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GRAPHICAL ABSTRACT

Brazing process of
W-E and W-W joints

ARTICLE INFO ABSTRACT

Keywords: The brazeability of a cupronickel commercial alloy (CulONi) was evaluated for its use as a filler alloy for high-
Bra‘zing temperature joining of tungsten to the reduced activation ferritic/martensitic steel EUROFER 97 (W-E) and
Fusion reactor between tungsten base materials (W-W) for its application at the first wall and divertor of future fusion reactors.
EE;%;?R o In addition, given the importance of the residual stresses in these heterogenous joints, a study of the brazing

ANSYS conditions and the impact of the selected filler has been conducted using numerical software to understand its
impact on the quality of the joint.

Two thermal cycles were evaluated (1165 °C and 1190 °C) and selected based on the thermal characterization
of the filler alloy. The microstructural examination revealed that, in W-E joints, nickel acts as an activator
element, reacting and forming interfacial layers at the EUROFER 97 - CulONi interface. In the case of the W-W
joints, a lower level of diffusion phenomenon and metallurgical interaction between CulONi and base materials
were observed. The hardness profile indicated that the hardening process of EUROFER 97 was associated with
the formation of untempered martensite. On the other hand, tungsten kept the received hardness. The me-
chanical characterization by shear test reported similar values between both types of joints carried out at 1190 °C
but different when the temperature was increased (1165 °C), associated with the brittle character of tungsten and
its lower metallurgical interaction.

The numerical analysis of the brazing process carried out with ANSYS software shows that residual stresses are
accumulated mainly at the interfaces. The information provided by the simulation shows, for a 50 pm filler
thickness, the importance of mitigating the residual stress by selecting a filler with an intermediate Coefficient of
Thermal Expansion (CTE) that alleviates mechanical stresses relative to the base materials.
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1. Introduction

Due to the increase in population and the constant technological
development experienced by humans, the demand for electricity
worldwide has increased in recent decades and is expected to increase
considerably. However, the still high dependence on fossil fuels and the
pollution they cause is forcing researchers to develop new renewable
energy sources to replace traditional ones. Nuclear fusion energy is the
most promising energy source for the future to obtain clean energy
without carbon emissions and featuring a closed fuel cycle [1].

From a materials science and engineering perspective, one of the key
points is the selection and manufacturing of both the fusion reactor’s
structural materials and the Plasma Facing Materials (PFMs) [2,3].
Developing new advanced materials or new processing techniques rep-
resents one of the strategic keys to the successful development the
proposed fusion energy reactors, which will operate under unprece-
dented fluxes of high-energy neutrons and intense static and dynamic
thermomechanical stresses. These materials can improve the reactor
performance by increasing strength, creep resistance, and superior
corrosion and neutron radiation damage resistance, thus expanding the
operational reactor window [4-6].

For the first wall structural applications, R&D of Reduced Activation
Ferritic Martensitic Steels (RAFMS) has been widely studied and
EUROFER 97 [7] or the F82H [8] have been the main options considered
for design and experiments. Due to the presence of Cr-rich particles in
these RAFMS, which result in lower creep resistance [9], other types of
steels like Oxide Dispersed Steels (ODS) are being studied for future
applications [10].

For the PFMs, the most promising and studied materials currently are
tungsten and its alloys for the first wall [11-13]. Specifically, one of the
components exposed to the most severe conditions among all PFMs
(such as high thermal loads, neutron irradiation and particles exposure
[14]) is the divertor. In a mono-block divertor, tungsten not only plays
the role of armor material but also the role of structural material due to
its many suitable properties, such as high melting point, low sputtering
rate, reasonable thermal conductivity and high strength [15,16].

This reactor’s multi-component configuration is the reason why the
development of joining technologies between dissimilar materials is an
unresolved issue that needs further study. High-temperature brazing is
widely used as a possible solution that mitigates the problem of joining
tungsten to steel (W-E) and to itself (W-W) for the first wall and divertor
applications. The advantages of this technique include: using lower
joining temperatures than those of liquid-state joining techniques, and
shorter times than those of solid-state joining.

The filler material must be carefully chosen to fulfill general re-
quirements such as high spreading capabilities, chemical compatibility,
and specific requirements. Both copper and nickel elements are
commonly used in brazing alloys because of their high strength, high
thermal conductivity, and corrosion resistance at the high temperatures
of the joints. When used for a fusion reactor, both materials can help
improve the joint’s structural integrity and ability to withstand the high
temperatures and pressures in a fusion reactor by accommodating re-
sidual stresses [17]. These residual stresses are primarily due to the
mismatch between coefficients of thermal expansion (CTEs) of the in-
dividual materials, the mismatch of the material’s elastic properties and
the plastic flow of the filler metal [18]. The residual stresses affect the
strength of the joint during environmental mechanical or thermal
loading and, in some cases, lead to catastrophic failure during the
brazing process by crack propagation along or near an interface,
explaining why careful selection of the filler metal and investigation of
stress levels along potential failure interfaces is crucial. To this end, as
the final step in the characterization of this paper, Finite Element
Analysis (FEA) is used to investigate the residual stresses during the
cooling from the brazing temperature to room temperature of a W-E
joint and a W-W joint.

