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A B S T R A C T :

Oxide dispersion strengthened(ODS) steels and W play an important role in plasma facing components(PFCs).
However, complex multi-material structures in PFCs are manufactured by assembling discrete components using
conventional techniques and subsequently fused together by a welding process, which creates weak interface
zones with limited performance. In this study, a W/ODS-316L multi-material structures were integrally fabri-
cated utilizing the laser powder bed fusion (LPBF) methodology. The study delves into the examination of
interfacial diffusion characteristics, the underlying interfacial bonding mechanism, and the mechanical prop-
erties of the fabricated structures. The results showed that a good metallurgical bond in W/ODS-316L multi-
material interfaces was attributed to Marangoni convection and the development of a keyhole during the forming
process. These phenomena induced intensive elemental diffusion across the interface, resulting in a robust
metallurgical bond. Furthermore, the presence of Y elements in the molten pool led to their attachment to the
surface of un-melted W powder due to Marangoni convection. It caused abnormal diffusion of Y elements to-
wards the pure W side of the interface. The Y element reduced the proportion of large-angle grain boundaries
(LAGBs) of W close to the interface, from 36.44% to 18.90%, which further inhibited the initiation and extension
of cracks. And the interfacial bonding strength reached 130.42 ± 3.27 MPa. Finally, the effect of W/steel
composition gradient on the bonding phenomenon could provide a reference for the composition design and
regulation of the bonding effect at multi-material interfaces. The utilization of LPBF technology for fabricating
W/ODS-316L multi-material structures presents an alternative viable approach for PFC preparation.

1. Introduction

The development of high-performance plasma facet materials
(PFMs) constitutes one of the most pressing and formidable challenges in
the realization of commercial fusion reactor materials [1,2]. Tungsten
(W) stands out as a promising candidate for the plasma-facing compo-
nent (PFC) in fusion reactors due to its low physical sputtering erosion
yield, high melting point, exceptional thermal conductivity, and mini-
mal retention of radioactive tritium (T) and other hydrogen isotopes
from the plasma fuel [3–5]. However, pure W exhibits brittle and hard
properties, rendering it unsuitable as a structural material [6,7].

Consequently, the concept of integrating PFMs with structural materials
to create strongly bonded multi-materials has been proposed to expand
the freedom in structural design [8].Oxide dispersion-strengthened
(ODS) steel, characterized by nanoscale oxide particles homogeneous-
ly dispersed in a steel matrix, has emerged as a reference structural
material for fusion nuclear reactors, thanks to its outstanding high-
temperature mechanical properties, corrosion resistance, and resil-
ience to irradiation swelling [9,10]. Therefore, the key to enhancing the
potential of W in PFC-related applications lies in the design and fabri-
cation of W/ODS steel multi-materials that possess a high-strength and
high-precision joint at the interface between W and ODS steel.
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A multi-material component comprises multiple materials distrib-
uted within a single part, allowing the integration of structures and
functions to achieve customizable properties (e.g., local wear resistance,
high thermal conductivity, thermal insulation, chemical corrosion
resistance) at predefined locations within the component [11]. Tradi-
tionally, the creation of multi-material components from two or more
dissimilar metals is typically achieved through processes like diffusion
bonding [12,13], brazing [14], friction stir welding [15], and explosion
welding [16], among others. Nevertheless, these conventional bonding
techniques encounter limitations when manufacturing parts with intri-
cate geometries. For instance, explosive welding and diffusion bonding
necessitate mating materials with flat and congruent surfaces. While not
restricted by material shapes, brazing and other welding methods face
challenges when dealing with components featuring complex internal
structures, substantially restricting design flexibility for many parts that
require multi-material connections [17,18].
Recently, emerging additive manufacturing (AM) technologies have

provided increased design freedom for fabricating parts with complex
geometries, thanks to their layer-by-layer construction capabilities [19].
Laser powder bed fusion (LPBF), a prominent method in metallic addi-
tive manufacturing, has made significant advancements in producing a
variety of multi-material components, such as Cu/Fe [20–23], Ni/Cu
[24], IN718/316 L [25], NiTi/Ti6Al4V [19],WC-Co/Fe [26,27] and
more, establishing a robust theoretical foundation for multi-material
printing. Simultaneously, there has been in-depth research on the
printing of refractory metal W [28,29] and ODS steel [30,31]. Tan [28]
et al. designed and experimentally optimized parameters based on
theoretical calculations to produce W with a relative density of 98.50%
using LPBF equipment with optimized process parameters. The formed
W displayed minimal spheroidization and macro-cracking, though a
small amount of micro-cracking remained present in the build direction.
Hu [32] et al. investigated the effect of adding nano- and micro-sized
Y2O3 to pure W printing and found that introducing nano-sized Y2O3
reduced the formation of cracks resulting from numerous low-angle
distorted W grains. Zhong [30] et al. successfully fabricated dense
oxide dispersion-strengthened ODS-316 L steel with different Y2O3 ad-
ditions using LPBF technology. In general, bimetallic material systems
can be categorized as homogeneous and inhomogeneous based on the
compatibility of the two metallic materials, and the W/ODS steel
bimetallic material system is immiscible and inhomogeneous. During
the additive manufacturing of immiscible dissimilar metals, the forma-
tion of brittle intermetallic phases, induced stresses and defects in the
interfacial region is inherent [33]. Zhou [34] et al. identified the pres-
ence of Fe2W and Fe7W6 intermetallic compounds within the interfacial
region of W/316 L multi-material joints, fabricated using the selective
laser melting (SLM) process. In a related study, Wei [35] et al. observed
the propagation of cracks towards the tungsten side within the interfa-
cial zone of W/316 L multi-material structures produced via LPBF. To
address these challenges, Jiang [36] et al. introduced magnetron-
sputtered Y2O3 as a nucleating agent at the W/low activation steel
interface, and found that the addition of Y2O3 dispersed the precipitated
FeW phase more uniformly, effectively inhibiting the formation of
cracks caused by the precipitation of coarse FeW phase. Wei [35] et al.
investigated the W/316 L stainless steel sandwich structure using LPBF
and found that the high melting energy of W caused dense liquid W to
flow into small cavities, sinking into the liquid SS and ultimately
embedding itself in the SS matrix, resulting in a robust metallurgical
bond between W and SS at the interface. These studies shed light on the
potential for printing W on ODS steel and doping Y2O3 into ODS steel,
offering solutions to mitigate the CET and the formation of brittle in-
termediate phases at the interface.
In this study, W/ODS-316 L multi-material structures without

