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Abstract: Critical aspects of innovative design in engineering disciplines like infrastructure, trans-
portation, and medical applications require the joining of dissimilar materials. This study investigates
the literature on solid-state bonding techniques, with a particular focus on diffusion bonding, as
an effective method for establishing engineering bonds. Welding and brazing, while widely used,
may pose challenges when joining materials with large differences in melting temperature and can
lead to mechanical property degradation. In contrast, diffusion bonding offers a lower temperature
process that relies on solid-state interactions to develop bond strength. The joining of tungsten and
steel, especially for fusion reactors, presents a unique challenge due to the significant disparity in
melting temperatures and the propensity to form brittle intermetallics. Here, diffusion characteristics
of tungsten—steel interfaces are examined and the influence of bonding parameters on mechanical
properties are investigated. Additionally, CALPHAD modeling is employed to explore joining pa-
rameters, thermal stability, and diffusion kinetics. The insights from this research can be extended to
join numerous dissimilar materials for specific applications such as aerospace, automobile industry,
power plants, etc., enabling advanced and robust design with high efficiency.

Keywords: diffusion bonding; tungsten; steel; fusion plasma facing materials (PFM) design; dissimilar
materials joining; CALPHAD

1. Introduction

Technological advancement depends on the complex design of superior materials.
The effectiveness of such design requires a site-specific material distribution and this often
calls for a proper solution of joining two or more materials that is capable of providing the
necessary mechanical and microstructural integrity of the design [1]. One such design is
the structure of fusion reactors. Fusion reactors are potentially capable of meeting the need
of the ever-increasing energy demand while keeping the environment pollution-free owing
to its fuel abundance, zero carbon emission, and potential for economical operation [2,3].
However, several issues need to be addressed in order to make it feasible to generate energy
from fusion reactors in a safe manner [4]. One of the major problems is the joining of plasma
facing materials and structural materials of fusion reactors [5-8] Among the plasma facing
materials (PFM), tungsten is considered to be the most promising candidate material. Some
of tungsten’s major advantageous mechanical properties include high melting temperature,
high thermal conductivity, low vapor pressure, low tritium retention, high sputtering
resistance, and so on [9-11]. However, being a brittle material at room temperature and
with a high ductile brittle transition temperature, tungsten is not capable of providing
structural integrity for the reactor [12,13]. As a structural material, ferritic/martensitic (FM)
steel is one of the best candidate materials owing to its superior mechanical properties
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capable of providing structural integrity [14]. Therefore, it is necessary to find a suitable
solution for joining tungsten and ferritic/ martensitic steel.

Even though numerous studies with different designs and approaches have been
explored to join tungsten with steel [15-17], an effective and real-life applicable method
to join these two materials is yet to be found. Some major issues of joining tungsten with
steel are the difference between melting temperatures (1550 °C for FM steel vs. 3400 °C
for W) which prevents conventional welding, a large difference in coefficients of thermal
expansion (CTE) (12 x 107° K~! for FM steel vs. 4.4 x 107% K~ !for W), and formation of
brittle intermetallic phases like Fe;W¢ (u-phase) [18-21]. A proper joining of tungsten and
steel may require the introduction of multiple interlayers in between them which would
help to lower the mechanical property gradient along the joining interfaces and prevent the
formation of brittle intermetallics. CALPHAD (CALculation of PHAse Diagram) modelling,
which plays a crucial role in understanding complex materials’ systems under different
conditions, has been leveraged for a better understanding of tungsten steel joining [22].
CALPHAD is a widely used computational approach in materials science to predict phase
equilibria in multi-component systems [23]. It utilizes thermodynamic databases containing
Gibbs energy data for phases as a function of temperature, pressure, and composition.
Thermo-Calc (version 2022a), with the TCFE9 database, was employed in this review paper
to generate accurate phase diagrams, offering insights into phase stability and composition
in different alloy systems [24,25]

In this work, a systematic approach was followed to compile and critically review data
from different studies investigating the solid-state diffusion joining of tungsten and steel.
The primary objective is to address the challenge of integrating structural materials and
plasma-facing materials in fusion reactors. Thermodynamic reactions between interlayers
with tungsten and steel at various temperatures and their feasibility for fusion reactor
applications were also discussed. Understanding diffusion characteristics for the entire
transition layer configuration at service-relevant and manufacturing temperatures, regard-
less of the bonding technique employed, is of paramount importance. This review serves to
compare and contrast published data on the solid-state joining of tungsten and steel, laying
the groundwork for potential viable joining solutions in real-life fusion reactor applications.
Moreover, the work proposes a new paradigm for solid-state diffusion bonding between
diverse materials with broader applications in aerospace, automobile, power plants, and
other fields where solid-state bonding plays a crucial role in design, providing enhanced
efficiency and reduced environmental impact.

2. Mechanism of Diffusion Bonding

Understanding the atomic bonding formation through the interaction of atoms during
diffusion is of paramount importance when investigating solid-state bonding in materials.
The diffusion process is determined by the kinetics of atom migration through surface,
grain boundary, or bulk matrix [26,27]. Manufacturing process parameters such as tempera-
ture [28], pressure [29], holding time [30], surface roughness [31], and activation layers play
a key role in the formation of the bond [32-34]. While investigating the joining of different
configurations of tungsten and steel, one must pay careful attention to the process parame-
ters and diffusion kinetics to have a good understanding of why different parameters yield
different microstructural and mechanical properties.

2.1. Diffusion Bonding Overview

The definition of diffusion bonding provided by Kazakov [35] has been adopted by
the International Institute of Welding (IIW): “Diffusion bonding of materials in the solid
state is a process for making a monolithic joint through the formation of bonds at atomic
level, as a result of closure of the mating surfaces due to the local plastic deformation at
elevated temperature which aids interdiffusion at the surface layers of the materials being
joined”. Diffusion bonding between two mating surfaces goes through three steps which
are schematically shown in Figure 1 [36]. In the first step of diffusion bonding, asperities
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from one mating surface exert force on another mating surface, which results in localized
plastic deformation at the bonding temperature. Brittle oxides on the surface are fractured
and metal-to-metal contact is established. In the second step, the thermally activated
migration of atoms between two mating surfaces leads to the atomic diffusion between
the surfaces and the production of a bond. In the final step, elimination of the majority
of pores occurs and a homogenized bond is produced [37]. A reaction layer is produced
in the interface, and process parameters dictate the characteristic of this reaction layer. A
large difference between diffusivity of major alloying element from the mating surfaces
can result in Kirkendall pores and degrade the mechanical properties of the joint [38]. In
a tungsten-steel transition layer configuration, the presence of chromium and aluminum
often results in the formation of a passivation oxide layer [39,40]. Therefore, care should be
taken while determining process parameters like temperature and pressure so that these
oxide layers can be eliminated and contact between the mating surfaces is established.

= Step 1
W — Oxide layers on mating surface

—————

\z/ Step 2 Oxide layers on surface
¢ asperities before initial
/’@\ contact

Bond formation between

Step 3 ruptured oxide layers from
o0 < microplastic deformation
== on asperities

Figure 1. Steps of forming diffusion bonding between two surfaces. Figure modified from Ref. [36],
2001 with permission from John Wiley and Sons.

2.2. Advantage of Diffusion Bonding over Welding

The near net shape process of diffusion bonding has been explored widely because of the
flexibility to choose a combination of elemental compositions while avoiding the formation
of brittle intermetallic phases at the interface [38]. It is also possible to suppress elemental
segregation in diffusion bonding and maintain a relatively low residual stress in comparison to
other non-solid-state welding processes [41—44]. Diffusion bonding stands out among various
joining techniques due to its minimal temperature gradient in the joint in comparison to other
methods. Elimination of a heat-affected zone (HAZ) and highly complex microstructure from
non-equilibrium phase transformation and chemical segregation during melting is possible
via solid-state diffusion bonding, which makes it a lucrative option to be employed for joining
in different industrial sectors like aerospace [45—49], fusion reactor concepts [3,50-54], plate
type heat exchangers and reactors [55-62], and so on [26].