Researchers from the Nuclear Fusion Community have developed
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brazing processes between materials such as EUROFER 97 and tungsten
and its alloys (W-Cr-Y) with Cu and Cu-based alloys as filler for years
[19-22]. Additionally, the use of pure copper and different copper-based
alloys (Cu-20Ti, Cu-Ge) as fillers has been extensively studied for these
joints.

For W-E joints, Zhong et al. [23] studied the effect of brazing tem-
perature on the microstructure of these joints using pure nickel as a
filler. A diffuse interlayer was observed, where elements such as chro-
mium or iron did not form different phases with nickel. This effect could
be attributed to the proper compatibility between steel and nickel,
which can be predicted by the Fe-Ni and Cr-Ni phase diagrams, where
the solubility of nickel in iron at welding temperatures is very similar to
that of chromium. Therefore, a solid solution with a gradual element
distribution is formed at the interface.

The interaction between nickel and tungsten is also particularly
interesting, especially in W-W joints, where nickel cannot diffuse into
tungsten. In these joints, Sdnchez et al. [24] observed that at the inter-
face with tungsten in W-W joints, some spherical tungsten particles were
incorporated into the braze. The authors indicate that a dilution phe-
nomenon could have occurred between the molten filler material and
the tungsten, which progressed preferentially along the grain bound-
aries of the base material, followed by a partial dissolution of the
tungsten grains. This is generally associated with constitutional lique-
faction and grain migration phenomena.

Similar to copper, Ni-Ti alloys have also been studied for application
in fusion power plants. For example, Cai et al. [17] proposed a new way
to join W to steel using the Ti/Ni/Ti combination as an interlayer
through diffusion brazing. During the process, a complex reaction layer
consisting of TiC, TiFe, TiFey, TiCrp and TiNi was identified at the
Ni/steel interface.

This paper explores the brazeability and complete characterization
of W-E and W-W joints using a Cu-Ni commercial filler alloy (CulONi).
Initially, a complete characterization of the filler in the as-received state
was conducted, followed by an examination of different brazing pa-
rameters such as joining temperature and its discussion based on exist-
ing literature. This filler composition demostrated promising results in
both operational and metallurgical brazeability terms.

Moreover, the study of joint formation is complemented by Finite
Element Analysis (FEA) of the cooling process from brazing temperature
inside the furnace for a W-E joint to understand the residual stresses
produced in the materials. This last study is a novel aspect of the char-
acterization and is significant as the thermal stresses produced during
the joint processing are one of the main concerns for the successful
design of the joint and future operation in the reactor. Additionally,
manufactured joints with lower residual stresses are expected to
generate lower thermal stresses during operation, thereby extending the
component’s operational life. Therefore, FEA conducted as the final step
in characterizing the brazed joints using ANSYS Workbench software.
For this evaluation, a 2D CAD model representing joint between base
materials of 3 x 2 mm? with a 50 um-thickness filler was designed using
ANSYS SpaceClaim software.

2. Experimental procedure
2.1. Base materials

The base materials used for the bonding were: i) tungsten (>99.97%,
Plansee); and ii) a reduced activation ferritic/martensitic steel (EURO-
FER 97) with a chemical composition in wt.% of 0.11C, 8.90Cr, 0.42Mn,
0.19V, 1.10 W, 0.14Ta, and Fe balance [25].
2.2. Filler materials

The intermediate material used as filler was a commercial cupro-

nickel alloy supplied by Auerhammer Metallwerk named CulONi with a
chemical composition specified by the manufacturer in wt.% of < 11Ni,
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< 0.1Fe, < 0.3Mn and Cu balance. The filler material was received as a
sheet 4 x 3 cm? and 600 pm thick.

2.3. Brazing process

Before the joining tests, base materials were prepared as follows.
First, cutting them to the dimension of 5 x 5 x 5 mm?, then grinding the
exposed surfaces from grit size P800 to P4000 with silicon carbide pa-
pers to control the surface roughness, and, finally, cleaning the polished
surfaces with isopropanol.

A tubular furnace (Nabertherm RHTC 80-450/15) connected to a
turbomolecular vacuum chamber (Pfeiffer VACUUM TSM 071 E) was
used for brazing at a residual pressure of 10~® mbar. The disposition of
the materials employed inside the furnace is shown in Fig. 1. Brazing
was performed by applying the following cycle: i) a heating ramp from
room temperature to the chosen brazing temperature at 5 °C/min rate,
ii) dwell time of 10 min at the selected temperature, and iii) cooling
ramp to room temperature also at 5 °C/min rate. As a result, brazing
temperatures were 25 and 50 °C over the experimental liquidus tem-
perature of the filler (1165 and 1190 °C), which according to previous
studies carried out by researchers of the area, is high enough to achieve a
complete filling of the joint clearance and to establish a chemical and
physical phenomenon to enhance adhesion properties at the interface
[19,22,24].