obvious defects were successfully fabricated by LPBF. The multi-
material interfacial bonding mechanism was established through a se-
ries of characterization tests, and the effects of Marangoni convection,
keyhole and solid-state diffusion on the diffusion path of element Y were

systematically investigated. The results of this study are useful for un-
derstanding the multi-material interfacial bondingmechanism, and lay a
solid foundation in the development of functional plasma face materials
of nuclear fusion.

2. Experimental materials and procedure

2.1. Materials

The raw powders of spherical pure W (D50 = 37.2 μm) and 316 L
stainless steel (D50 = 30.9 μm) were prepared by gas atomization, as
shown in Fig. 1.W powder is screened through a 500 mesh sieve before
being put into use.The chemical compositions of 316 L and pure tung-
sten obtained by ICP experiments (Agilent ICPOES730) are shown in
Tables 1 and 2, respectively. The spherical Y2O3 powder purity was
99.999% with average particle size of 800 nm (Zhejiang Manli Nano-
technology Co., Ltd., China). A composite powder comprising 316 L
stainless steel and Y2O3 was synthesized through the blending process
conducted in a planetary ball mill, adhering to the nominal weight ratio
of 316 L-1% Y2O3, resulting in the formation of ODS-316 L material. The
milling operation employed 316 L stainless steel balls as the grinding
medium, with a ball-to-powder ratio of 2:1, and was conducted at a
rotational speed of 250 rpm/min for a duration of 2 h. The impact of ball
milling is illustrated in Fig. 2, demonstrating uniform Y2O3 adherence to
the surface of the 316 L powder. ODS-316 L blocks were fabricated
through LPBF utilizing the synthesized composite powders.

2.2. LPBF process

In this experiment, the SLM-Solution 125 (Germany) machine was
used to fabricate the multi-material structures. For the fabrication of W
and ODS-316 L multi-material structure, the forming parameters for
ODS-316 L were first optimized, followed by forming W above the
optimized ODS-316 L steel. The forming parameters for the ODS-316 L
composite were referenced from the parameters used for 316 L formed
by using the SLM-Solution 125 machine [34]. After optimization, the
final parameters for ODS-316 L were determined as follows: laser power
of 320 W, scanning speed of 700 mm/s, scanning spacing of 0.12 mm
and layer thickness of 0.05 mm. Given the immiscibility of W and ODS-
316 L, which predisposes them to pore and crack formation [33], our
approach focuses on mitigating defects within the W/ODS-316 L inter-
face by meticulously optimizing the parameters governing W formation.
According to our previous study [34], the scanning space was fixedly set
to 0.1 mm, the layer thickness was 0.03 mm, and the parameter com-
bination of laser power and scanning speed for W is shown in Fig. 4a.
The oxygen partial pressure of the chamber was kept below 300 ppm
and the substrate is preheated to 200 ◦C during the LPBF process. The
same Z-scanning strategy, i.e., interlayer rotation of 67◦, was used for
the formation of both W and ODS-316 L, as shown in Fig. 3a. The di-
mensions of both W and ODS-316 L blocks were 10 mm × 10 mm with a
height of 2 mm, as shown in Fig. 3c. The dimensions of the tensile test
sample and the actual tensile sample are shown in Fig. 3b and Fig. 3d,
respectively.

2.3. Characterization

The formed samples were cut using an electrical discharge numerical
control wire cutting machine.The density of the as-fabricated specimens
was determined by both image analysis method using optical micro-
scopy(OM) and the Archimedes method [28]. The density is measured
using the Archimedes method by repeating each sample three times and
taking the average, while the density is measured using the optical mi-
croscopy method by photographing the same size interface and counting
the defects in the image to calculate the density. The densities calculated
by the above two methods are averaged to represent the density of the
sample.Subsequently, the cut samples were embedded and sequentially

Z. Xie et al.
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ground on a grinder using 220, 500, and 1200 mesh diamond grinding
discs, followed by polishing with 0.5 μm diamond polishing fluid and
0.25 μm alumina polishing fluid. Optical micrographs were obtained by
using an Axio Imager A2m optical microscope (Zeiss, Germany). The
surface morphology and element distribution of the samples were
analyzed by a scanning electron microscope (SEM, Zeiss Sigma 300)
equipped with an Oxford X-Max energy-dispersive X-ray spectroscopy
(EDS) analyzer. The nanoindentation and elastic modulus of different
regions of the interface were obtained by using a Hysitron TI 950
(Hysitron, USA). Three points of data were taken from different regions
of a specimen's multi-material interface and then averaged to represent
that region. The interface phases were analyzed using the Oxford
STMMETRY electron backscatter diffraction (EBSD) detector, and data
were obtained using AZtecCrystal analysis. After slicing and grinding the
samples to a thickness of 50 μm, the samples were thinned to <100 nm
using ion thinning and then characterized using a transmission electron
microscope (TEM, FEI Tecnai G2 F30).Nano-indentation and elastic
modulus characterization were performed using a Keysight Nano
Indenter G200 (Keysight Technologies, USA). Tensile test specimens
were cut using wire cutting, along the direction of multi-material block
building. Tensile tests were conducted using a universal testing machine
(GOTECH TCS-2000) at a rate of 1 mm/min. Three samples were tested
in this direction.