2.3. Atomistic Model of Diffusion

The atomic diffusivity is given by the following Equation (1), which represents the
increase in diffusivity with the increase in temperature [26,63]:

)

D = D, exp {_?{?Ct}
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Here, D is the diffusivity (m?2/s), D, is the frequency factor (m?/s), Eqt is the energy
of vacancy formation and migration (J/mol), R is gas constant, and T is temperature in
Kelvin. The thickness of the reaction layer (x) in a diffusion couple is estimated by the
following Equation (2) [64].

x = kt" 2)

where k is a rate constant, t represents time, and # is a kinetic exponent. This equation
is based on the solution of Fick’s second law. For interfacial diffusion, grain boundary
diffusion, and volume diffusion, the value of n is 1, 0.5, and 0.25, respectively [65-67]. In
other words, the different values of n come from different diffusion pathways.

2.4. Important Parameters for Diffusion Bonding
2.4.1. Temperature

The most significant factors to influence the diffusion bonding are bonding tempera-
ture, bonding pressure, and holding time. As it can be seen in Equation (3), the diffusivity
is a function of temperature and it is assumed to follow an Arrhenius-type relation which
can be shown in the following equation where the rate constant k from Equation (2) is
presented as a function of temperature [68].

k =k, exp [R{Sra] 3)

where k, is the pre-exponential factor and E, is activation energy of reaction layer growth.
A rise in the temperature tends to increase the thickness of the reaction layer [28]. With
the temperature rise, there is an increase in diffusivity and the diffusion coefficient can be
doubled even for a moderate rise of 20 °C [63].

2.4.2. Pressure

A minimum amount of bonding pressure is required for proper diffusion bonding at a
particular temperature. The applied pressure is responsible for the first step of diffusion
bonding where force is exerted on asperities to produce deformation and eliminate oxide
layers. Several studies pointed out that a rise in pressure to moderate values results in a
higher bond strength [69-71]. A few studies discussed impulse pressure-assisted diffusion
bonding where varying pressure is used during diffusion bonding instead of a constant
pressure and it was claimed that the overall processing and bonding time was reduced
through the use of impulse pressure-assisted diffusion bonding [29,72-78].

2.4.3. Holding Time

The holding time is another very important parameter for determining the strength of
diffusion bonding as it can be understood from Equation (2). In previous studies [30,79-82],
an increase in holding time increased the strength of the bond. Time is required to fill up
the pores in the mating surface in order to establish a sound bond. Sufficient pressure at
high temperatures causes deformation and holding time needs to be controlled in order to
have the desired mechanical properties in the bond. A long heating time often results in
excessive loss of intermediate layers and, as a consequence, a significant deterioration of
the dissimilar materials’ joint, which produces a weaker bond. On the other hand, if the
holding time is too short, then there may be insufficient solid-state diffusion, which would
also cause a weaker bond. Models have been developed that can estimate the required
time for proper diffusion bonding. For example, Li [83] developed a probabilistic model
using Fick’s diffusion law for the necessary time to ensure sufficient diffusion. By following
Equation (4), total bonding time ¢ can be estimated.

2y 27,2 142k
(pvF -2+ ) + 220 i | 5iDgs +20D.)
f 2
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Here, () is the atomic volume; ng is the grain boundary diffusivity; Dy is the vol-
ume diffusivity; and J, d, and & are grain boundary width, grain size, and void height,
respectively. r is the initial void radius or surface roughness, r is the instantaneous void
radius, f = (%)2, 7 is the surface energy, o, is the Levy—Mises effective stress, € is the
effective plastic strain rate, K is the Boltzmann constant, p is the external pressure, and T is
the temperature in Kelvin.

2.4.4. Other Diffusion Parameters

Other important factors that influence the diffusion bonding are surface roughness
and passivation layers. Larger asperities need to be removed in order to create a sound
bond [58,59]. A good surface finish is desired because the initial contact area largely
depends on the presence of asperities and voids on the mating surfaces [80]. However, a
contradictory result was found by Zuhuri [31], where it is shown that a rougher surface
yielded a better tensile strength of the bond. As a possible explanation, it was mentioned
that a rougher surface would have more asperities and, therefore, exerted pressure would
be more localized to result in higher force that will eventually cause a higher diffusion
between the mating surfaces. A surface roughness of 0.84 pm produced a maximum
ultimate tensile strength (UTS) value of ~130 MPa, while a surface roughness of 0.18 pm
produced a UTS value of ~80 MPa for the bonding of aluminum alloys. On the other hand,
tensile strength and joint efficiency were improved with a smoother surface finish [84,85].
The tensile strength of the joint of a Cu-Cu (copper-copper) couple was found to be ~50
MPa and ~5 MPa for surface roughnesses of 90 nm and 1.5 pm, respectively, for a bonding
temperature of 400 °C and 20 min bonding time. It was also suggested that a higher
pressure is required for a superior bonding when the surface roughness is high [86]. The
passivation layer becomes an issue for materials like aluminum, stainless steel, nickel,
and titanium alloys where a thin oxide layer prevents further oxidation of the materials,
resulting in good corrosion resistance [63]. For materials like titanium, it is possible to
dissolve the passivation layer in the matrix material [48]. For other materials, processes
like chemical pickling or sputtering with argon ions can be used to remove passivation
layers [63].

3. Historic Overview of Refractory Alloy Joining

Joining of refractory materials such as tungsten, molybdenum, tantalum, and niobium
was investigated by Scott and Knowleson [87] and others [88]. Tungsten, molybdenum,
tantalum, and niobium are the refractory materials most often used in structural applica-
tions owing to their superior mechanical properties resulting from high melting points,
high densities, low specific heats, body-centered cubic (BCC) crystal structure, and low
coefficients of thermal expansion [89]. However, W and Mo possess ductile brittle transition
temperatures (DBTTs) near or above room temperature, causing these materials to be prone
to brittle fracture and low fracture toughness for room temperature applications. Other
factors such as impurity addition during alloying, fluctuations during strain rate, heat
treatment, and processing history during manufacturing also contribute towards perfor-
mance under the service condition [87,89]. The major joining processes include fusion
welding such as arc welding, electron beam welding, resistance welding, and non-fusion
or solid-state joining such as pressure welding, ultrasonic welding, and friction welding.
Tungsten and molybdenum are typically produced through powder metallurgy, and fusion
welding is generally avoided for these materials due to their low ductility which essentially
becomes zero (i.e., fracture occurs in fully brittle nature) after recrystallization [87]. Joining
through fusion welding requires the fulfillment of a few conditions. The surface has to
be very clean prior to welding and a high purity inert gas needs to be used during the
welding process. These refractory materials are very sensitive to oxygen, nitrogen, and
carbon and tend to form carbides and oxides when exposed to impurities because of their
very low solubility. The high melting temperature of refractory alloys leads to longer
cooling times and a larger range of temperature over which thermal strains can be created
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from different thermal expansions and contractions. Intrinsic characteristics of refractory
materials like high modulus and yield strength and resistance to plastic flow contribute
to an increase in residual stress in the weld joint. Oftentimes, a heat treatment below
the recrystallization temperature is required for alleviating some of the residual stress.
However, proper caution should be maintained so that grain growth is avoided; a decrease
in tensile strength, ductility, and toughness and an increase in DBTT is caused by the grain
growth. Solid-state joining is often very challenging for refractory materials because of the
very low diffusivity and a very high required temperature (more than 50% of homologous
melting temperature) along with the need to apply high pressure for the diffusion process
to effectively produce a solid-state joint. Cadden and Odegard Jr. [90] discussed the possible
use of brazing with filler materials like palladium-nickel or palladium—cobalt when joining
refractory elements like W- and Mo-based heat sink materials. Here it was reported that
successful bonding was achieved with tungsten couples, but grain boundary cracking
was exhibited after the bonding. Due to the insufficient ductility and the development
of secondary phases, the practical utilization of brazing is constrained. Moreover, filler
materials that include Ni are prohibitive for fusion energy applications from the standpoint
of neutron-induced radioactivity.