2.4. Characterization techniques

The Liquidus temperature of the filler was determined by Differential
Thermal Analysis (DTA, Setaram Thermic Analyzer Setsys 16/18) in an
argon atmosphere. The experiment consisted of a 5 °C /min heat ramp
from room up to 100 °C above the theoretical liquidus temperature.
Then, the samples were cooled down using the same ramp. The heat
exchanges during the heating and cooling processes were recorded.

The composition of the filler material was also determined by X-ray
fluorescence Spectroscopy (XRF, Philips Magix Pro) for comparison with
the composition provided by the manufacturer in the specification sheet.

These two characterization techniques were used with the main
intention of confirming two key parameters of brazing process: liquidus
temperature and melting range. Therefore, DTA analyses were carried
out to determine differences between the information obtained experi-
mentally by the laboratory and the one provided by the manufacturer. In
that case, is it important to know the differences in composition that
would justify this deviation by a fluorescence or spectroscopy analysis.

The samples were metallographically prepared following the stan-
dard polishing technique: i) grinding from grit size P800 to P4000 with
silicon carbide and ii) polished with 1 and 3 ym diamond suspension.
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Then, the cross-section microstructural analysis of the brazed samples
was performed using Scanning Electron Microscopy at 20 keV (SEM,
$3400 Hitachi) equipped with an Energy Dispersive X-Ray (EDX, Quan-
tax) analyzer. In addition, to distinguish some microstructural features
more clearly, a Field Emission Gun Scanning Electron Microscope at 30
keV (FEG-SEM, Auriga Zeiss) with an in-lens detector for secondary and
backscatter electrons was used.

The mechanical properties of the joints were evaluated through
microhardness and shear tests. The hardness study was carried out by
tracing a profile across the joints with MHV-2SHIMADZU equipment.
This study explains the brazing process’s effect on the base materials’
hardness properties. A 100 g (HV 1) load was applied for 30 s following
the ASTM: E384-11 Standard Test Method for Knoop and Vickers Hardness
of Materials. Three measurements were performed for each position with
distances between neighbor indentations longer than three times the
residual imprint sizes.

Shear strength values were obtained using a shear fixture between
compress plates in a Universal Testing Machine (Zwick Z100) at a 1 mm/
min speed. Several samples for each condition were measured to
determine the strength properties of the joints.

2.5. FEA pre-processing

2.5.1. Material properties
All materials were defined with the following temperature-
dependent properties:

- Mechanical properties: the elastoplastic properties as a function of
temperature were defined with different actual stress-strain curves
covering the whole range of the thermal process operational window
[11,12,25-28]. Missing data were completed using an adjustment
with the "cftool" option of the Matlab R2021.

- Thermo-physical properties: density and coefficient of thermal
expansion, specific heat, and thermal conductivity were obtained
from several sources [11,12,25-28] and determined using JMatPro
software.

2.5.2. CAD model and discretization

The 2D CAD model was created in ANSYS SpaceClaim, and the
meshing for FE analysis was in ANSYS Workbench 2021 R2. The node
elements are based on PLANE183, a configuration suitable for plasticity,
hyperelasticity, creep, stress stiffening, large deflection, and large strain
phenomena, varying on vertical and horizontal edges. The number of
elements (NE) along with the Bias Factor (BF) of base materials and filler
edges are shown in Fig. 2. The 2D model was preferred over the 3D
model for saving analysis time and, considering the symmetry of the

Fig. 1. Arrangement of the materials inside the tubular furnace in 5 x 5 x 5 cm® cubes inside a tool prepared for better support.
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NE = 50

v =3N

12,5x40 ym

T

—+ 2D brazed joint CAD for FEA All quad-type meshing with

PLANE183 elements

Fig. 2. CAD model and meshing used for FE analysis. The number of elements (NE) and bias factor (BF) of the vertical and horizontal edges are marked.
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400 4 Cooling ramp selected for FEA
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Displacement boundary condition (Ay = 0)

Fig. 3. Boundary conditions imposed on the brazed joint between materials and the cooling ramp selected for FEA.
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model, the results of a 2D section apply to the whole.

2.5.3. Boundary conditions

The boundary condition applied on the body was the support seen in
Fig. 3 on the underside of the tungsten base material (AY = 0). A
Transient Structural analysis model was used for the stress analysis
during the cooling ramp inside the furnace. Despite radiation phenom-
ena being the physical mechanism for the heat transfer between the
materials and the inside of the furnace, an internal temperature ramp
with no thermal gradient (AT = O in each material) was applied to the
three bodies in this analysis (Fig. 3). This decision is based on the low
dimensions of the model and the emissivity values for the three mate-
rials, where hardly any thermal gradient appears. The temperature ramp
was a cooling ramp from 750 °C to 25 °C because no stress-strain curves
were found at temperatures above 750 °C.

3. Results

3.1. Microstructural and mechanical characterization of the cupronickel
alloy

Before the brazing study, the commercial filler was compositionally,
microstructurally, and thermally characterized in as-received conditions
to determine the experimental values and properties necessary to
develop the brazing study.

Table 1 shows the experimental composition in wt.% of the filler
obtained by XRF analysis and its correlation with that provided by the
manufacturer. The results indicated some minor deviations in the copper
and nickel content. However, no iron was measured in the filler.