3. Results

3.1. The optimization process of parameters used for W/ODS-316 L
multi-material formed by LPBF

As shown in Fig. 4a, 25 multi-material samples were formed using
various parameter combinations. Upon visual inspection, there were no
warps, visible voids or cracks on the tungsten side of all the samples. The
effect of forming parameters on the relative density of W/ODS-316 L
multi-material was shown in Fig. 4(b). It is evident that a high-density
region appeared in all parameter combinations, marked by the red
area in Fig. 4 (corresponding to parameter combinations No. 12, No. 13,
No. 18, No. 19, No. 24, and No. 25), where the densities exceeded 99%.
Although this method may not provide highly precise measurements of
the true density, it effectively reveals the trend of density variation with
parameter changes to a certain extent.
To further investigate the influence of parameter variations on

interface bonding, the interface of each sample was observed under an
optical microscope (x-z or y-z plane parallel to the building direction).
Fig. 5 shows the optical micrographs of W/ODS-316 L multi-material
interface under different process parameters.The left side of each pic-
ture in Fig. 5 corresponds to W, and the right side of the picture corre-
sponds to ODS-316 L.From Fig. 5, it is evident that the defects at W/
ODS-316 L multi-material interface vary with the changes in process
parameters. The high-density region identified in Fig. 4 is outlined with
a red solid box in Fig. 5. Upon closer inspection of the interface defects
within this red box, it is found that the interfaces within this region
exhibit minimal or no prominent defects, mainly consisting of uniformly
distributed pores. However, outside the red box, interface defects
include noticeable micropores, collapsed voids, as well as cracks parallel
and perpendicular to the interface. This indicates that the parameters
within the high-density region of No. 12, No. 13, No. 18, No. 19, No. 24,

Fig. 1. Raw material powder morphology and particle size distribution: (a) SEM image of W powder and (b) 316 L powder; (c) particle size distribution of W powder
and (d) 316 L powder.

Table 1
The chemical composition of the 316 L powders used in this work.

Elements Cr Ni Mo Mn C Si O S P Fe

(wt%) 17.45 12.55 2.24 0.08 0.023 0.91 0.03 0.01 0.02 Bal

Table 2
The chemical composition of the W powders used in this work.

Elements W O C H N S

(wt%) Bal. 0.015 0.0023 <0.0005 <0.0005 <0.0005

Z. Xie et al.
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and No. 25 are the most optimal among all the parameters.
In order to fully evaluate the effect of different process parameters on

the multi-material bonding interface, the volumetric energy density
equation [37] is introduced to provide a comprehensive measurement,
which is defined as:

Eν =
P

ν • t • h (1)

where Eν is the laser volumetric energy input density (J/mm3), P is the
laser power (W), ν is the scanning speed (mm/s), t is the scanning
spacing (mm), and h is the layer thickness (mm).
The formation of defects is closely related to the volumetric energy

density variations. For instance, in the experimental sample No. 16, at a
laser power of 220 W and a scanning speed of 320 mm/s, numerous
incomplete melting voids and parallel cracks appeared on both sides of
the interface. However, keeping the scanning speed constant, as the laser
power increased from No. 16 sample with a volumetric energy density of

Fig. 2. Distribution of nano-Y2O3 on 316 L powders after ball milling process.

Fig. 3. (a) Scanning strategy of LPBF process; (b) dimension drawing of tensile specimens with non-standard; (c) schematic drawing of LPBF process of W/ODS steel
multi-materials structure; (d) pictures of real products corresponding to (b) and (c), respectively.

Z. Xie et al.
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229 J/mm3 to the No. 18 sample with a volumetric energy density of
271 J/mm3, the incomplete melting voids and cracks at the interface
disappeared, giving way to a well-bonded interface. Nevertheless, when

the energy density becomes too high, as seen in the No. 14 sample with a
volumetric energy density of 311 J/mm3, excessive molten pool tem-
perature could lead to evaporation of the pre-printed ODS-316 L,

Fig. 4. (a) parameter combinations of pure W; (b) the effect of forming parameters on the relative density of W/ODS-316 L multi-material.

Fig. 5. Optical micrographs of W/ODS-316 L multi-material interface (W on the left and ODS-316 l on the right side of the images).

Z. Xie et al.
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forming keyholes [38]. Additionally, due to the small keyhole aperture,
molten W, with high dynamic viscosity, fails to fill in promptly [39],
resulting in the formation of collapsed voids during the solidification of
the liquid metal, as demonstrated in the No. 14 sample. Moreover,
during solidification with a large temperature gradient, a large amount
of residual stress is gathered around the voids, so that a large number of
cracks can be generated at the sharp edges of the voids, severely
damaging the interface (as seen in the No. 14 sample). Furthermore, the
high energy density required for forming pure tungsten results in a
narrow parameter window. Even within a reasonable volumetric energy
density range, the relatively low scanning speed for forming the multi-
material interface with pure tungsten leads to increased molten pool
depth and larger keyhole apertures [40], resulting in the formation of a
series of voids parallel to the multi-material interface (as seen in samples
No. 1, No. 6, No. 7). Additionally, we also considered the issue of
keyhole recoil stress that may occur when re-melting pre-printed ODS-
316 L at high energy densities [41], as well as the continuous parallel
cracks at the connection between the multi-material interface and pure
tungsten side. Therefore, considering the comprehensive analysis, the
ideal parameter combination should be within the energy density range
of 267 J/mm3 to 294 J/mm3, and the scanning speed should be >300
mm/s (as indicated in the red area in the figure). Accordingly, consid-
ering the actual situation of forming pure tungsten in this setup, the
determined parameters for forming the multi-material with pure tung-
sten on one side are P = 260 W, v = 320 mm/s. The final forming pa-
rameters for W/ODS-316 L multi-materials are presented in Table 3.