4. Tungsten and Steel Bonding without Interlayers

Research on direct diffusion bonding between tungsten and different variants of steels
has been published with varying success rates. Qu et al. [91] produced functionally graded
material (FGM) bonding for tungsten/iron under a high pressure of 9 GPa, where the
volume fraction of tungsten was varied from 0% to 100% with a 25% interval, which
resulted in a relative bond density of 97%. The formation of intermetallic Fe;W¢ (1 phase)
was observed in the transition layers and a correlation was found between the iron particle
sizes and the thickness of the intermetallic layer; finer particles of Fe produced a thicker
intermetallic layer. Intermetallic layers of FeW and Fe, W were also found in a EUROFER97
steel and tungsten joint without any interlayer [92], though with the help of post-build heat
treatment at 1050 °C, a high tensile strength was achieved. Interestingly, the heat treatment
caused the ferritic/martensitic EUROFER97 steel to go through a full austenitization
process. In Figure 2, this diffusion bonding between tungsten and EUROFER97 is shown.
Oono et al. [93] joined tungsten and oxide dispersion-strengthened (ODS) steel through the
means of brazing and solid-state diffusion bonding. Tungsten was found to be the major
diffusion element with higher penetration depth into steel but elements from the steel side
(i.e., Fe, Cr) had a very small diffusion into tungsten. Wang et al. [94] performed diffusion
bonding of tungsten/copper where amorphous Fe-W was used as an interlayer and the
transformation from amorphous to crystalline was observed during the bonding process.
The experiment intended to avoid the formation of voids and brittle phases like Fe, W.
However, for a heat treatment at 950 °C for 60 min, Fe, W, Fe;W¢ (1 phase), and «-Fe phases
were observed. A functionally graded transition layer between tungsten carbide (WC)
and stainless steel was explored by Kawakami [95]. Pre-sintered WC alloy was bonded
with 316L stainless steel via pulsed current sintering (PCS) using 20 wt% binder materials.
The formation of four interlayers transitioned from 20, 40, 60, and 80 wt% of WC, and
the Vickers hardness (HV) value increased from ~230 to ~1180 with the increase in WC.
A summary of some of the previous works on tungsten and steel direct bonding through
diffusion is provided in Table 1.

The studies presented here provide evidence that the formation of bonding between
tungsten and steel through diffusion is feasible; however, it inevitably results in the for-
mation of embrittling phases (discussed further in the next section). This is particularly
problematic for applications that involve mechanical and thermal loading, where the
presence of embrittling phases can render the joint unsuitable for structural use. Further-
more, the minimum homologous temperature required for tungsten diffusion induces
recrystallization and grain growth in steel, which can significantly compromise the mechan-
ical properties of the structure. These findings underscore the need to carefully consider
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the implications of tungsten diffusion on the mechanical behavior of steel in structural

applications.

EUROFER97-2

Tungsten

EBond line

Figure 2. Scanning electron micrograph of tungsten-steel (EUROFER97-2) direct bond, reprinted
from Ref. [92] with permission from Elsevier.

Table 1. Diffusion bonding between tungsten and steel without interlayers from the literature.

Bonded Materials Bonding Parameters Mechanical Properties Microstructural Properties Ref.
Max hardness is ~725 HV and
W and Fe 9 GPa, 11 KW for 60 s 500 HV for as-built and Brittle Fe;Wg formed [91]
heat-treated, respectively
o 440 MPa at 650 °C and One thin layer (2.5-4 pm) with
1050 %;'P%Th ;3 h, 4h, 0.14]/ cm? at 550 °C intermetallic phase FeW, one
W with EUROFER o I Hardness 6.7 GPa on the wide layer (13 pm for 1 h and [92]
(1)760°C + 90 min face of W, 2.8 GPa on th 25 um for 4 h) with high W
(2) 650 °C + 90 min sur.aceo ;2.8 Gl a on the um for .)w1t ig
thick layer in the interface concentration of ~8 wt%
W with ODS steel, brazing W diffuses significantly into
interlayer used iron-based 1180 °C,25MPa, 0.5to 4 h steel but Cr and Fe did not [93]
amorphous alloy penetrate W
WC and steel FGM layer R Three-point bending strength
sintered by PCS Sintering pressure 20-40 MPa 650 MPa [95]
W with Cu, using W-Fe 900 and 950 °C, 60 min, Max tensile strength 146 MPa Fe,W, Fe;Wg, -Fe [94]

amorphous interlayer

30 MPa

intermetallic formed

*: Post-build heat treatment.

Diffusion Kinetics between Tungsten and Steel

For a ferritic-martensitic steel where the Cr concentration is within a range from 8
to 12 wt%, a direct bond between tungsten and steel will produce brittle intermetallic
phases like FegWy, which has a space group R3 mH (trigonal crystalline structure) [96].
Another intermetallic that is typically common in all tungsten-steel joints is Fe, W, which is
in space group P63mc with a hexagonal crystalline structure [97]. A ternary phase diagram
of W, Fe, and Cr at 1300 °C to represent W and ferritic/martensitic steels is shown in
Figure 3. The Fe; W (u-phase) intermetallic forms due to incomplete solid solubility within
the alloy system and oftentimes the interface between the bulk matrix and intermetallic
acts as a crack nucleation zone [98], causing the material to be of inferior quality with
lower toughness properties. With the exposure of the interface to high temperature for
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an extended time, the thickness of intermetallic layers tends to grow [99], making the
W-steel joint weaker as the growth of the intermetallic will have a detrimental effect on
the mechanical properties. In high-temperature applications characterized by repeated
thermal cycling, reducing the coefficient of thermal expansion (CTE) mismatch between
dissimilar materials is crucial to accommodate thermomechanical stresses in the joint. This
is essential to prevent premature failure and ensure the long-term reliability of the system.
While it is possible to mitigate the issues arising from the large difference in mechanical
properties between tungsten and steel to some extent through the use of concentration
gradients as reported by Kawakami et al. [95], it is not possible to avoid the formation of
brittle intermetallics with a direct bond between tungsten and steel at the desired operation
temperature or to accommodate manufacturability. One way to resolve this problem could
be the introduction of one or multiple interlayers with different compositions to avoid any
brittle intermetallic shown in the phase diagrams of the associated elements. This interlayer
can also reduce CTE mismatch thermal stresses, thereby enabling a smoother transition of
the mechanical property difference between tungsten and steel.

100

BCC +p

LAVES + SIGMA

0 10 20 30 40 50 60 70 80 90 100

A Mass percent Cr

Figure 3. Fe-W-Cr isotherm phase diagram at 1300 °C (calculated from Thermo-Calc using TCFE9
database).

5. Tungsten and Steel Bonding with Interlayers

One of the biggest environmental challenges for nuclear reactors is the waste disposal
when the reactor is decommissioned. Having the flexibility to dispose of materials through
shallow burial would be a great advantage [100,101]. Keeping this in mind, selection of
materials with low neutron-induced activation is highly desirable for a transition layer
design between tungsten and steel for nuclear energy applications [102]. Materials such as
copper, nickel, and niobium are relatively high in activation and possess long half-lives.
Due to high activation, Ni, Mo, and Nb are removed from the variant of ferritic/martensitic
steel known as reduced-activation ferritic steel [100]. Even though some of the elements
cannot be used in fusion reactors due to high activation levels, these materials can be used
as transitional elements where activation due to neutron irradiation is not a design variable,
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like liquid metal, supersonic aircraft, and high-temperature power plant components [46].
Some potential interlayers for tungsten—steel bonding are discussed below.

5.1. Copper Interlayer

In Table 2, a few studies were summarized where copper was used as a single or a part
of multiple interlayers while joining tungsten and steel. One of the major advantages of Cu
is that it is a non-carbide-forming element and it can inhibit the diffusion of carbon atoms,
which would otherwise facilitate the formation of carbides with elements like titanium,
vanadium, etc. (commonly found in steel); mechanical properties like toughness and
plasticity can be deteriorated when these carbides grow at high temperature [103,104]. Cu
can also form a solid solution with Fe, Cr, and Ni without producing any brittle intermetallic
compounds [105]. Copper alloys are also known to be attractive heat sink materials that
can be used in high heat flux applications due to their high thermal conductivity [106].
Cu has been used, both as a single interlayer or a part of multiple interlayers, to bond
tungsten and steel. Yang et al. [107] looked into diffusion bonding between tungsten
and 0Cr13Al ferritic stainless steel using a multilayer configuration. The schematics of
this diffusion bonding and a metallographic image showing the structure are shown in
Figure 4. The average strength of the bond was found to be 256 MPa and the bond survived
up to 60 cycles of thermal shock when quenched to room temperature from 700 °C. The
V/Cu composite barrier interlayer was explored by Cai et al. [108] for diffusion bonding
between tungsten and 17Cr steel. Here, in the configuration of W-V-Cu-steel, the W/V
interface had the highest amount of residual stress concentration and failure occurred
predominantly in the tungsten substrate near this region. Corrugated deformation was
observed in the V/Cu and Cu/Steel interface, which was attributed to the softer nature of
copper compared to vanadium and steel and a low melting point of Cu (close to the joining
temperature). Residual stress was minimized in this configuration, and it was hypothesized
that, during the cooling period, vanadium would transfer the residual stress from tungsten
and eventually Cu would relieve the residual stress through plastic deformation. A Cu
interlayer has also been used in diffusion bonds between the W-Cu composite and stainless
steel at 1150 °C for different holding times [109]. It was found that the elements from the
steel side exhibit intergranular diffusion while penetrating the Cu interlayer. Intermediate
bonding time (60 min) produced the best quality of bonding. A shorter holding time of
15 min was not effective because the diffusion of elements was not fully carried out, while
a longer holding time of 90 min caused coarse grain formation in the solid solution zone.
The effect of holding time on diffusion bond was also observed by Zhang et al. [110], where
tungsten and 316 L stainless steel were bonded though hot isostatic pressing (HIP) using
a Cu interlayer. The HIP process was conducted under a temperature of 1050 °C and a
pressure of 150 MPa for a holding time ranging from 0.5 to 2 h. Tungsten had a penetration
depth of 7 um into Cu for a 2 h holding time. Both W/Cu and Cu/steel interfaces had
higher hardness values due to solid solution formation. A copper interlayer was used by
Sun et al. [111] in joining tungsten alloy and 304 stainless steel. Within the tungsten/copper
interface, copper atoms diffuse into the tungsten lattice, distorting the tungsten lattice.
Tensile strength in the interface was increased from this, which was reported to be 265 MPa,
58% higher than the tensile strength of the joint without the copper interlayer, which has a
tensile strength of 168 MPa.
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Table 2. Diffusion bonding between tungsten and steel with Cu interlayer from the literature.