The microstructure of the filler, shown in Fig. 4a, consists of equi-
axial grains without preferential orientation and free of apparent twins,
characteristic of these alloys. The presence of some inclusions is prob-
ably associated with the low iron and manganese content. The micro-
structure was examined by etching with 50 ml of distilled water and 50
ml of HNO3 during 10 s.

The thermal behavior of the commercial Cu-Ni filler used during the
brazing process was characterized by DTA. These thermograms were
recorded during heating and cooling from room temperature to 1300 °C
(Fig. 4b). During the cooling phase, between 1000 °C and 1200 °C, two
exothermic peaks related to the alloy’s melting process can be observed.
As the temperature decreases, the peaks take place in the range of 1140
°C — 1131 °C and 1055 °C - 1045 °C, with 1140 °C the liquidus tem-
perature of the alloy at which the filler is entirely melted. This confirms
the information provided by the manufacturer and, due the negligible
deviation in terms of liquidus temperature was found, no further
composition analysis beyond XRF was necessary.

Finally, the hardness of CulONi commercial filler was measured,
obtaining a value of 148 + 10 HVj ;. The initial thickness of the filler
was 600 pm, which would result in an undesirably wide seam after
brazing. Therefore, it was laminated up to 200 pm, facilitating the
stacking of materials when placed in the oven for welding. This cold-
rolled process causes plastic deformation reducing the initial grain
size (as it raises the density of defects such as dislocations within the
matrix) and increasing its strength and hardness. The microstructure of
the filler laminated is shown in Fig. 5, where the preferential rolling
direction (RD) could be observed. The hardness value after rolling was

Table 1
Comparison study between the composition of CulONi filler specified by the
manufacturer and measured by XRF.

Cu (wt.%.) Ni (wt.%.) Fe (wt. Mn (wt.%.)
%.)
Specification 88.60 11.00 0.10 0.30
sheet
XRF 89.30+0.09 10.40+0.03 - 0.257 + 0.04
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158 + 10 HVy ;.

3.2. Microstructural characterization of W-E joints after two different
brazing cycles

The first attempt to join W to EUROFER 97 using Cu-Ni filler was
carried out using the laminated filler at 1165 °C. The resultant joint
shows high metallic continuity along both E-CulONi and W-CulONi
interfaces (Fig. 6a). Furthermore, the filler has correctly melted at the
brazing temperature and filled the whole joint clearance, establishing
metallurgical interactions with EUROFER 97 and tungsten through
diffusion processes and partial dilution of the base materials in a solid
state. This process allows operational brazeability, forming an approx-
imately 92 pm thick braze zone.

The second brazing attempt used 50 °C over the experimental lig-
uidus temperature (1190 °C - Fig. 6¢). Again, both metallic and opera-
tive brazeability was also achieved. However, the thickness of the
brazing seam is reduced, in this case, up to 63 pm. The reduction is
associated with the lower viscosity of the filler at this temperature which
promotes the liquid filler’s exudation out of the joint clearance, a phe-
nomenon facilitated by capillarity forces.

The element distribution of the brazed joints can be seen in Fig. 6b
and d for the lower and higher brazing temperatures, respectively. Both
joints show a homogeneous distribution of nickel and copper elements
through the braze thickness, especially in the lower brazing temperature
sample. Both samples, but mainly in the joint brazed at 1190 °C, show
the formation of a nickel enrichment layer in the E-CulONi interface and
some nickel-rich phases inside the braze area. This enrichment will be
further analyzed and discussed in Section 4.1.

The W-CulONi interface showed an entirely different metallurgical
behavior and low metallurgical interaction between elements. However,
isolated nickel-rich phases were found in the 1190 °C condition.

A more exhaustive study of the microstructure developed for the
1190 °C condition was performed using a Field Emission Gun Scanning
Electronic Microscope (FEG-SEM). The high-resolution image of the
brazed joint, etched with 50 ml of distilled water and 50 ml of HNOs, is
shown in Fig. 7 and a more detailed EDX mapping divided by elements
of this brazing condition is shown in Fig. 8. These images allow the
identification of a complex heterogeneous microstructure formed by
different phases. EDX composition analysis showed that the braze is
constituted by a copper-rich matrix and dark tonality copper-rich pre-
cipitates inside the matrix with round geometry.

Line scan and punctual analysis were performed at the E-CulONi
interface to complete the characterization. The line scan analysis is
shown in Fig. 9b, where Cu, Ni, Fe, and W composition is measured as it
penetrates the diffusion zone from the EUROFER 97 base material, as
indicated in Fig. 9a. A semiquantitative composition determination of
different points corresponding with the line scan studied area was car-
ried out by EDX punctual analysis as shown in Fig. 10. It indicates a
similar atomic% of Cu and Ni, slightly higher for the latter, at the center
of the diffusion layer (point number 2 in Fig. 10).

3.3. Microstructural characterization of W-W joints

W-W joints using CulONi filler after the thermal brazing process with
a thickness of 198 pm are shown in Fig. 11a and 15 pm in Fig. 11b at
1165 °C and 1190 °C, respectively.