3.2. The interface microstructure of W/ODS-316 L multi-material

3.2.1. Interfacial element diffusion
Though rapid solidification (103–108 K s− 1) [42,43]happens during

LPBF process, elemental segregation, diffusion and formation of new
phases remain occurring unavoidably within transient molten pool
driven by thermodynamic factors. To reveal the element distribution of
W/ODS-316 L bonding interface, an SEM image (Fig. 6a) of represen-
tative region with an area size of 800 μm × 600 μm (x-z plane) was used
to analyze the matrix element distribution of W, Fe and the doping
element of Y by EDS mapping. According to Fig. 6a, nearly unmolten
pure W powder particles were found to loosely distribute at the front
outer edge of the initial printed several layers of pure tungsten and
penetrated into the ironmatrix, occupying approximately 300 μm length
along the z direction. The density of powder piling up showed an in-
crease trend along the building direction. Fig. 6b-6d showed the distri-
bution of Fe, W and Y, respectively, where an interesting phenomenon of
abundant Y element diffusing and transferring from original solidified
iron matrix to following as-fabricated tungsten matrix was observed as
depicted by Fig. 6d. To further explain this, EDS line scanning (Fig. 6e)
with a scanning line length of 400 μm was conducted in Fig. 6a as
marked with a yellow line, and the line went through three distinct re-
gions, which were W matrix layer (named as Region “I”), W/ODS-316 L
bonding interface (named as Region “II”), and ODS-316 L matrix layer
(named as Region “III”), respectively. Based on the significant change in
Fe content, the thickness of Region II can be estimated by the distance
between line ‘P1’ and ‘P4’, which was measured approximately 240 μm.
Metallurgical bonding was found at the interface of as-fabricated W/
ODS-316 L because the typical metallurgical diffusion zone was detected
according to the appearance of Cr near line ‘P1’ within Region I, which

was mainly attributed to ‘Marangoni’ convection occurring at re-melted
micro-molten pools [23]. Furthermore, the content curve of Y supported
the result of EDS mapping as an unexpected diffusion phenomenon of Y
element segregating and accumulating on the surface of W powder
particles and few Y could be detected at iron matrix.
Upon further observation at the interface, it was noticed that there

was a sinking layer of W (indicated by the red dashed ellipse in Fig. 7(a))
in Region II, near the side of Region I, with a width of approximately
100 μm and a height of about two layers of deposited W (around 60 μm).
It was evident that the submerged W layer was mixed with some un-
melted W powders, and only a small amount of ODS-316 L matrix was
distributed above this submerged layer. This phenomenon is likely
caused by the fact that the ODS-316 L near the multi-material interface
was mostly covered byW, and only a small amount of ODS-316 L was re-
melted and floated up during subsequent high-energy-density W print-
ing when several layers of W were printed on the already formed ODS-
316 L. Furthermore, tungsten diffusion into the re-melted ODS-316 L
was observed in Region II, near the side of Region III. To investigate this
diffusion phenomenon, a magnified observation of the region within the
red dashed box in Fig. 7(a) was performed to obtain Fig. 7(b).
Combining its EDS maps (Fig. 7(c)-(g)), it was evident that the diffused
W element was distributed around the un-melted W powders, diffusing
towards the re-melted ODS-316 L matrix in a ‘smoky’ diffusion manner
[44].
As described before, an abnormal phenomenon that the un-melted

tungsten powders found in Region II and the tungsten layer in Region
I (indicated by the black dashed box in Fig. 6e and Fig. 7g, respectively)
exhibited higher Y element content compared to Region II with re-
melted ODS-316 L matrix and ODS-316 L matrix in Region III. In this
study, where element Y was added only to the 316 L stainless steel
powder, the theoretical concentration of element Y at the interface is
expected to decrease in a gradient from the ODS-316 L matrix to the W
matrix, according to the diffusion of the element concentration from
high to low. However, the actual concentration of Y was found to be
contrary to the expected concentration gradient. The influence of this
abnormal diffusion on the multi-material interface will be further
explored in discussion.

3.2.2. Phase analysis
Our previous work has identified that W/316 L multi-material in-

terfaces spontaneously produced μ-Fe7W6 and λ-Fe2W intermetallic
compound phases during LPBF process [34]. Though the addition of
Y2O3 plays scant role in reaction with tungsten matrix or iron matrix due
to its thermodynamic stability, the ultra-high temperature of LPBF may
provide Y2O3 with atomic driving force to cause lattice distortion and
introduce solid solution atoms to produce new solid solution strength-
ening phases. Fig. 8 shows the TEM results for the LPBF-fabricated W/
ODS-316 L multi-material interfaces. SEM image (Fig. 8a) showed that
obvious Y2O3 nanoprecipitations diffusely distributed in matrix. In the
bright-field image (Fig. 8b), high-density dislocation tangles and uni-
formly distributed nano-precipitates were observed, and dislocation
tangles were concentrated around nano-precipitates. The size of gray–-
white nanoprecipitates were further measured to be approximately 50
nm to 100 nm. EDS results (Fig. 8c and Fig. 8d) indicated the gray–white
precipitate (marked by a red dotted circle) was turned out to be a Y- and
O-rich nanoprecipitate. The selected area electron diffraction (SAED)
pattern (Fig. 8e) identified it as the Y2O3 phase with a polycrystalline
structure. Therefore, Y2O3 was considered to be partly or entirely melted
under ultra-high temperature of LPBF with its particle size reduced from
800 nm to 50-100 nm. Moreover, the edges and centers of Y2O3 nano-
precipitates exhibited different colors, and there were differences in
elemental distribution (indicated by the red dashed circle in Fig. 8d),
suggesting the presence of other phases at the edges of these nano-
precipitates. FFT (Fast Fourier Transform) and inverse FFT trans-
formations of the high-resolution TEM (HRTEM) images were further
used to determine the lattice spacing of selected edge region (indicated

Table 3
The forming parameters of W/ODS-316 L multi-material fabricated by LPBF.

