magnification of damaged steel surface shown in
Fig. 10. Dark phase (point 3) locates right on a steel surface, without any
intermediate layer such as observed on brazed seam. EDS identifies it as
a chromium carbide.

Further investigations consider oxides on steel surface. Two corro-
sion affected zones shown in Fig. 11. Steel covered with thin (~20 nm)
oxide layer (point 4 on Fig. 11a) with low Cr content. Steel under the
oxide (point 5 and point 8 in Fig. 11b with similar composition) depleted
by Cr content. The initial Cr content in steel is 11.9 at.% [31], after
corrosion it decreased to 8.5 at.%.

interlayer

 Face side :
olished seam
center)

a
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In Fig. 11b chromium carbide forms on an oxide layer, which in turn
locates on a steel surface. Carbide (point 6) enriched with Cr, that was
previously dissolved in liquid Li. Oxide (point 7) under carbide enriched
with Cr (18.9 at.%), in opposition to previous case without carbide
deposition.

4. Discussion
4.1. Corrosion of W/Cu/EK181 joint

Brazed joint W/Cu/EK181 consists of fillet area and seam area.
During brazing redundant filler metal melt squeezes out from the gap
forming the fillet. After cooling this liquid solidifies as Cu-based solid
solution. As it was shown in Fig. 3b, fillet was completely dissolved by
Li.

Copper liquid during brazing react actively with steel EK-181,
especially with grain boundaries. Thus Cu-based solid solution mostly
solidifies around steel grains, forming tree-like structure. After dissolu-
tion of the fillet, Li start to dissolve the seam. Still there is a small
number of Cu-based phases that remain untouched by corrosion. They
are isolated from tree-like structure. Generally speaking, mechanism
described above can be characterized as selective corrosion of Cu-based
phases.

4.2. Corrosion of W/Ta/EK-181 joint with TiZrBe filler metal

The joint obtained via brazing with TiZrBe alloy primarily consist of
Ti-based solid solution and various intermetallics. Result of EBSD
analysis from our previous work [30] shown in Fig. 12. High corrosion
resistance of the brazed joint attributes to phase and chemical compo-
sition of the seam. Chemical elements as Ti, Ta, Be and Zr by themselves
show high resistance to corrosion in liquid Li at this temperature range
[26,32,33].

Due to the presence of interlayer between segregation and brazed
seam (Fig. 9), it could be concluded, that corrosion product was
deposited from liquid Li on a specimen surface. The chemical compo-
sition of segregations indicates that corrosion primarily affects the steel
surface without significant dissolution of brazed seam. The segregation

a — area near the surface in contact with Li; b — fillet area

Fig. 8. Cross-section microstructure of specimens after corrosion tests
a — area near the surface in contact with Li; b — fillet area.
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Corrosion
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Fig. 9. TEM image of brazed seam surface with segregation on it after corrosion
in liquid Li.

contains primarily Fe, C and Cr which are the base elements of the steel.
Conversely, the content of chemical elements from the brazed seam,
such as Ti, Ta, Zr, is significantly lower.

Exposure in liquid Li causes the formation of ternary chemical
compound (Li, Cr, Fe with oxygen, nitrogen and carbon) on the steel
surface. Some of these compounds dissolve in liquid Li, in addition to
dissolved elements from the specimen’s surface. After exposure, cooling
follows, during which Fe, Cr and C, previously dissolved in Li, form
segregations. A similar mechanism was observed in [34].

The deposition process caused by a decrease in the solubility of el-
ements in liquid Li during the cooling after corrosion tests. After the
corrosion tests and cooling, solubility of Cr and C in Li decreases, which
causes chromium carbides formation on the steel surface. A significant
difference in solubility of chemical elements in liquid Li was reported in
[35,36].

The corrosion process in case of brazed joint W/TiZr4Be/Ta/
TiZr4Be/EK181 follows a similar mechanism to that of the corrosion of
RAFM steels without brazing, investigated in [34,37]. In these studies,
corrosion primarily affected grain boundaries, leading to selective
corrosion of chromium carbides. This selective corrosion results in a
chemical reaction and the formation of Cr carbides on the steel surface.
The corrosion process mainly affects steel; the only corrosion effect
observed on brazed seam is the deposition of corrosion products on it.

Table 1
Chemical composition of corrosion products.
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4.3. Further work

This paper aimed to compare corrosion behavior of two different
types of brazed seam. Still long-term corrosion experiments are needed
to establish the mechanism of corrosion degradation of TiZrBe joint and
its evolution. Such investigations as in [38] demonstrate significant
difference in corrosion behavior of different RAFM steels. This means
that after some period the corrosion mechanism could change from
preliminary dissolution of Cr-based phases to corrosion of brazed joint.
In addition, depth distribution of Li in corroded material is important
information to understand the corrosion process [39]. The penetration
of Li in brazed joint could affect the microstructure and joint strength.
Common mechanical characterization method for brazed joints is shear
test [30].

Our further work will focus on long-term corrosion of TiZrBe joints,
chemical elements depth distribution and joint strength after corrosion
tests.

5. Conclusions

Corrosion characteristics in liquid Li at 600 °C after 100 h of expo-
sure of two types of brazed joint: with Cu and TiZrBe filler metals were
investigated. Local dissolution of Cu-based phases in the joint causes
severe damage and malfunction of the joint.

Corrosion tests of brazed joint W/Ta/EK-181 with TiZrBe alloy show
high corrosion resistance of brazed joints. Segregations on brazed joint

4

Corrosion
product

Fig. 10. TEM image of steel surface with carbide after corrosion in liquid Li.

Point N2 Zone name Chemical composition, at.%

Ti Zr Fe Ta Cr (o} C w Mn Si
1 Seam 43 17.2 19.5 16.7 3.6 - - - - -
2 Corrosion product 4.6 0.4 80.9 0.3 1.6 12.2 - - - -
3 Corrosion product - - 10.8 - 37.7 9.5 40.3 0.7 1 -
4 Oxide on steel - - 51.9 - 6.4 40.3 - - 0.4 1
5,8 Steel - 0.3 64 - 8.5 25.6 - 0.3 0.5 0.8
6 Carbide - - 13.1 - 38.1 10.4 37 0.2 1.2
7 Oxide on steel - - 4.8 - 18.9 73 2.5 0.2 0.6 -
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a — steel covered with oxide layer; b — carbide on oxide layer

Fig. 11. TEM image of steel surface after corrosion in liquid Li
a — steel covered with oxide layer; b — carbide on oxide layer.
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Fig. 12. . EBSD map of W/Ta/EK-181 joint [30].

primarily consist of C with various Cr and Fe content, they form due to
the decrease in solubility in liquid Li during cooling. The corrosion
mechanism is similar to process on RAFM steel immersed in liquid Li.
Corrosion in liquid Li causes preliminary dissolution of Cr-containing
phases on steel grain boundaries, after which chemical reaction results
in Cr carbides segregation. The corrosion of TiZrBe brazing alloy in
liquid Li was less than that of pure Cu filler metal. High corrosion
resistance of TiZrBe brazed joint is attributed to high corrosion resis-
tance of the base elements.
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