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Abstract: The diffusion welded joint of oxide dispersion strengthened tungsten (ODS-W) and Mo-Ti-
Zr-C alloy (TZC) was successfully fabricated with the use of spark plasma sintering (SPS) at a vacuum
level of 10 Pa. This study systematically investigates the microstructure, mechanical performance,
and thermal shock resistance of the ODS-W/TZC connector at four different temperatures, ranging
from 1300 to 1600 ◦C. The diffusion distance between the W and Mo atoms at the interface of ODS-
W/TZC joint raises as the sintering temperature increases, with a maximum diffusion distance of
up to 2 µm at 1500 ◦C, but then slightly decreases at 1600 ◦C. The ODS-W/TZC connector bonded
at 1500 ◦C exhibits the best tensile performance, with tensile strengths of 459 MPa and 786 MPa
at room temperature and 500 ◦C, respectively. A maximum hardness of 446 HV is obtained at the
interface when the sample is sintered at 1600 ◦C. Thermal shock tests are conducted on the surface
and interface of the ODS-W/TZC connector sintered at various temperatures. ODS-W/TZC samples
prepared below 1500 ◦C were severely damaged, leading to exfoliation after laser thermal shock,
while samples prepared above 1500 ◦C produced fewer damage cracks. Confocal laser scanning
microscope (CLSM) analysis demonstrated that the ODS-W/TZC joint fabricated at 1500 ◦C exhibited
substantially reduced height perturbation of both its surface and interface compared to that of ODS-W,
providing evidence for its superior thermal shock resistance.

Keywords: diffusion welding; ODS-W/TZC connector; microstructure; mechanical performance;
thermal shock resistance

1. Introduction

Mo-Ti-Zr-C alloys (such as TZM and TZC) are a class of molybdenum alloys which
have excellent thermal conductivity, superior high-temperature strength, and high cor-
rosion resistance [1–3], making them potential high-temperature structural materials for
a wide range of applications such as manufacturing rocket nozzles and support frames
in aerospace design, medical computed tomography (CT), and use in the nuclear indus-
tries [4,5]. While tungsten-based materials exhibit a high melting point and exceptional
strength, the drawback of low-temperature brittleness has been identified [6,7]. To address
this issue, refinement of the grain size and second-phase dispersion enhancing methods
have been proposed. Oxide dispersion-enhanced tungsten (ODS-W) is a type of composite

Metals 2023, 13, 1802. https://doi.org/10.3390/met13111802 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met13111802
https://doi.org/10.3390/met13111802
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-1379-4623
https://doi.org/10.3390/met13111802
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13111802?type=check_update&version=1


Metals 2023, 13, 1802 2 of 15

which consists of a tungsten-based matrix reinforced with Y2O3 particles, which can effec-
tively address W’s brittleness through second-particle dispersion enhancement [8–10]. TZC
alloys and ODS-W are both extensively applied in the aerospace, medical CT, and nuclear
fields, and connecting these two dissimilar materials is therefore important for expanding
the application of these alloys.

In general, the joining of dissimilar materials can be achieved through the common
methods of traditional brazing, diffusion welding, and hot isostatic pressing [11–13]. Never-
theless, these techniques have different disadvantages and limitations. Because the melting
point of the brazing fillers is less than that of the parent materials, the heat resistance
of the joint usually deteriorates after brazing [14,15]. Conventional diffusion welding
demands longer times and higher temperatures, and it is therefore both time- and energy-
consuming. Spark Plasma Sintering (SPS) is a novel powder consolidation technique that
allows for rapid densification of powders. It possesses several advantages over traditional
joining methods, including rapid heating, shortened sintering duration, and enhanced
efficiency [16–18]. Compared to traditional diffusion welding, the SPS method brings
in an additional electric field during diffusion bonding. This method has been widely
adopted to connect metallic or ceramic materials through atom diffusion on the bonding
interface [19–21]. For example, Yang et al. [22] successfully combined the W-Re and TZM
(Mo-0.5Ti-0.08Zr-0.03C by weight%) alloys using SPS technology, and the connector pos-
sessed excellent mechanical properties. In our previous studies, we achieved the effective
joining of ODS-W and TZM alloys at different temperatures using the SPS technique, and
showed that the ODS-W/TZM joints did not have obvious cracks, holes, or other defects at
different temperatures [23].