Forming parameters ODS-316 L W

Laser power (W) 320 260
Scanning speed (mm/s) 700 320
Scanning space (mm) 0.12 0.1
Layer thickness (μm) 50 30

Z. Xie et al.
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by the yellow frame in Fig. 8f), which was measured to be 2.11 Å, cor-
responding to the (− 202) crystal plane of Y2Si2O7. During solidification
Y3+ ions were generated from the decomposed Y2O3 nanoparticles in Fe-
based alloys with low solubility [45]. The accumulated Y3+ ions were
uniformly dispersed in the matrix. Y2O3 consists of two parts, one part of
un-melted or partially melted Y2O3 nanoparticles and one part of Y2O3

generated by the reaction of Y3+ [46]. The incorporation of a minor Y
element content facilitates the dispersion and distribution of Si within
the material matrix [45]. Consequently, the residual Y3+ ions are
polarised with Si oxides to form Si-Y-O particle shells in the incipient
Y2O3 [47].Hence, the W/ODS-316 L multi-material interfacial bonding
strength might be enhanced based on high-density dislocation

Fig. 6. SEM images and EDS results of W/ODS-316 L interfaces: (a) representative SEM micrograph of W/ODS-316 L multi-material interfaces; (b)-(d) EDS maps for
Fe, W and Y; (e) element content change curve of Mo, W, Cr, Fe, Ni and Y acquired by EDS in Fig. 6a.

Fig. 7. SEM and BSE images of the multi-material interface under different resolutions and corresponding EDS mappings.

Z. Xie et al.
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strengthening originated from solid solution Y2Si2O7 phase and oxide
dispersion strengthening of Y2O3 nanoprecipitates.

3.3. Interfacial nano-hardness and elastic-modulus of W/ODS-316 L
multi-materials

To reveal the distribution of nano-hardness and elastic modulus of
W/ODS-316 L multi-material interfaces, nanoindentation testing was
carried out on the x-z plane where five representative regions have been
defined for better comparation and analysis. The region where un-
melted W powder and molten ODS-316 L are blended at the multi-

material interface, spanning approximately 500 μm in width, is
defined as theW→ODS-316 L interface. Adjacent to theW→ODS-316 L
interface on both sides, there are regions with an approximate width of
200 μm where elements can diffuse; these are defined as W near the
interface and ODS-316 L near the interface, respectively. In regions
distant from the W → ODS-316 L interface, where element diffusion is
not observed, a 500 μm-wide area is chosen for W, defined as W-top, and
a 500 μm-wide area is selected for ODS-316 L, defined as ODS-316 L
bottom. For each region, three measurement points were selected and
the obtained values were averaged to represent the final nano-hardness
and elastic modulus values for each particular region, as illustrated in

Fig. 8. TEM and EDS mapping images of nanoprecipitates and phases: (a) SEM of selected W/ODS-316 L interfacial region; (b) and (c) bright-field images; (d) EDS
mapping images (e) SAED pattern of nanoprecipitates; (f) HRTEM image of nanoprecipitates and the inset image shows the IFFT in corresponding region.

Fig. 9. Nano-hardness and elastic modulus of different regions in W/ODS-316 L multi-material interface.
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Fig. 9. The moderate nanoindentation hardness of 6.75± 0.34GPa at the
multi-material interface which fell into the range of W matrix (7.66 ±

0.12 GPa) and ODS-316 L matrix (5.90 ± 0.08 GPa). The distribution of
elastic modulus resembled nano-hardness and the elastic modulus of W
→ ODS-316 L interface (221.31± 7.93 GPa) also fell between the values
of W matrix (381.42 ± 12.65 GPa) and ODS-316 L matrix (178.12 ±

8.91 GPa). The brittle Fe–W intermediate phase nano-hardness is
higher than the nano-hardness of W and ODS-316 L. The above nano-
hardness data, on the other hand, indicate that the brittle Fe–W inter-
mediate phase does not exist at the interface of the various materials.
The intermediate values of nanoindentation hardness and elastic
modulus can be attributed to its combination of higher nano-hardness of
W and lower elastic modulus of ODS-316 L [35].

3.4. Tensile properties and fracture morphology of W/ODS-316 L multi-
materials

The direct fabrication of W/ODS-316 L composite tensile specimens
using conventional methods is notably challenging, leading to limited
reports on their tensile properties. Fig. 10 illustrates the tensile stress-
strain curves of W/ODS-316 L and W/316 L multi-materials. Prior to
fracture, all stress-strain curves followed approximately linear elastic
fracture characteristics with an elongation of 0.36± 0.03%, indicating a
typical brittle fracture mode. The tensile strength of W/ODS-316 L
specimen reached 130.42 ± 3.27 MPa, which represents a significant
improvement compared to W/316 L multi-material(96.67 ± 2.36 MPa).
This implied that the addition of Y2O3 improved the interfacial strength.
However, the ultimate tensile strength of the W/ODS-316 L specimens
remained noticeably lower than that of ODS-316 L material [30]. This
suggests that the limiting factor for enhancing the strength of W/ODS-
316 L lies not in tungsten itself but the quality of the interface bonding.
The TEM data presented earlier indicate the absence of any signifi-

cant Fe–W intermediate phase at the interface, or at most, the presence
of such phase in trace amounts that are difficult to detect. As a result,
interface strength is largely governed by the defects present therein. To
characterize this further, we selected one fractured specimen, and the
fracture morphologies are depicted in Fig. 11. Fig. 11a and e illustrate
the fracture surfaces of ODS-316 L and tungsten, respectively. From
Fig. 11a, it was evident that pores and un-melted W powders were
distributed throughout the fracture surface, with the size of some pores
even reaching approximately 50 μm (as seen in Fig. 11b). According to
the magnified images (Fig. 11c and d) corresponding to the white
dashed boxes B and C in Fig. 11a, cleavage steps and carbide/nitride
impurities were observed, respectively. Cleavage steps are considered
the feature of brittle fracture [48], while carbide/nitride impurities tend

to act as stress concentration sites during deforming, leading to pre-
mature fracture initiation and a significant reduction in yield strength.
The fracture morphology of W matrix (Fig. 11e) was similar to that of
ODS-316 L and there were more un-melted tungsten powders. Impor-
tantly, numerous cracks were observed on this fracture surface. Fig. 11f
presents a close-up view of the white dashed box D in Fig. 11e, revealing
that cracks initiated at the interfaces between the un-melted W particles
and the matrix and further propagated into the matrix.
Hence, the primary factors influencing interfacial fracture failure

encompass both interfacial defects and the presence of un-melted W
powder at the interface, elucidated through the specific mechanism
depicted in Fig. 11g. Despite parameter optimization efforts, the
immiscibility of W and ODS-316 L persists, resulting in residual pores
and microcracks at the interface. Under external loading, the weakening
bond between un-melted W powder and ODS-316 L gradually de-
teriorates, while concurrently, microcracks surrounding the un-melted
W powder and carbon/nitrogen compounds undergo rapid expansion
towards the ODS-316 L matrix, ultimately culminating in diminished
bonding strength at the W/ODS-316 L interface.