The brazed joints’ general composition and element distribution can
be seen in Fig. 12a and Fig. 12b for the temperature conditions of 1165
°Cand 1190 °C, respectively. The compositional mapping does not show
the formation of diffusion zones at the interfaces nor the formation of
secondary phases or aggregates in the braze, so it seems to be constituted
by a unique solid solution phase.
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Fig. 4. a) Optical micrograph of CulONi commercial filler microstructure revealed by etching with 50 ml of distilled water and 50 ml of HNO3 and b) cooling curve

of differential thermal analysis for CulONi commercial filler.

Fig. 5. Micrograph of CulONi commercial filler laminated to 200 pm revealed
by etching with 50 ml of distilled water and 50 ml of HNO3.

3.4. Mechanical properties of the joints

Microhardness and shear strength tests were carried out on the me-
chanical characterization of brazed joints. The first characterization
aims to determine the effect of the different brazing conditions on the
base material properties by tracing a hardness profile from one base
material to the other. For example, different hardness values could be
associated with the solubilization of precipitates, grain growth, phase
transformation, etc. The latter aims to determine the maximum strength
of withstanding the joint under a shear mode load.

Fig. 13a and b show the hardness values evolution of the brazed joint
treated at 1165 and 1190 °C for both types of joints, W-E and W-W
joints, respectively. Dashed lines represent the joint-base material in-
terfaces. In all joints, the hardness value of tungsten remains approxi-
mately constant at an average value of 450 + 4 HV ;, which is almost
equal compared to the starting value of 456 + 5 HVj ;.

In the W-E joints, EUROFER 97 base material shows a hardness
variation related to the brazing conditions used. The measured hardness
increases to 423 + 3 HV; for 1165 °C and 382 + 2 HV(; for 1190 °C.
The as-received hardness of EUROFER 97 was 225 + 3 HV(; [25]. The
filler values are about 100 + 3 HVj ; for both types of cycles in both
types of joints carried out, which is lower than the initial measured value
of 158 + 10 HVj of the laminated filler and even the as-receive filler
hardness.

Shear test values are shown for all brazing conditions and joints in
Fig. 14, where the error bars show the standard deviation obtained for
each composition in the tests. Values for the 1190 °C conditions are very
similar for both W-W and W-E brazed joints, with values around 168 +
14 MPa for W-W and 164 4+ 37 MPa for W-E. However, this is not the

case for 1165 °C conditions, where the obtained strengths are 174 + 32
MPa and 157 + 21 MPa for the W-E and W-W brazed joint, respectively.

Fig. 15 shows the fracture surface of W-E at 1165 °C condition as
representative of all tests due to the similarities found in the fracture
mechanisms in all conditions. In all conditions, cracks were initiated and
propagated through the W-CulONi interface, which made the fracture
surface appreciable in Fig. 15. The W-side fracture surface analysis
showed an intergranular fracture mechanism in some regions where
tungsten base material is appreciated. In the other regions, Cu-Ni solid
solution appears as a cohesive fracture phenomenon of the brazed joint.
There is no presence of EUROFER 97 in none of the two fracture sur-
faces, which confirms that cracks started at the W base material and then
propagated through the W-CulONi interface. In Section 4, a discussion
about the more brittle W-CulONi interface will be carried out to explain
this phenomenon.

4. Discussion
4.1. Mechanism formation and microstructural evolution of W-E joints

The nickel-rich layer at the E-CulONi interface as shown and com-
mented on Fig. 6¢ could be associated with dilution and diffusion phe-
nomena between the braze and the base material. The higher
temperature sample shows a more pronounced layer because dilution
and solid-state diffusion processes are promoted as the temperature
increases.

The precipitates shown in Fig. 7 could have been formed because of a
dilution process during the liquid state of the braze. Iron and chromium
were dissolved from the EUROFER 97 base material and precipitated
during the cooling stage due to the decrease in solubility of those ele-
ments in copper as illustrated by the equilibrium phase diagram shown
in Fig. 16. However, in some areas of the braze (as seen in Fig. 7a and
Fig. 7b the microstructure formed seems to have a eutectic morphology.

Both interfaces mentioned in Fig. 7, concerning the top and bottom
interfaces of the joint, have been studied and discussed in detail. Their
microstructures were formed in both liquid and solid states. In the case
of the E-CulONi interface, a diffusion region of approximately 15 + 3
pm can be observed, marked with a white arrow in the red box of Fig. 7.
In the case of the W-CulONi interface, the presence of a layer rich in Ni-
Fe-Cr of 7 pm is formed (as seen in Fig. 7b). The formation of this layer
could be associated with the incorporation of Fe in the braze and the
heterogeneous solidification, during cooling, of the Ni-Fe-Cr rich phase
observed. This last layer and the diffusion layer have a similar compo-
sition and element distribution as indicated by the element distribution
map in Fig. 8 shows.

Concerning the diffusion layer of the E-CulONi interface, it has been
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50 uym

Fig. 6. W-E joints brazed with CulONi commercial filler at 1165 °C (a,b) and 1190 °C (c,d).