mixtures

Bonded Materials Interlayer Bonding Parameters Mechanical Properties Microstructural Properties Ref.
Average strength 256 MPa,
W-0Cr13Al ferritic Cu/90W-10Ni 1150 °C + 5 MPa + 60 min, survived 700 °C to room [107]
stainless steel powder/Ni multilayer vac<6 x 1073 Pa temperature thermal shock
for 60 cycles
. . . o Highest strength of the joint Successful bonding with no
W with 17Cr-0.1C steel V/Cu interlayer 1050 °C, 1 h, 10 MPa is 402 MPa brittle intermetallic reported [108]
. . Wy 6Cupa, CuzgNi, and Fe
W-Cu c'omposn:e with Cu 1150 °C for 15 to 90 min 0.946Nip 054 compounds form [109]
stainless steel .
at the interface
Max shear strength of the No brittle intermetallic
W and 316L stainless . joint is 480 MPa (for 2 h), reported, increased hardness
steel Cu 1050 °C, 0.5 to 2 h, 150 MPa max hardness 10.2 GPa observed within W/Cu and (1101
(W-Cu interface) Cu/steel interface
W alloy with 304 o Tensile strength of joint is
stainless steel Cu 900 °C, 2h, 20 MPa 265 MPa (]
@) (ii)
Tungsten
et . Cu
" . = W-Ni powder

“SNi

0Crl3Al

(1) Milling in a high energy mll;xill;
@ Cold isotropic pressing;

) Hol-pressing during bonding
Figure 4. (i) Schematic of Tungsten-0Cr13Al steel diffusion bonding with Cu/W-Ni/Ni interlayer con-
figuration; (ii) showing micrograph of interfaces where (a) shows the whole joint structure, (b) shows
the interface Ni/W-Ni composite, (c) shows the W-Ni composites/Cu-Ni and Cu-Ni/tungsten, and
(d) is a schematic drawing showing formation of W-Ni composites. Reprinted from reference [107],
2014, with permission from Elsevier.

Brazing with a copper interlayer is a possible approach for joining tungsten and steel.
However, the brazing process involves the interlayer materials being melted to produce the
bond [112]. In some cases where high temperature is used during brazing, recrystallization
and grain growth can occur, especially on the steel side, which results in a weakened
interface and inferior bonding [15,113].

Copper has a very high thermal conductivity [114] and the use of copper would be
beneficial to remove heat. A phase diagram of Fe-W-Cu at 600 °C is shown in Figure 5.
When Cu is joined with tungsten and steel, there is always going to be formation of
undesirable phases like Laves phase and Fe;Wy (1 phase). While having a dispersed
u phase and Laves phase can enhance the high temperature performance of structural
materials in some cases, the presence of these phases can also deteriorate the mechanical
properties of the materials [115,116]. Even though a fully miscible region with a single
phase structure is not possible to be produced in the W-Cu-Fe combination, the possibility
remains to use Cu as an interlayer for joining tungsten and steel which can be used at high
temperatures of up to 700 °C. This could open up new avenues to be explored in high
temperature use in power plants, automobiles, etc. However, for the nuclear industry where
irradiation is an issue, there may be strict limitations on elements and impurity related to
copper for maintaining low activation so that, eventually, shallow burial is possible for
nuclear waste after reactor decommission [100-102]. Therefore, a different low activation
transition layer is necessary to produce a good transition bond between tungsten and steel
while avoiding any brittle intermetallic [75].
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Figure 5. Fe-Cu-W ternary phase diagram at 600 °C calculated from TEFE9 database in Thermo-Calc.
5.2. Nickel Interlayer

In several studies, a nickel interlayer has been used as a single or part of multiple
interlayers in joining tungsten and steel [117-120]. A summary of these studies is presented
in Table 3. Zhong et al. [117] explored the effect of holding time on microstructural and
mechanical properties for tungsten/ferritic steel joints with Ni interlayer diffusion bonded
at 900 °C. According to the W-Ni binary phase diagram, it is possible to form intermetallic
compounds such as NigW, NiW, and NiW, [121]. However, according to Zhong et al., NigW
was formed only when the holding time was more than 1.5 h and no intermetallic was found
below this time. A possible reason for no traceability of the other intermetallic phases could
be due to the slow diffusion of W in Ni. NigW has the lowest amount of W, which should
form fastest among the intermetallic phases. Difficulties in the nucleation and growth were
attributed to the absence of intermetallics. Intermetallic NiyW has a D1a ordering structure
of the NigMo type (a = 5.733 A, c=3.554 A) [122]. Another work of Zhong [28] focused
on the effect of joining temperature on the properties of tungsten/steel joints with a Ni
interlayer. A small amount of NigW was formed with the holding temperature of 950 °C,
but the strength of the joint was increased with the increase in the joining temperature up
to 900 °C. No trace of intermetallic was found at the holding temperature of 850 °C and as
a probable cause it was assumed that the incubation period for nucleating the intermetallic
phase was very large or the holding time and/or temperature were not enough to cause
the formation of intermetallic as dictated by the phase diagram of Ni-W. Feng et al. [118]
studied diffusion bonding of functionally graded WC-Co/Ni (FGWC) and 410 stainless
steel (410ss). The tensile strength of the joint increased at first and then decreased with the
increase in holding temperature and time. A maximum tensile strength of 195 MPa was
observed for a temperature of 950 °C and holding time of 80 min. Shorter or longer holding
time resulted in lower strength; at a shorter time, there is insufficient diffusion, while a
longer holding time causes grain growth. In another experiment, Liu et al. [119] used V/Ni
composite interlayers in a W/steel diffusion-bonded joint (W-V-Ni-steel configuration)
where the diffusion bonding was carried out in a vacuum at 1050 °C and 10 MPa for 1 h. The
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schematics of the bonding configuration and the cross-section of the tungsten/steel-bonded
joint with Ni and V interlayers are shown in Figure 6. Intermetallic NizV, NipV, Niy V3,
and NiV3; were found in the Ni/V interface. Specimens fractured in a brittle mode within
the tungsten substrate near the V/W interface during tensile tests. A Ti/Ni composite
was used in the tungsten—steel joint (W-Ti-Ni-steel configuration) and the influence of the
intermetallic phase on the microstructure and mechanical properties was analyzed [120].
No intermetallic was found in the W/Ti and Ni/steel interfaces but Ti;Ni, TiNi, and TiNiz
intermetallics were found in the Ti/Ni interface due to strong interaction between Ti and
Ni. The joint fractured at the W/Ti interface at lower joining temperatures or short holding
times. At higher joining temperatures and longer holding times, fracture occurs at the
Ti/Ni interface in the intermetallic zone. The diffusion between electrodeposited Ni and
9Cr ferritic/martensitic steel was explored by Gao et al. [123]. The diffusion zone was
found to be enriched with a solid solution of yge Nj rich in Ni. Tempering treatment was
found to enhance the mechanical properties of the joint and fractures were found in the
base steel during mechanical testing. A Nb/Ni composite interlayer has also been explored
by Chen et al. [124] in the diffusion bonding between tungsten and MA956 steel (W-Nb-Ni-
steel configuration). NigNby and NizNb intermetallic were found in the Nb/Ni interfaces
but the interfaces of the Ni/MA956 steel and W/Nb interface remained intermetallic-free.
In shear experiments, the fractures occurred in the Nb/Ni interface, indicating the lower
strength of this interface. In the work conducted by Wang et al. [125], the Ni-Si-B interlayer
was used to join tungsten and steel through hot isostatic pressing. Here, the bonding steps
were described by three different processes including solid—solid interaction, remaining
interlayer liquefaction, and solid-liquid interaction. The influence of Si was found to be
significant in the quality of the bond. The maximum bonding strength was reported to
be 363.5 MPa. Wang et al. [126] used interlayer W-Cu-Ni to join tungsten and steel. The
pressure during diffusion bonding varied from 10 to 20 MPa, while the temperature was
kept at 1120 °C and the holding time was 60 min. An amount of 20 MPa pressure produced
a better bonding with a bonding line width of 0.5 um and shear strength 275 4+ 12 MPa.