In view of the above, this article proposes an effective joining method to fabricate
ODS-W/TZC connectors and create a novel high-temperature structural material. The
SPS technique is utilized to achieve a robust bond between ODS-W and TZC materials,
and the impacts of temperature on the microstructural and mechanical characteristics
of the diffusion welded joint are comprehensively explored. Because the tungsten and
molybdenum alloys both have a broad prospect of application in aerospace thrusters and
medical CT machines that require superior resistance to high temperature thermal shocks,
here the thermal shock resistance of the ODS-W/TZC composite is also examined by the
transient laser heat load method.

2. Materials and Methods
2.1. Sample Preparation

In the present study, we choose Y2O3 particles as the second phase to reinforce the
W matrix, and the ODS-W was self-made by our group. Surface treatment of ODS-W is
essential prior to its utilization. This is because the tungsten has a low surface reactivity
and the presence of oxides will further diminish its surface activity. Previous studies
have demonstrated that both anodization [24] and femtosecond (fs) laser ablation tech-
niques [25] can significantly enhance the surface activity of metals and alloys. Fs laser
ablation technique is a laser ablation process using ultrashort femtosecond laser pulses
that can be used for surface modification as well as quantitative and qualitative analysis
of the materials [25]. Alternatively, anodization was employed in this study to raise the
surface reactivity of ODS-W. Initially, the ODS-W foil was grinded with SiC sandpaper and
mechanically burnished in a diamond solution. Subsequently, the burnished specimen was
placed in an acetone solution and treated by ultrasonic wave for a period of 20 min. After
ultrasonic treatment, the processed specimen was rinsed with alcohol for about 5 min, and
subsequently air dried.

TZC molybdenum alloy was prepared using TiH1.9 powder, ZrH1.9 powder, Mo
powder, and carbon nanotubes (CNTs), which are milled together with an omni-directional
planetary ball mill for 20 h. The powder was then crushed using an agate bowl. Figure 1
shows the SEM image of the TZC powder after ball milling. It can be seen that most
of the grains in the TZC powder are well refined, though some large-sized particles are
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still observed, perhaps originating from the powder agglomeration. Table 1 shows the
weight percentage of each chemical component in the TZC powder and ODS-W used in
this investigation.

Figure 1. SEM image of the TZC powder after ball milling.

Table 1. Chemical composition of TZC and ODS-W in wt.%.

Material
Element

W Y2O3 Ti Zr CNT Mo

ODS-W Bal 0.53
TZC 1.5 0.3 0.4 Bal

2.2. Diffusion Welding Using SPS Technique

As depicted in Figure 2, the ODS-W and TZC alloy work pieces were assembled
according to a top-to-bottom stacking sequence in a graphite mold with an inner diameter
of 20 mm. A graphite foil with a thickness of 0.2 mm was placed on the interior surfaces
of the mold. The graphite mold was subsequently filled with alternating layers of 1 mm-
thick ODS-W foil and 2 mm-thick TZC powder which were then tightly compacted using
punches. Graphite foil was utilized to avoid adhesion of the specimen to both the mold
and punch and facilitate its disassembly. To hinder heat dissipation, porous graphite felt of
a 5 mm thickness covered the outer surface of the mold. We note that carbon atoms from
the graphite layer can partially diffuse to the CoCrFeNi high-entropy alloy samples during
SPS [26]. However, carbon diffusion into ODS-W/TZC joint was not observed in our SPS
experiments.

Figure 2. Schematic diagram of component assembly of diffusion bonding using the SPS technique.