4. Discussion

4.1. Elemental diffusion analysis

There are compositional differences at the interface of heterogeneous
materials, and the sharp difference in composition promotes intense
diffusion of atoms at the interface. Printing high melting point tungsten
on the printed ODS-316 L materials is equivalent to introducing tungsten
element existing as raw tungsten powder particles in region II (as
described in Fig. 6) to the interface, which means that intense diffusion
of atoms occurs at the W/ODS-316 L multi-material interface. From
Fig. 6b, it can be seen that the diameter of the un-melted tungsten
powder is small, and the diffusion distance of 240 μm has exceeded the
diameter of the tungsten powder, so the diffusion appearing at the multi-
material interface can be explained by the unsteady state diffusion in
solid state diffusion (SSD) [35,49]. Based on Fick's second law, change
rate of concentration is the product of the diffusion coefficient and the
second-order differential of the concentration gradient, as shown in Eq.
(2):

∂ρ

∂t
= D

( ∂2ρ
∂x2 +

∂2ρ
∂y2 +

∂2ρ
∂z2

)

(2)

Where ρ is the mass concentration of the diffusing substance, t is the
time, D is the diffusion coefficient, x, y, z represent the direction of

diffusion in three-dimensional space, and ∂2ρ
∂x2、

∂2ρ
∂y2、

∂2ρ
∂z2represent the

second-order differentiation of the concentration gradient.
The diffusion coefficient D is a function of temperature and molar

atomic diffusion activation energy and its expression is shown in Eq. (3):

D = D0exp
(

−
Q
RT

)

(3)

where D0 is the diffusion constant, Q is the diffusion activation energy,
and T is the absolute temperature, R is the universal gas constant. The
main factors affecting this diffusion are temperature and concentration
gradient as shown by eqs. (2) and (3). When printing a multi-material
structure, heat conducts downward from the print layer and the con-
stant flow of heat keeps the temperature of the interface at a high level.
The diffusion activation energy of different elements determines the rate
of elemental diffusion. The higher the temperature, the more violent the
motion of the atoms, the more likely they are to jump and the higher the
diffusion coefficient. The heterogeneous material mixing of the multi-
material at the interface provides a sharp concentration gradient. The
sharp concentration gradient of each element at the multi-material
interface intensifies the solid-state diffusion at the multi-materialFig. 10. Tensile stress-strain curves for W/ODS-316 L and W/316 L multi-

material samples.
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interface during the LPBF process. As a result, the combination of the
increased diffusion coefficient and the drastically changing concentra-
tion at the multi-material interface results in an increased diffusion rate
of the elements at the multi-material interface, which results in a good
metallurgical bond.
However, it has been observed that the actual diffusion behavior of

W element at the multi-material interface does not completely conform
to the description of Fick's second law, as the diffusion of W element
does not exhibit a gradient distribution from tungsten matrix to ODS-
316 L matrix. Instead, the diffusion paths and morphologies of W
element at the multi-material interface resemble the circulation pattern
observed during molten pool ‘Marangoni’ convection. It is explained
that the bottom bulk ODS-316 L enhances the dissipation of heat from
the molten pool, leading to increased temperature and surface tension
gradients between the center and edge of the molten pool, thereby
enhancing the dynamics of ‘Marangoni’ convection, resulting in the
formation of circulation patterns at the interface of themolten pool [50].
As a consequence, un-melted W powder is entrained into the circulation
and moves with the flow while being subjected to the high temperature
of the molten pool, providing the diffusion activation energy for W
powder surface elements to diffuse towards ODS-316 L. In summary, the
entrained W powders experienced surface melting under the high tem-
perature conditions of the molten pool, and the diffusion of W element
was governed by the combined effects of Fick's second law and Mar-
angoni convection. During this stage, the diffusing W element under-
went circular motion within the molten pool [50], driven by

‘Marangoni’ convection. The final diffusion results, as depicted in Fig. 8,
show that W element assume a smoky appearance and are distributed
around the tungsten powder without significant concentration gradients
at the interface with ODS-316 L.
Regarding the abnormal diffusion of Y element at interfaces, it is

closely related to the dynamic melt pool during molding of multi-
material interfaces. During LPBF process, the melt pool was subject to
complex dynamic melt flow conditions such as gravity, buoyancy, recoil
stress and Marangoni convection during multi-material interface
molding due to the vastly different physical properties of the two ma-
terials [51–53]. Considering that the mass of Y2O3 nanoparticles is too
small, its gravity and buoyancy are neglected and it flows with the flow
of the molten pool [54]. Nanoparticles dispersed in the melt pool show
strong tendencies towards agglomeration and aggregation due to their
high surface area, high interfacial energy with the surrounding metallic
melt and van der Waals forces [55,56]. As a result, Y2O3 in re-melted
ODS-316 L was ‘adsorbs’ on the un-melted tungsten powder as it
moves in the dynamic melt pool during the forming of the W/ODS-316 L
multi-material interface.