Table 3. Diffusion bonding between tungsten and steel with Ni interlayer from the literature.

Bonded Materials Interlayer Bonding Parameters Mechanical Properties Microstructural Properties Ref.
W-ferritic steel Ni 850 °C, 900 °C, 950 °C for Max strength of joint is SOhdd?fc;rstilg: _ZS::: ﬁt::fne‘i [28]
15h ~200 MPa at 900 °C increased hardness
Avg. strength 215 MPa for Interdiffusion laver
W-ferritic steel Ni 900 °C,0.5to 2 h 1 h holding time, max . ercutusion ayer [117]
hardness 8.5 GPa increases with holding time
WC-Co/Ni Max tensile strength of joint
composite with 1300 °C, 2 h, 5 KPa is 195 MPa bonded at [118]
410 stainless steel 950 °C for 80 min
W with 17Cr Ni3V, NizV, NizVs, and
ferritic steel V/Ni 1050 °C, 1 h, 10 MPa Tensile strength 362 MPa NiV; formed in the Ni/V [119]
erritic stee interlayer
No intermetallic in W/Ti
W with 19 Cr ferritic Ti/Ni 850-1050 °C, 30-120 min, Max tensile strength and Ni/Steel interface but [120]
steel 10 MPa ~267 MPa TipNi, TiNi, and TiNi3
formed at Ti/Ni interface
After tempering
- Electrodeposited o engineering stress FCC * structured yre Ni
9Cr ferritic steels Ni 1050 °C, 1h, 20 MPa ~460 MPa with formed, no intermetallic [123]
~37% elongation
Max shear strength Nb/ Ni interface NigNby
W with MA956 steel Ni/Nb 1050 °C, 20 min, 20MPa 270 MPa, highest hardness "¢ \ViaND formed; fracture ) )
480 HV occurred in Nb/Ni

interface on the Nb side
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Table 3. Cont.

Bonded Materials Interlayer Bonding Parameters Mechanical Properties Microstructural Properties Ref.

Tungsten with 304
stainless steel

Maximum bonding

Ni-Si-B 1020 °C, 2 h, 120 MPa strength 363.5 MPa

[125]

Sintered at 1300 °C, for
holding times of 30, 60,
90, and 120 min

* FCC = Face-centered cubic.

WC-Co-Ni and 55304
sintered together

Average maximum

hardness is 1500 HV [127]

Figure 6. Scanning electron micrograph showing the schematics and cross-section of W/steel bond
with insertion of Ni and V interlayers; reprinted from Ref. [119], 2013, with permission from Elsevier.

Nickel typically cannot be used as an in-vessel structural component in a fusion reactor
due to several issues like very long half-life from neutron activation, neutron-induced void
swelling, high helium (He) production, and associated embrittlement [100-102,128,129].
However, some nickel alloys are well known as high-temperature materials [130]. Ni has
a face-centered cubic (FCC) crystal structure and based on the phase diagram presented
in Figure 7, it is indicative that any elemental composition containing iron, tungsten,
and nickel is going to produce intermetallic phases and a fully body-centered cubic (BCC)
miscible zone is not possible. However, Ni is an essential element of austenitic stainless steel
which has an FCC crystal structure and is known to possess good weldability, machinability,
and excellent mechanical properties in high-temperature applications [131].

5.3. Titanium Interlayer

A summary of conducted studies where titanium was used as an interlayer while
bonding tungsten and steel is presented in Table 4. Ti interlayers have recently gained
significant attention as a potential solution for tungsten and steel bonding. Zhong et al. [132]
performed diffusion bonding between tungsten and reduced-activation ferritic steel F82H,
showing that all the interfaces were free from discontinuities and cracks. A scanning
electron micrograph of the cross-section of this diffusion-bonded layer is shown in Figure 8.
However, a few transverse cracks were found in the W/Ti interface, which was attributed
to the enhanced interaction between W and Ti that caused cracking due to different atomic
sizes of W and Ti. The W/Ti interface had three distinct regions including W and Ti: (1)
W, (2) B-W-Ti solid solution with transformed «-Ti, and (3) «-Ti. W was found to diffuse
further into the Ti side compared to Ti diffusion into the tungsten side; this is due to
the higher diffusivity of W in Ti [133]. On the Ti/steel interface, the diffusion path was
Ti/ -3 Ti/stabilized o-f Ti/FeTi + Fep Ti+Cr,Ti/ «-Fe/F82H. During shear testing, all the
joints fractured at the Ti/F82H interface. The pulsed plasma sintering (PPS) method was
used to join W and steel with an interlayer of an Fe-Ti composite (25 wt% Fe + 75 wt%
Ti and 86 wt% Fe + 14 wt% Ti). Fe,Ti, TiC, and Feg ¢4Tip 36 phases were found in the
W /86FeTi/EUROFERY7 joint and «-Fe was found in the W/Fe/EUROFER97 joint [134].
Jung et al. [8] explored a HIP process to join tungsten and ferritic martensitic steel with
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Ti interlayers. HIP was conducted in two steps, 900 °C with 100 MPa for 1.5 h and then
750 °C with 70 MPa for 2 h, where the first HIP step was for diffusion bonding of different
interlayers and the second step was a tempering process of the steel. No diffusion layers
were observed in the W /Ti interface, but a diffusion layer formed continuously in the Ti
foil/steel interface. This diffusion layer was assumed to be consistent with FeTi, Fe;Ti,
and x-phases (Fe;7CryTis). Chen et al. [135] investigated W /Fe diffusion bonding with
Ti foil (Ti-f) and Ti powder (Ti-p) using spark plasma sintering (SPS). Ti-F was found
to be more suitable as an interlayer compared to Ti-P. The bond using Ti-F was also
found to be more thermally stable. Intermetallic FeTi was found in the Ti-F/Fe interface.
Wang et al. [17] explored W /P91 steel with a Ti interlayer using HIP. Bonding in the Ti/W
interface was limited due to residual stress concentration. Also, according to Hume-Rothery
rules, elements with the same crystal structure will have appreciable solid solution [136].
Tungsten has a BCC crystal structure, and at 760 °C, Ti exhibits a hexagonal closed packed
(HCP) structure («-Ti). So, according to the Hume-Rothery rules, BCC-structured tungsten
has limited diffusivity in HCP-structured titanium and, therefore, only a short diffusion
distance was observed. However, note that beyond 880 °C, Ti has a BCC structure and,
therefore, is fully soluble into tungsten. This means that for a diffusion bonding between
tungsten and titanium performed at 880 °C or a composition where tungsten composition
with titanium is kept below 10 wt%, it will produce a solid solution interface with BCC
structure. Wang [17] also found a minimum shear strength of 225 MPa and fracture took
place in the W/Ti interface. High hardness values in the interfaces are due to solid solution
strengthening resulting from the atomic interdiffusion. Oxide dispersion-strengthened
(ODS) steel was also considered by Noto [137] to bond with tungsten using a V-4Cr-4Ti
interlayer. Ti was used in between ODS steel and V-4Cr-4Ti to inhibit the formation of
the o phase with the exception that low diffusivity of V in Ti would retard the migration
of V into the steel side. Adjacent to the Ti layer, an Fe,Ti compound formed, but with
aging treatment, it was determined that Fe,Ti does not have a detrimental effect on the
bonding strength.