EUROFER
10 ym

EUROFER
—
2pm i

7 pm

Fig. 7. FEG-SEM micrographs of the brazed joint at 1190 °C with details of the top surface (red square) and the bottom (blue square).

formed by the solid-state diffusion mechanism of copper and nickel in
the iron crystalline structure. As the nickel solubility in iron is high [29],
this element remains in a solid solution after cooling, but the reduced
solubility of copper in iron results in copper precipitates forming
rod-like precipitates. In addition to the diffusion phenomenon, the
interface is characterized by the interaction of the liquid braze with the
base material giving rise to a "wave" profile in which the liquid braze has
punctually penetrated the base material following austenitic grain
boundaries due to grain boundaries liquefaction process (marked with a
white arrow in Fig. 7).

All analyses carried out in and Figs. 7 and 9 show that at the center of
the brazed joint and the bottom W-Cu10Ni interface, iron and chromium

are detected, even though the filler itself does not contain these ele-
ments. The presence of those elements, especially at the W-CulONi
interface, could be associated with the dilution phenomena of the
EUROFER 97 in the braze at high temperature, which subsequently
initiates the precipitation phenomenon giving rise to the formation of
the eutectics aggregates as the temperature decreases, according to the
previous discussion.

Considering the Fe-Cu-Ni ternary phase diagram [30] shown in
Fig. 16, the composition of the point marked as 2 in Figs. 7 and 11,
corresponds to the center of the diffusion layer, has its liquid phase
between 1350 and 1400 °C, while compositions marked as 3 and 4,
corresponding to the nearest zone of the braze with the E-CulONi
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Fig. 8. EDS Chemical composition of a) EUROFER 97 and b) tungsten interfaces after brazing.

interface, which theoretically melts at around 1200 °C. The phase dia-
gram shows that, as expected, compositions at 3 and 4 have formed from
the liquid phase since melting occurs, while composition at 2 may have
formed by solid-state diffusion mechanism.

4.2. Mechanism formation and microstructural evolution of W-W joints

A lower level of diffusion phenomenon and metallurgical interaction
between braze and base materials was observed in these joints. The
lowest brazed temperature joint is characterized by a defined interface,
where braze and base material are easily identified and separated.

In the 1190 °C brazed joint, some incorporation of W into the braze
with spherical geometry (highlighted with a red box in Fig. 11b) was
detected. Its morphology and location, close to the W-CulONi interface,
indicates that constitutional liquefaction could have occurred at the W

base material grain boundaries in contact with the braze, where Ni
diffuses through the tungsten grain boundaries. This liquefaction phe-
nomenon could have led to a partial dilution of the grain boundary, and
once the dilution process has surrounded the whole grain, it leads to its
incorporation into the brazed joint. The Ni-W phase diagram shows a
decrease in the melting point from 3410 °C of pure tungsten 3410 °C
(100 at.% W) to 1498 °C at the eutectic point (45 at.% W). Therefore, it
would be necessary to consider the participation of other elements that
would further reduce the melting temperature to the values reached
during the imposed thermal cycle (1190 °C).

4.3. Mechanical properties evaluation

According to the results shown in Fig. 13, tungsten’s mechanical
properties (more specifically, its hardness value) have not been modified
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Fig. 10. Punctual analysis was carried out through the E-CulONi interface of
the brazed joint at 1190 °C.

after the different brazing processes. This is due to its inherent higher
melting and recrystallization temperatures, which confer an inherent
character at these temperatures and, therefore, have minimal variation
on its microstructure.

On the other hand, EUROFER 97 undergoes a hardening process
compared to the as-receive value, which could be attributed to the
resultant microstructure after the brazing process, which in this case, is
untempered martensite. Therefore, it will be necessary to perform a
tempering process to restore the microstructure and hardness of the
material.

The difference in EUROFER 97 hardness values subjected to different
thermal cycles is related to the steel grain size generated. The higher the
brazing temperature is, the coarser the austenitic grain is produced and,

TUNGSTEN

TUNGSTEN

therefore, lower hardness values are obtained. The observation of this
phenomenon when measuring hardness value and grain size after
applying annealing treatments to EUROFER from 850 to 1120 °C. Above
1000 °C, the hardness values decreased, associated with grain size
growth and recrystallization processes before quenching [25]. Accord-
ing to the study grain sizes of 14,3 um to 52,5 ym were obtained for
annealing temperatures of 1000 and 1120 °C, respectively.

In the case of the CulONi filler lower hardness values compared the
as-received properties were obtained. It may be associated with the
restoration effect of the melting process and the low cooling ramp used,
which may not achieve the original manufacturing processing micro-
structure and a larger grain size is obtained.

Regarding the shear tests shown in Fig. 14, the slightly lower values
of W-E joints compared to W-W could be associated with the less
metallurgical interaction of the latter, which results in the formation of a
continuous solid solution braze with less presence of brittle phases. The
reason could be associated with the inert metallurgical character of W at
those temperatures that produces, in all cases, a well-defined interface.
According to the residual stresses simulation results of Section 4.4,
which will be discussed later, the residual stresses generated during the
brazing process are accumulated at this point, and the brittle character
of tungsten leads to the nucleation and initiation of the crack
propagation.