4.2. Influence of abnormal distribution of Y elements on W/ODS-316 L
multi-material interface

As shown in Fig. 13, EBSD results of W/ODS-316 L multi-material
interface was obtained including grain orientation and size distribu-
tion, texture intensity, kernel average misorientation (KAM), grain

Fig. 11. Fracture morphologies of W/ODS-316 L tensile sample: (a) entire ODS-316 L fracture; (b)-(d) high magnification SEM images corresponding to regions A, B,
and C in Fig. 11(a), respectively; (e) entire W fracture; (f) high magnification SEM image corresponding to region D in Fig. 11(e)；(g) Interface failure mechanism.
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boundary misorientation distribution (GBMD) to illustrate the detailed
effect of Y abnormal elemental diffusion on microstructural evolution
and mechanical properties. It should be noted that there were a few
regions of physical phase type which could not be identified at the multi-
material interface, and the unidentifiable regions were shown as black.
According to BD-IPF images (Fig. 12a), the basically random distribu-
tion of color indicated that there was no preferred orientation of grain
growth, and the maximum texture index was calculated to be only 4.72
(Fig. 12d). Furthermore, a microstructure consisting of abundant 〈110〉
and 〈111〉 oriented elongated columnar grains among ODS-316 L matrix
was obtained while a dominantcoarse grains with a strong 〈111〉
orientation could be found in W matrix. It was noteworthy that there
were some fine equiaxed grain regions (as marked by white dash box)
occurred near the interface of W/ODS-316 L after LPBF process. Fig. 12e
and f show the grain size distribution of W/ODS-316 L interfacial region
and single ODS-316 L matrix region. The average grain diameter of W/
ODS-316 L interfacial region was 2.55 ± 0.06 μm, which was greatly
smaller than the average grain diameter of single ODS-316 L matrix
region (15.88 ± 0.13 μm). Even though both experience supercooling
during rapid solidification of LPBF and the Y2O3 nanoprecipitates and
solid solution Y2Si2O7 phases providing more heterogeneous nucleation
sites [57], the average grain sizes still differ significantly. On the one

hand, the Y concentration difference in the W/ODS-316 L interface re-
gion accompanied by the diffusion of Cr and tritiated Si (as described in
the previous section) increases the degree of compositional supercooling
at the W/ODS-316 L interface, and the grain growth changes to an
equiaxed grain mode [58,59]; on the other hand, the W/ODS-316 L
interface is divided into several small regions by the presence of un-
melted tungsten powders, and the surface of the un-melted tungsten
powder served as heterogeneous nucleation site to refine the grains in
this region. Hence, a large amount of grains nucleated at the interface
and failed to grow larger, resulting in dominant fine equiaxed grain
regions.
Figure 12(b) shows the KAMmap corresponding to Fig. 12(a), where

KAM value is defined as the average orientation difference between each
measured point and the nearest neighboring point (orientation differ-
ences of >5◦ excluded from the calculation). KAM value can be used to
characterize local plastic strain, and thus, dislocation density can be
roughly described by the KAM map. Region A and B were defined as the
transition region from central interface to ODS-316 L matrix and the
transition region from central interface to W matrix, respectively. The
KAM value of Region A was obviously higher than that of Region B
which indicated a higher dislocation density caused by hinder effect of
fine grain boundaries. Furthermore, the distribution of high KAM value

Fig. 12. Interfacial EBSD analysis of W/ODS-316 L multi-materials:(a) BC + IPF + GB; (b) KAM map; (c) high resolution image of BC + IPF + GB corresponding to
the region marked by white dashed box in Figure a; (d) PFs; (e) and (f) distribution histogram of average grain size corresponding to fine grain region of ODS-316 L at
the interface and coarse grain region on ODS-316 L matrix, respectively.
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in Region A was found to appear at the micro-cracks. In general, higher
stress concentration means a weaker performance area, and Region A
may become the initial failure when deformation occurs. For Region B,
Wmatrix has a high ductile-brittle transition temperature (DBTT), and is
more susceptible to stress concentration and microcrack formation
during cooling [60]. The large difference between the coefficients of
thermal expansion (CTE) of W and 316 L also facilitates cracking.
Figure 13 shows the microstructural misorientation angle distribu-

tion of as LPBF-fabricated W/ODS-316 L multi-materials along the
building direction. Fig. 13a and c illustrated the distribution of low-
angle grain boundaries (LABGs) and high-angle grain boundaries
(HABGs) in W matrix region which was far from interfacial bonding
region and had few Y diffusion and W/ODS-316 L interfacial region,
respectively. Here, LAGBs) were defined with a misorientation of
2◦–15◦, while HAGBs were defined with a misorientation of >15◦. From
Fig. 13a, in the region of the W matrix away from the interface, the
proportion of HAGBs is larger and basically distributed near the coarse
cracks, which are expanding along the grain boundaries. On the con-
trary, in theWmatrix near the interfacial bonding region, the proportion
of HAGBs decreases significantly, and only a very small number of
microcracks are distributed. The distribution histograms of grain
boundary misorientation (ranging from 2◦ to 60◦) corresponding to
above two regions were obtained, as shown in Fig. 13b and d, respec-
tively. It was found that the proportion of HAGBs in the W region which
was far away from the interface, was calculated to be 36.44%, which
was almost twice the proportion of HAGBs in Region B. This implies that
the Y elemental segregation reduced the proportion of HAGBs in the W
matrix. LAGBs are effective in preventing crack propagation because
they have zigzag grain boundaries, while for HAGBs, it is more necessary
to coordinate the deformation between neighboring grains. Therefore,
less dislocation accumulation and stress concentration will occur in
Region B, means a higher anti-cracks capability and ultimately, a better
mechanical properties performance than single W matrix.