BCC +FCC + LAVES

FCC + LAVES

7Am— — A A A A
0 10 20 30 40 50 60 70 80 90 100
A Mass percent Ni

Figure 7. W-Ni-Fe phase diagram at 600 °C calculated from TEFE9 database in Thermo-Calc.
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Table 4. Diffusion bonding between tungsten and steel with Ti interlayer from the literature.

Bonded Materials Interlayer Bonding Parameters Mechanical Properties Microstructural Properties Ref.
Max shear strength Diffusion path: Ti/ o-
W with F82H steel Ti 850-950 °C, 1 h, 10 MPa 113 MPa, highest hardness Ti/stabilized  Ti/FeTi + [132]
6.8 GPa FepTi + CrTi/ o-Fe /F82H
Phases such as Fe2Ti, TiC,
Hardness of Ti samples was and «Fe9.64Ti0.36 were

Two Fe-Ti thin

W -EUROFER97 lavers 1000 °C, 10 min 240 Hv and hardness of Fe found in both [134]
y sample was 120 Hv W /86FeTi/Eurofer 97 joint
and 86FeTi sinter
. . 900 °C, 100 MPa, 1.5 h Interface hardness Ti/F82H has a 200 um
W with F82H steel Ti and 750 °C, 70 MPa, 2 h 438-338 HV interface (8l
Typical microstructure of
. . s joining defects and pores,
W and Fe T f‘gi;‘d“i Ti 950 °C, 57 MPa, 5 min E;f;g;:‘g?cz‘ééﬁ\? interdiffusion between [135]
p W /Ti/Fe interface and the
presence of solid solution
Min shear strength 225MPa, Solid solution occurring
. . o hardness 3.4 and 4.6 GPa through diffusion caused
W with P91 steel i 760°C, 4h for P91/Ti and Ti/W increased hardness in Ti/W (17]
interface, respectively interface
ODS steel with . o Fracture strength of 260 Fe,Ti form in Fe/Ti
V-4Cr-4Ti Ti 1250 °C, 10 MPa, 1h MPa before aging interface [157]

From the binary phase diagram of Ti and Fe in Figure 9a, it is known that the solubility
of Fe in HCP Ti is very limited (<0.1 at%) and FeTi and Fe,Ti intermetallics form in the
interface when Ti and Fe are joined together, which contribute to the embrittlement of
the joint interface [138-143]. Particularly, FeTi is known to crack spontaneously when
subjected to thermal stress [144]. Formation of TisFe;Cr;5 was also reported in a welding
joint of a Ti alloy and stainless steel [145]. Formation of the o phase was also reported by
Chatterjee [146] for pure Ti and an austenitic steel bond at 850-950 °C for 1 h. The o phase
exhibits a tetragonal structure [147] and it is well known for decreasing the toughness [148].
It should be noted that the o phase also forms even without the Ti phase [149]. Moreover,
from Figure 9b, where a 600 °C isotherm of W-Fe-Ti is shown, it is clear that a solid solution
without the presence of intermetallic is impossible for the W-Fe-Ti system. However,
even though Ti has very limited solid solubility within BCC Fe, there are other possible
configurations where a BCC structure can be produced for an alloy system containing Ti.
For example, such a phase diagram is shown in Figure 9¢c, where a V-Cr-Ti 600 °C isotherm
is presented. The BCC marked area includes all the possible compositions of V, Cr, and
Ti which can maintain a BCC structure at 600 °C. One such composition that produces a
BCC structure can be integrated with tungsten and 9-Cr steel, both of which have a BCC
zone at 600 °C. Research conducted by Graning et al. [150] produced a transition structure
between tungsten and steel where V-4Cr-4Ti was used as an interlayer in between tungsten
and VCrAl to produce a smooth transition between tungsten and steel.

From a standpoint of neutron activation, Ti is a suitable element to be used in transition
materials for fusion reactors [102], which makes it a potential candidate fusion reactor
material [151]. However, some concerns remain due to tritium sequestration in Ti alloys
resulting from high hydrogen solubility, and these should be taken into account for design
considerations of fusion reactors [152].

5.4. Vanadium Interlayer

In Table 5, a few studies were summarized where vanadium was used as a single or a
part of multiple interlayers while joining tungsten and steel. Vanadium can be a potential
interlayer between tungsten and steel because of the high miscibility of V with W and Fe
over a wide range of temperatures [18]. Basuki et al. [153] used V as an interlayer to join
W with EUROFER97 reduced-activation ferritic steels through diffusion. A 4 um brittle
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o phase was found at the steel/V interface and another carbide layer (presumably V,C)
of a thickness of 6 um was also found on the V side near the same interface. The carbide
layers exhibited a high hardness value peaking at 14 GPa. The Charpy impact energy of
the joint was found to be relatively low (1.21 and 1.42 J/ cm? for room temperature and at
550 °C, respectively); for comparison, high-carbon steel has a Charpy impact energy of 66
J/cm? [154]. Fracture occurred in the carbide formation region. At 1050 °C, recrystallization
and grain coarsening occurred in the V interlayer. With the diffusion of V into steel, it was
assumed that decarburization occurred in the steel structure because of the high affinity of
carbon towards V, which results in a grain coarsening in the steel adjacent to the interface
and could be observed up to 280 pm from the interface. Another work of Basuki [155]
focused on the thermomechanical analysis of the W/EUROFERY7 diffusion bond with
a V interlayer which was subjected to thermal cycling between 350 and 500 °C under a
constant tensile stress of 70 MPa. For a higher number of thermal cycles, the increase
in interface region thickness was found to be negligible. However, the steel side lost its
martensitic structure and grain growth was observed as the number of cycles was increased
from 50 to 100 cycles. The Charpy impact energy for the interface was 2J, which is low
compared to typical Charpy impact energies of steels. The mechanical behavior of the
bonded sample was attributed to the combination of thin carbide layers, grain growth
prevention, and sufficient closure of pores in the mating surface. The work of Basuki and
Aktaa [156] focused on process optimization to reduce residual stress in the interfaces of
W-V-EUFROFERY? diffusion bonding. Temperatures of 700 and 800 °C were used to reduce
any kind of grain alteration of steel involving recrystallization and grain growth. It was
found that the lower temperature reduced the residual stress in bond interfaces and limited
the diffusion of carbon from the steel side to the V layer, which consequently lowered the
thickness of the carbide layer. Superior ductility and impact toughness confirmed their
hypothesis. However, lower temperature could limit the vacancy diffusion process and
material transport is hindered in the interface, inhibiting the sintering of pores, especially at
the W/V interface because of the low diffusivity of associated elements [157,158]. Increasing
the bonding time from 1 h to 4 h seemed to improve the bonding while allowing a marginal
growth of the carbide layer [156].

Figure 8. Scanning electron micrograph showing the cross-section of the diffusion-bonded tungsten
and F82H steel with Ti interlayer annealed for 1 h. Reprinted from Ref. [132], 2010, with permission
from Elsevier.
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Figure 9. (a) Fe-Ti phase diagram calculated from TEFE9 database in Thermo-Calc. (b) Ternary phase
diagram of W-Ti-Fe at 600 °C calculated from TEFE9 database in Thermo-Calc. (c) Ternary phase
diagram of V-Cr-Ti at 600 °C calculated from TEFE9 database in Thermo-Calc.

Table 5. Diffusion bonding between tungsten and steel with V interlayer from the literature.