In all conditions, cracks were initiated and propagated through the
W-CulONi interface. The reason could be associated with the lesser
diffusion of elements between tungsten and the brazing filler. EUROFER
97 has greater diffusion, as previously mentioned and discussed, so
stronger, nickel-richinterfaces than the W-CulONi are formed. In W-E
joints, as temperature increases the shear strength increases as well,
while in W-W joints, temperature has an inverse effectwhich agrees with
the explanation of the liquefaction effect in the W grain boundaries. The

TUNGSTEN

TUNGSTEN

Fig. 11. SEM micrographs of W-W joints brazed with CulONi commercial filler at a) 1165 °C and b) 1190 °C.
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Fig. 12. EDX mapping showing general element distribution on W-W joint brazed at a) 1165 °C and b) 1190 °C.
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Fig. 13. Vickers hardness profile in a) W-E joints brazed at 1190 °C and b) W-W joints brazed at 1165 °C and 1190 °C.
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Fig. 14. Brazed joints shear values for W-E and W-W brazed joints.

microstructural analysis in Sections 3.2 and 3.3 revealed that higher
brazing temperatures led to more braze penetration in the tungsten
grain boundaries by constitutional liquefaction mechanism, which
weakens the interface and acts as stress concentration points, where
cracks can be quickly initiated and propagated at lower loads.

4.4. FEM post-brazing residual stresses analysis
4.4.1. W-E joints

Considering the importance of the residual stress in this heteroge-
neous joint, as previously mentioned in the fracture analysis, that causes

10

the initiation and propagation of cracks during mechanical tests, this
section aims to simulate and discuss the residual stress generated on
both base material and the braze after the application of the brazing
process. In this section FE analysis will be carried out with the pre-
processing as commented on in Section 2.5. Fig. 17 shows the normal
stress values in the X and Y axes after the cooling step of the brazed
cycle. According to the results, CulONi is subjected to a high tensile
stress value on the X-axis. Considering that CulONi has a higher CTE
value than all involved materials, during the cooling phase, the filler
tends to experience with higher shrinkage than EUROFER 97 and
tungsten; therefore, the filler is subjected to a positive value of stress.
The maximum value of this positive stress experienced by the filler
material would be at the W-CulONi interface due to the higher differ-
ence in its CTE. The analysis of the stress value in the Y-axis indicates
that the maximum value is found at the edges of the braze. Therefore,
those zones seem critical from the residual stress concentration point of
view, acting as concentration points, which could lead to the nucleation
and initiation of cracks.

Fig. 18 shows the distribution of the stress values for the X and Y axis
of the braze, both interfaces, and the nearest zone of the base material.
According to the previous result, those zones are considered the most
relevant to be analyzed. At the W-CulONi interface, the stress reaches
337 MPa in tensile mode, while at the E-CulONi interface, the stress
reaches a value of 326 MPa in tensile mode, which could be explained
due to the greater difference in CTEs between the tungsten base material
and the filler alloy.

Considering the materials studied as elastic and linear non-auxetic
materials, Hooke’s law explains the relationship between the stresses
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Fig. 15. Fracture surface analysis in both a) tungsten and b) EUROFER 97 base materials from 1165 °C conditions.

in the X and Y directions, where:

1
ey = E(JY —voy)
Where 67 = 0 and no tangential contributions are present due to the 2D
model design, this leads the stress value in the axis to depend on stress in
the X-axis as follows:

oy = E-ey —v-0yx

E and v are isotropic material elastic constants, and ¢ is almost zero due
to the bonded interfaces with base materials, which prevent CulONi
from shrinkage.

4.4.2. W-W joints

The same analysis was conducted with joints between tungsten (W-
W) using the same cooling ramp and filler. Fig. 19 shows the same
normal stresses analyzed previously in the W-E joint, with all range
values and contours. Again, lower stress values are calculated at the joint
edges The global distribution of the stresses follows a similar pattern to
that studied in the previous joints, where the edges of the joint play an
important role. Here, the top and bottom base materials are the same, so
symmetry in the stress distribution is observed at both interfaces due to
the same CTE of both base materials.

Fig. 20 shows the same stress values distribution for the X and Y axes
along the vertical path focusing on the critical zones close to the

11

interface area. CulONi has a value of 319,3 MPa in both interfaces, as
the base materials are the same pure tungsten.

To finish the analysis, maximum, middle, and minimum stresses in
principal directions are shown below in Fig. 21, which shows the dis-
tribution of these principal stresses along the same vertical path at the
end of the cooling process for both the W-E and W-W joints. Interfaces
suffer from high stresses due to the tendency of the filler to contract
more than the base materials and the impediment that these aspects
generate due to the bonding.

The Von Mises stresses for each material at the CulONi interface are
341 MPa for W-E joints and 342,15 MPa for W-W joints. For the base
materials, regardless of the type of joint, the Von Mises stresses at the
different points of the bulk material (excluding the interfaces mentioned
above) do not exceed 50 MPa. It is expected that, according to the
variation of the yield strength with temperature, which is 645, 107, and
100 MPa at 750 °C for tungsten, EUROFER 97 and CulONi, respectively,
most of the residual stress is accumulated in CulONi during the cooling
ramp.