4.3. Interface bonding mechanism

On the basis of the experimental results mentioned above, we pro-
posed the interfacial bonding mechanism for W/ODS-316 L multi-
materials. Specifically, the mechanism exhibited three different stages.
The first stage was defined happening when printing the first and

second layer of W powders on the solidification surface of as-printed
ODS-316 L counterpart where there was a dominant interaction of
‘Keyhole’ mode. Due to lower boiling point of elements in pre-printed
ODS-316 L substrate compared to the melting point of W powder, the
high energy density input during the formation of the first two W
powder layers resulted in the formation of a keyhole at the interface
[38]. Evaporation of elements from pre-printed ODS-316 L generated
recoil stress that separated the molten pool, causing direct function of
laser energy at the bottom of the molten pool, resulting in the deepening
of the molten pool and the formation of a slender keyhole cavity [61]. At
this stage, W powders should melt and mix with liquid ODS-316 Lmatrix
within the slender keyholes. However, most of the laser energy was
consumed by the ODS-316 L matrix, resulting in incomplete melting of
the W powders, a phenomenon that also occurs at the W/Fe [35] andW/
Cu [49] interfaces. Small W powder particles under 20 μm were able to
sink to the bottom of the keyholes due to gravity, leading to the obser-
vation of a few smaller W particles at deeper regions of ODS-316 L, as
seen in Figs. 6 and7. Additionally, rapid solidification rate of liquid
phase ODS-316 L made it challenging to fill the slender keyholes
completely, resulting in irregular hole distribution at deeper regions of
ODS-316 L matrix.
In the second stage (defined as when printing from the 3rd layer to

6th W layer), due to the incorporation of un-melted W powders into the
re-melted ODS-316 L matrix under the influence of intense ‘Marangoni’
convection, the keyhole pattern found in the first stage did not occur.
Nonetheless, super-high energy density input for melting W still led to
the formation of a large molten pool, as shown in Fig. 14. At this point,
high energy density input caused significant temperature gradients on
the surface and within the molten pools, inducing strong ‘Marangoni’
convection [62]. W powders within the molten pool began to partially

Fig. 13. (a) BC + GB image of the W region away from the interface; (c) BC + GB image corresponding to Region B in Fig. 12(b); (b) and (d) grain boundary
misorientation angle distribution histograms correspond to (a) and (c), respectively.
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melt and diffuse into the re-melted ODS-316 L matrix under the influ-
ence of high temperature and ‘Marangoni’ convection, while simulta-
neously undergoing circular motion due to ‘Marangoni’ convection, as
depicted in Fig. 7a. During this process, Y element diffusion took place,
as illustrated in the magnified view in Fig. 14, with Y2O3 from the re-
melted ODS-316 L continuously diffusing towards W powders due to
the strong ‘Marangoni’ convection. This diffusion occurred throughout
the interface bonding process, with particularly strong diffusion during
the second stage. As the printing progresses, more and more un-melted
W powders were entrained into the re-melted ODS-316 L molten pools,
absorbing more energy from the laser and reducing the amount of re-
melted ODS-316 L. As a result, the depth of the molten pools became
shallower, leading to a gradual transition to the third stage.
In the third stage (defined as when printing the 7th layer to 9th

layer), only a small amount of ODS-316 L matrix remained, and its
melting consumed less energy. The majority of laser input energy was
absorbed by W powders, resulting in a relatively shallower molten pool.
At this stage, almost all W powders were melted, and the melted W
liquid drops sank due to gravity and mixed with the previous un-melted
W powders, forming a transition layer of approximately 60 μm, which is
similar to that found at the W/Fe interface [35]. Furthermore, the
intense ‘Marangoni’ convection entrained inert gas into the molten
pools, and after solidification, places occupied by trapped gas formed
pores, corresponding to the micro-pores observed on theW side in Fig. 3.
The third stage finished after printing approximately 2 to 3 layers of W
powders, at which point the interface bonding has essentially transi-
tioned into a single W material.
In conclusion, W/ODS-316 L multi-material interface bonding

mechanism is closely related to the number of W powder layers when
following a printing order of W → ODS316L by LPBF. The first stage
begins with a small number of W powder layers, resulting in high-energy
density input that melts ODS-316 L and forms a keyhole. As more W
powder layers added, the height of the multi-material interface
increased and re-melted ODS-316 L decrease, the molten pool becomes
shallower. By the third stage, after the formation of a transition layer of
approximately 60 μm, the interface bonding has effectively transitioned
into a single W material.

5. Conclusions

In this study, W/ODS-316 L multi-material components were suc-
cessfully fabricated using LPBF technology. The research encompassed
the examination of microscopic morphological features at the multi-

material interfaces, the exploration of the influence of abnormal Y
element diffusion, an investigation into the interfacial bonding mecha-
nism, and an analysis of the bonding strength and fracture characteris-
tics of the multi-material interfaces. The following conclusions have
been drawn:

(1) By optimizing the LPBF process parameters, W/ODS-316 L multi-
material samples were fabricated with a well bonded metallur-
gical interface. The bonding mechanism at the W/ODS-316 L
interface evolved with the number of printed tungsten layers. In
cases with fewer tungsten layers, a keyhole-like structure was
observed. As the number of printed tungsten layers increased, a
transition zone (referred to as Region II) consisting of un-melted
tungsten powders and re-melted ODS-316 L emerged. The re-
melted ODS-316 L underwent a transformation from columnar
grains with an average size of 15.88± 0.13 μm to equiaxed grains
with an average size of 2.55 ± 0.06 μm. This transformation was
driven by compositional supercooling and the presence of nano-
precipitated Y2O3 and Y2Si2O7 solid-solution phases, which
acted as nucleation sites.

(2) No brittle Fe–W intermediate phase was detected within the
interfacial region. The nano-hardness of this region fell between
that of pure tungsten and ODS-316 L, while retaining the low
elastic modulus of ODS-316 L. The W/ODS-316 L multi-material
exhibited a tensile strength of up to 130.42 ± 3.27 MPa, but
displayed minimal ductility. The lack of ductility was attributed
to the presence of numerous un-melted tungsten particles and a
minor quantity of carbide and nitride impurities within the
transition zone. The catastrophic failure and brittle fracture of W/
ODS-316 L multi-materials were initiated by cracks and stress
concentrations arising from these formation defects.

(3) The high energy density required for W caused re-melting of the
pre-printed ODS-316 L, resulting in a mixed molten pool of ODS-
316 L and W. Abnormal diffusion of Y element from the mixed
molten pools into the adjacent transition zone reduced the pro-
portion of HAGBs (from 36.44% to 18.90%) in W matrix. The
reduction in proportion of HAGBs decreased stress concentration,
improved the ductility of W and significantly reduced the number
of cracks in the region.
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