Bonded Materials Interlayer Bonding Parameters Mechanical Properties Microstructural Properties Ref.
W with 17Cr Ferritic . ° . NizV, Ni,V, Ni» V3, and NiV3

steel V/Ni 1050 °C, 1 h, 10 MPa Tensile strength 362 Mpa formed in the Ni/V interlayer [119]

- o RT joint property: UTS = 207 MPa, Y. phase on steel side and V>C on
W-Eurofer97 v 1050 °Cfor 1,3, and 4 h av =1.21]/cm?, V side of the Fe/V interface (153]

z T=700°C, 4h, 10% creep YS = 324 MPa, Charpy Impact Thin VC layer formed, growth of
W-Eurofer97 v strain rate on EUROFER97 side energy at 550 °C =2.01] « close to interface after 100 cycles [15]

. o 291 MPa (550 °C) and 332 MPa Formation of VC, higher
W-Eurofer97 A\ 700, 800, 1050 °C for 1 h, 700 °C (RT), elongation to fracture 20%, temperature reduces the thickness [156]
for4h
Charpy energy 2 ] of VC

As it can be seen in Figure 10a, full miscibility exists between Fe and V when the
V concentration is kept below ~18 wt%, while a fully BCC region exists in the W-V-Fe
600 °C isotherm as shown in Figure 10b [18]. Due to the high range of miscibility in the
phase diagram, it is possible to choose a wide range of compositions including V as an
interlayer between tungsten and steel. However, just one single layer of a V interlayer is
not enough to reduce mechanical property gradient between tungsten and steel. This is
because the difference in the coefficient of thermal expansion between tungsten and steel
is very high and just one interlayer without any graded composition is simply not going
to reduce enough of the mechanical property gradient to accommodate stress resulting
from thermomechanical loads in service conditions. One possible approach could be to
choose multiple layers of V-based alloys. This was shown by Graning [150] where V-Cr-Ti
and V-Cr-Al were used as two interlayers which maintained a fully BCC structure in a
temperature range from 600 °C to 1150 °C
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Figure 10. (a) V-Fe phase diagram calculated from TEFE9 database in Thermo-Calc. (b) W-V-Fe 600
°C isotherm ternary phase diagram calculated from TEFE9 database in Thermo-Calc.
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V has been used as an element in steel because of the formation of V (C,N) precipitates
which give rise to superior creep properties at high temperature [159]. V also shows a
high-temperature strength and excellent thermal stress factor [160]. V is also a potential
material for fusion reactors from an activation perspective and because of its favorable
mechanical properties [102]. In a recent publication by Gréaning [150], V-4Cr-4Ti was used
as an interlayer in a novel W-steel transition design where a solid solution (without the
presence of intermetallics) was reported. In terms of suitable transition materials, this is a
very encouraging result.

5.5. Other Diffusion Bond Configurations

Elements like aluminum and niobium [161-163] have also been investigated as in-
terlayers to join tungsten and steel. Basuki [161] reported the use of a Nb interlayer in a
tungsten/ EUROFER97 bond where intermetallic Nb,C and NbgCs were observed and a
relatively low room temperature impact energy of 1.5 ]/cm? was reported. The use of Nb
in fusion reactors is also prohibitive due to high activation [102]. In reduced-activation
ferritic martensitic steel, Nb is replaced by Ta due to this high activation of Nb [20]. The hot
isostatic pressing co-sintering method was used by Zhu et al. [164] where a tungsten alloy
with a steel composite was fabricated. The tungsten interface was found to be the weakest
link of the structure. Intermetallics found in this interface were n-carbides that contain
FesW3C and Feg W C with thicknesses ranging from 4 to 6 um and a Laves phase (Fe, W).
Another study where hot isostatic pressing was also used was performed by Liu et al. [165],
where a 93W-4.9Ni-2.1Fe alloy and 30CrMnSiNi2A steel were bonded through diffusion.
Intermetallic Fe;W¢ was formed in the interface of the tungsten/steel zone. The reported
average tensile strength was ~310.5 MPa and elongation was 8.6%. Another study with
a fast sintering process to join functionally graded iron and tungsten was performed by
Heuer et al. [166], where the synthesized tungsten/iron joint was subjected to temperatures
of 300 °C, 500 °C, and 800 °C for up to 72 h. In all annealing conditions, the presence of
Fe;Wg was reported. Composite interlayers have been used to produce hybrid bonding
of tungsten/steel as reported by Yang et al. [167], where Ni from the composite interlayer
agglomerated in the bonding zone and a shear strength of 263 + 7 MPa was reported.
High-entropy alloys have also been considered in different studies to be used as interlayers
while joining tungsten and steel, like in [168], where a CrFeCoNiCu high-entropy alloy
interlayer was used to bond tungsten alloy/steel through diffusion bonding, and [169],
where an FeCICrNi high-entropy alloy was used for joining tungsten and China Low
Activation Martensitic (CLAM) steel through vacuum diffusion bonding. Other interlayer
like NiFeW [170] was also used to join tungsten to 30CrMnSiA steel. Self-passivating
W-Cr-Y was joined with P91 steel by hot isostatic pressing, which was reported by Sal
et al. [170]. Current-assisted sintered bonding was considered by Ganesh et al. [171], where
a tungsten—steel joint was synthesized through plasma spraying to produce the graded
structure. In the same study, current-assisted spark plasma sintering was also used to
produce the graded W/V /75W /50W /25W /steel structure. The plasma spraying method
yielded a very limited thermal conductivity that ranges between 15 and 25 Wm~!K~1.
Some other numerical-based simulation studies were conducted while bonding tungsten
and steel. Lu et al. [172] explored a tungsten—steel joint processed through hot isostatic
pressing, where experimental investigations and first principle calculations were leveraged
together to investigate the bonding interface. Crack initiation in the joint under loading
conditions has been explored through the presence of intermetallics within the interface.
On the other hand, numerical simulation was leveraged by Chen et al. [173] to explore
resistant welded WC-10Co/B318 steel joints and the simulated result was complemented
with the experimental values captured through a high-velocity camera. The major appli-
cation for tungsten-steel joining is fusion reactor applications, and efforts from Grammes
et al. [174] were dedicated to the exploration of tungsten and reduced-activation EUROFER
steel joined through the vacuum plasma spraying method. This study was more focused
on the design aspect and extensive microstructure and mechanical characterizations of
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the interfaces were not conducted. However, in this research, a successful design of a
cooling channel was implemented. Another research study focused on the design aspect
of the graded tungsten-steel joining of the first wall in fusion reactors that is subjected
to high heat flux [171]. Here, Ganesh et al. performed up to 200 thermal cycles and the
plasma spraying tungsten-steel joint with a vanadium interlayer survived until 3 MW /m?.
Some other studies where bonding was established in a tungsten—steel configuration were
conducted with additive manufacturing by Wei et al. [175] and friction stir welding by
Khedr et al. [176]. Some other studies reported different configurations of bonding with
either steel or tungsten but not both of them [38,44]. For example, a copper/steel dissimilar
bond was reported by Chu et al. [177], where diffusion of Cu into steel resulted in severe
cracking and the formation of Ni,Si intermetallic was found. Friction stir welding was used
by Joshani et al. [178] to produce a dissimilar joint of 7075 aluminum/AISI 304 stainless
steel. Here, the formation of FeAls, Fe3Si, FeAl, FeyAly3, and Fe3 Al,Siy intermetallics was
reported. Two similar RAFM steels were used by Wei et al. [179], where both steels were
joined through diffusion bonding with a temperature of 1050 C for 60 min and the pressure
ranged from 10 to 20 MPa. Higher pressure produced a better bond and a more ductile
fracture was reported, which is due to more disruption of oxide layers from the higher
pressure. Some other studies have been conducted where the bonding between tungsten
and steel was facilitated by a brazing process [177,180-185] and explosive diffusion bond-
ing process [186]. From all these studies, valuable information regarding the diffusion
characteristics of different combinations of elements can be acquired. This knowledge can
be used to find a suitable configuration of interlayers for tungsten and steel that would
produce a gradual mechanical property transition without forming brittle phases in the
interfaces. It should be noted that formation of secondary phases or precipitates in a
designed alloy system is often welcomed because high-temperature creep strength can
be generated from appropriately dispersed high-density fine precipitates [187]. Problems
arise when the secondary phases start to coarsen and delamination takes place in the
interface of secondary phases and bulk phases due to stress concentrations, degrading
the mechanical properties of the materials. Utilizing thermodynamic phase stability tools
such as Thermo-Calc is valuable for designing an alloy system that can produce optimized
mechanical and microstructural properties in the intended service conditions.

6. Discussion

The process of joining dissimilar materials holds significant importance across diverse
industrial domains. Industries spanning the automotive, power, aerospace, transportation,
and construction sectors necessitate the joining of different materials, including metals,
steels, composites, polymers, thermoplastics, and so on [1,188-191]. Solid-state bonding
offers a distinct advantage by facilitating the joining of dissimilar materials (particularly
those with large differences in melting temperature) without causing degradation of their
microstructure or mechanical properties resulting from very high temperature exposure
and/or melting. This is made possible by circumventing the non-equilibrium transfor-
mations that are typically associated with the fusion welding process. Here, different
configurations of tungsten and steel joining technologies were examined, utilizing a range
of bonding techniques such as spark plasma sintering (SPS), hot press furnace, diffusion
brazing, and plasma spraying. Apart from these techniques, some other solid-state bonding
techniques such as linear and rotary friction welding, friction stir welding [192], ultrasonic
welding [193], explosive welding [194], etc., are also available but have not been explored
extensively for the joining of tungsten and steel.