During the FE analysis, the stress distribution and the Von Mises
stress values confirmed that interfaces are critical zones, and the pres-
ence of brittle components or abrupt interfaces could be detrimental to
the mechanical integrity of the joint. Furthermore, the highest residual
stress is concentrated in the W-CulONi interface, which explains the
observed fracture mechanism of the brazed joints during the shear tests.

Sharma et al. [32] carried out a similar FE analysis with a 2D planar
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Fig. 16. Fe-Cu-Ni ternary phase diagram liquidus projection with points 2, 3, and 4 of the punctual analysis are marked [31].
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Fig. 17. After brazing for all materials involved (W-E joint), stress values and contours in the X and Y axes.

axisymmetric brazed joint geometry between Al,O3 and Kovar (Ni- and
Co-based alloy) with TiCuSi alloy as filler. A cooling ramp from 780 °C
to RT was imposed as the thermal condition, with frictionless support as
the boundary condition. They found that the maximum tensile stress in
the Y axis is 449,7 MPa, located in the brazing material of the joint,
similar to that found in the present study (as shown Fig. 17).

Bobzin et al. [33] also studied the residual stresses on joints between
steel and cemented carbide using copper foil as filler material. They
applied a cooling ramp from 690 °C with no thermal gradient inside the
materials (AT = 0), with no phase transformations and constant chem-
ical composition of substrates. Their model showed that the residual
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stresses in the steel (top base material) are very low, compared with the
internal stresses in the cemented carbide (bottom base material) and the
filler metal, which represent a significant preloading of the joint (~ 600
MPa). The brazing foils with Cu-interlayer results generally show a
reduction of the residual stresses in the cemented carbide compared to
the conventional brazing foils due to their ductile behavior.

5. Conclusions

The commercial alloy CulONi has been evaluated as a filler for
joining tungsten (W) to itself (W-W) and to other materials (W-E) using
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Fig. 19. After brazing for all materials involved (W-W joint), stress values and contours in the X and Y axes.
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Fig. 21. Principal stress (black = 61, red = 62, and blue = 63) values for all three materials in a) W-E and b) W-W joints during the cooling ramp through a vertical

path along the three materials.

brazing. Two brazing cycles were tested, one at 25 °C above the liquidus
temperature of the filler alloy and one at 50 °C above the liquidus
temperature.

Microstructural analysis of the joints showed that total metallurgic
solderability was achieved with little to no defects and complete inter-
action between the materials. A diffusion region of approximately 15 pm
rich in nickel with rod-like copper-rich isolated eutectics was found in
W-E joints at the E-CulONi interface. The active character of Ni and the
Fe dissolution explain the formation of those secondary phases. An in-
crease in the brazing temperature enhances those phenomena, and
stronger interfaces are formed, according to the shear tests carried out
after the microstructural study.

W-W joints showed less severe diffusion and interaction between
elements, but some spherical W particles were incorporated into the
filler. A phenomenon of constitutional liquefaction occurred, where
nickel diffuses through the grain boundary of the tungsten, originating a
partial dilution of the grain boundary and the consequent introduction
of the grain into the brazed joint. The Ni-W phase diagram and scientific
literature supported this. As the shear test demonstrated, increasing this
phenomenon as the brazing temperature increases weakens the interface
integrity.

Microhardness profiles obtained across the brazing joints showed
that EUROFER 97 base material experienced a hardening effect (423 + 3
HVy; for 1165 °C and 382 + 2 HV(; for 1190 °C) associated with the
thermal brazing cycle. The austenitizing temperature is always reached
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and quenched from that state, which leads to the formation of untam-
pered martensite microstructure, and the higher the brazing tempera-
ture, the softer the material is because of the austenitic grain growth.
The CulONi braze decreased its hardness with the thermal cycle (148 +
10 HV; 1 before lamination vs 93,6 + 5 HVj ; for 1165 °Cand 92,1 + 11
HVj 1 for 1190 °C).

Shear tests carried out in W-E joints showed higher values (174 MPa
for 1165 °C and 168 MPa for 1190 °C) than the W-W joints (157 MPa for
1165 °C and 164 MPa for 1190 °C). The lower strength obtained for the
W-W joints could be associated with the formation of abrupt interfaces,
favoring the stress concentration, as demonstrated by the simulation of
the residual stress in the brazed joints after the brazing process. The
fracture mechanisms study corroborates this conclusion during the shear
tests, which showed a fracture initiated and propagated through the W-
CulONi interface.

Regarding this study, the maximum principal stress values at the
interfaces and across the filler did not vary excessively between W-E or
W-W joints. The filler was subjected to positive stress values on the X-
axis and compression values on the Y-axis, resulting in a Von Mises
equivalent stress consistently higher than its yield stress. Stress values of
around 60 MPa for the bottom base material and around 320 MPa for the
filler alloy in the Y-axis are observed at the end of the thermal ramp. The
information provided by the simulation shows the importance of miti-
gating the residual stress by selecting an adequate the filler alloy in
terms of CTE or alloys capable of relieving the residual stress by plastic
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deformation mechanisms.
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