All the different bonding techniques come with different advantages and disadvan-
tages. For example, solid-state diffusion bonding with SPS can produce high joint strength
when sufficient diffusion takes place between dissimilar materials, but it comes with the
disadvantages of long processing time and a limited capability of producing complex
shapes and structures [195]. Hot press furnace systems can produce uniform bonding
with a homogeneous microstructure between dissimilar materials with the application
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of uniform pressure, but they can be undesirable due to high equipment cost, limited
bonding area, and extended processing time [196]. The unique advantage of the plasma
spray bonding technique is the versatility, thickness control, enhanced wear resistance,
thermal barrier properties, and superior bond strength, but porosity within bonding region,
coating thickness variation, and higher cost should be taken into account when considering
plasma spraying for the application of joining dissimilar materials [197]. On the other hand,
diffusion brazing can also produce high-strength joints and is a relatively low-temperature
process because of the typical lower melting temperature of filler materials, but thickness
control is challenging due to the presence of sufficient filler materials and diffusion brazing
comes with associated complexity because of the interaction between the filler and base
materials [198].

Regarding diffusion bonding, the most important consideration is to establish atomic
diffusion through the mating surfaces. A homologous temperature of >50% of the absolute
melting temperature is necessary to induce sufficient atomic mobility for this diffusion [68].
In order to ensure a strong bond between tungsten and steel, considering their signifi-
cant differences in mechanical properties and the tendency to form brittle intermetallic
compounds, the incorporation of interlayers becomes crucial [199]. These interlayers play
a vital role in minimizing the mechanical disparities and preventing the occurrence of
embrittling phases during the bonding process [150]. For applications like fusion reactors
that face severe thermomechanical loads, careful interlayer design is essential [200]. It
involves creating suitable processing conditions to facilitate solid-state diffusion between
the interlayers, reducing the mechanical property differences and avoiding the formation
of brittle intermetallic compounds throughout the application’s lifetime. Additionally, for
high heat flux applications, the interlayers should possess sufficient thermal conductivity
to minimize potential structural melting [201].

Based on the review that has been conducted in Section 5, the experimental data
from different studies are very scattered and include a lot of different process parameters
in different joining techniques as well as different compositions of interlayers between
tungsten and steel. Several issues like the fracture of tungsten under pressure during
joining or the formation of brittle intermetallic and potential solutions to avoid these issues
were not scientifically explored. Further study on the fracture toughness in tungsten and
the formation of brittle intermetallic in the joint are of paramount importance, because
these factors can reduce the lifetime of structural materials significantly [202]. Furthermore,
the composition and configuration of the tungsten-steel joint, with or without interlayers,
were not formulated precisely using an accurate thermodynamic basis.

To ensure a successful bond and maintain the desired mechanical strength, durability,
and thermal stability required for demanding applications, careful consideration should
be given to the number of interlayers used. In light of the substantial differences in
mechanical properties between tungsten and steel, it has been suggested, based on the work
of Gréning [150], that using three interlayers could be an appropriate approach. This study
employed a dissimilar materials joining configuration involving W-VCrTi-VCrAl-FeCrAl
reduced-activation ferritic/martensitic steel. An image of this cross-section configuration is
shown in Figure 11. Through careful thermodynamic calculations, a fully body-centered
cubic (BCC) structure was achieved across the entire structure without the formation of
intermetallic compounds, for the temperature range of 1100 °C to 650 °C. This number
of interlayers helps minimize the mechanical property disparities while satisfying all the
above mentioned criteria, which are (i) the minimization of the difference in the coefficients
of thermal expansion, (ii) the elimination of the formation of brittle intermetallics, and (iii)
ensuring sufficient diffusion between layers to form a sound bond that can withstand load
expected in service conditions.

In the exploration of diffusion bonding, it is crucial to consider the fundamentals
of materials science. The design of the bonding process should align with the specific
requirements of the real-life application. For instance, if the application does not involve
neutron irradiation, interlayer configurations consisting of elements with longer half-lives
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can be considered. When selecting the materials to be joined, compatibility factors such as
crystal structure, lattice parameters, coefficient of thermal expansion, and chemical activity
should be taken into account. The interface reaction between interlayers is also a critical
consideration, as the nucleation of secondary phases at the interface can lead to smaller
grain boundaries, potentially compromising high-temperature creep strength. Adequate
surface cleaning is vital to prevent the presence of impurities, which result in weak bonds
and negatively impact the mechanical properties. Careful selection of bonding parameters,
including temperature, time, and pressure, is essential to achieve proper diffusion bonding
while avoiding recrystallization and grain growth that could adversely affect mechanical
properties. Additionally, attention should be given to the heating and cooling rates to
minimize any undesired non-equilibrium phase changes.

060

=

Figure 11. Cross-sectional view of tungsten steel transition layer with the insertion of VCrTi, VCrAl,
and FeCrAl interlayers, producing a total of four interfaces marked as 1, 2, 4 and 4. Reprinted from
Ref. [150], 2023, with permission from Elsevier.

In an industrial application, for example, aerospace, heat exchangers, automobiles,
power plants, etc., the joining technique has to be capable of producing high-performance
joints with acceptably short manufacturing time. This can be facilitated by the use of
thermodynamics and numerical modeling which can predict the onset of temperature-
induced defects, evolution of porosities, variation of phases and crystallinity, and even
thermal degradation of the joining surfaces [191]. The post-bonding joint has to undergo
comprehensive characterization under different temperatures to determine the time- and
temperature-dependent microstructural and mechanical properties. A robust design based
on process simulation tools would greatly advance the understanding of the joining tech-
nique and promote the development and optimization of the existing process [189,203].
There is a constant hunt for materials with high strength, robustness, performance, produc-
tivity, and sustainability. The development of novel processes or optimization of existing
processes for joining materials can contribute to the identification and maturation of such
high-performance materials. An increased understanding of basic bonding mechanisms is
necessary for this and more extensive studies need to be performed for a comprehensive
understanding of existing techniques. Furthermore, it is also imperative to devise new
testing methodologies to effectively evaluate the basic bonding properties and quality of
both new and existing technologies [1,42].

Acquiring comprehensive knowledge of failure mechanisms is crucial in the design
stage to prevent structural failures. This can be achieved through a combination of ad-
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vanced microscopy, microstructural characterization and mechanical testing, and numerical
modeling. Typically, thermal expansion mismatches, residual stress, etc., cause failure
during the short-term design phase. Formability gradients, bonding mechanisms, and heat
capacity differences are responsible for failure during the processing phase. Thermal and
mechanical load, corrosion, and phase changes due to aging cause failure during service
conditions [1]. For failure analysis, an important advancement can be achieved through
sensor-based monitoring and automated joint quality inspection. Combining all the knowl-
edge on different aspects of pre- and post-joining stages will facilitate standardization of
a joining technique, which is currently missing. There are no universally acknowledged
benchmarks in place for solid-state bonding techniques. While individual industries have
enhanced their internal process specifications, these refined measures remain inaccessible
for public employment [191].

7. Conclusions
The key findings and future work from the review paper are listed below:

i Using the CALPHAD approach, this review paper evaluated the joining between
tungsten and steel for direct bonding and bonding with an interlayer (titanium, copper,
nickel, vanadium, niobium, etc.) for fusion reactor applications.

ii ~ One recurring observation regarding the suitability of prospective interlayer configu-
rations is their propensity to form brittle intermetallic phases at the joining interface,
which can generally be linked to degradation of mechanical properties of the joint. To
tailor the diffusion bond process, it is recommended to determine interlayer composi-
tion and configuration through thermodynamic calculations to prevent embrittling
phases and minimize property gradients.

iii ~ Variations in process parameters, surface treatments, and specimen geometry among
different studies present challenges in objectively comparing results. Moreover, lim-
ited availability of mechanical testing data on bonded interfaces hinders drawing
firm conclusions on the most promising interlayer approaches. Biases in reporting,
heterogeneity in study designs, and limited validation and reproducibility impact
the overall reliability and applicability of the research. To address these limitations,
researchers should acknowledge the implications and promote data sharing, use stan-
dardized protocols, and conduct rigorous statistical analyses to enhance credibility
and relevance in real-world scenarios.

iv. The thermodynamic-based approach for solid-state bonding design between tungsten
and steel is applicable beyond the nuclear field, extending to industries with extreme
environments like high-temperature stress. This review paper’s approach may guide
future researchers in addressing challenges when joining dissimilar materials for
practical engineering applications.
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