Diffusion bonding is carried out under a vacuum condition with a vacuum level of
10 Pa. In the present study, the applied temperature for vacuum diffusion bonding was in
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the range of 1300–1600 ◦C. Figure 3 shows the sintering parameters for diffusion welding
of the ODS-W/TZC connector, and the sintering procedure is described as follows. The
sample underwent heating at a heating rate of 100 ◦C/min until the temperature reached
800 ◦C, and the temperature was maintained at 800 ◦C for a period of 5 min. After that,
the temperature continued to increase at the same heating rate of 100 ◦C/min until the
desired temperature was reached, and the desired temperature was maintained for an
additional 10 min. Then, the specimen was cooled down to room temperature in the
smelter. The starting pressure was set to 10 MPa, gradually increasing to 30 MPa when the
temperature fixed at 800 ◦C. The pressure then further elevated to 50 MPa when the final
desired temperature was maintained.

Figure 3. The parameters for SPS-assisted diffusion welding of ODS-W and TZC alloys.

2.3. Microstructure and Performance Analysis

The microstructure of the ODS-W/TZC joints was examined using Scanning Electron
Microscopy (SEM), and the diffusion of elements at the interface of the joint was analyzed
using Energy Dispersive Spectroscopy (EDS). Because the thickness of the sample was
several microns, we selected the Vickers hardness tester to determine the hardness of
the ODS-W/TZC joint. To characterize the mechanical performance of the connector, a
tensile test was conducted with the use of a universal testing machine at a loading rate
of 0.1 mm/min. For the sake of precision, data for hardness and tensile strength were
measured five times and carefully averaged. The fracture surface of the ODS-W/TZC joint
after stretching was examined using SEM. The thermal shock resistance of the ODS-W/TZC
composites fabricated at different sintering temperatures was measured by the laser beam
welding machine. We first cut the ODS-W/TZC joint into 4 × 4 × 4 mm3 blocks and
polished the sides of the mirror, and then performed thermal shock tests on the surface
and interface of the connector. After the thermal shock tests, a confocal laser scanning
microscope (CLSM) was used to analyze the morphology and damage of the joint. A CLSM
is able to generate the three-dimensional structure of the sample by fast-scanning imaging
technology, and the height undulation of the connector can then be easily obtained.

3. Results
3.1. Microstructure Analysis

The microstructures of the ODS-W/TZC joint at four different sintering temperatures
1300 ◦C, 1400 ◦C, 1500 ◦C, and 1600 ◦C are displayed in Figure 4a–d, respectively. It can be
seen that the interface between the ODS-W and TZC becomes increasingly blurred with
the increase in sintering temperature. As shown in Figure 4a, a clear dividing interface
is observed in the ODS-W/TZC joint fabricated at 1300 ◦C, indicating that the ODS-W
and TZC materials are not tightly connected. When the sintering temperature increases
to 1400 ◦C, the interface of the joint begins to be blurred [see Figure 4b]. As displayed in
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the insert maps of Figure 4a,b, some cracks appeared at the interface when the sample was
sintered at 1300 ◦C and 1400 ◦C, which can be attributed to low sintered density at the two
sintering temperatures. At the increased sintering temperatures of 1500 ◦C and 1600 ◦C,
there was no clear dividing line at the interface of the ODS-W/TZC joint, and no obvious
cracks were seen at the interface [see Figure 4c,d]. Such a scenario implies that the W and
Mo atoms remarkably diffuse to each other at the interface when the temperature is higher
than 1500 ◦C. In particular, as illustrated in Figure 4c,d, the second phase particles were
evenly distributed on the TZC side at a temperature of 1500 ◦C or 1600 ◦C, and multiple
second phase particles could be found at the interface. This observation indicates that
the second-phase particles have a better dispersion in the ODS-W/TZC joint when the
sintering temperature exceeds 1500 ◦C.

Figure 4. SEM images of the ODS-W/TZC connectors bonded at four different temperatures:
(a) 1300 ◦C, (b) 1400 ◦C, (c) 1500 ◦C, and (d) 1600 ◦C. The red square in Figure 4b shows that
some cracks appeared at the interface.

Figure 5a–d show the elemental distributions of W and Mo atoms at the interface of
ODS-W/TZC joints fabricated at four different sintering temperatures ranging from 1300 ◦C
to 1600 ◦C. It can be seen that the diffusion profile at different sintering temperatures varied
continuously and smoothly, suggesting the formation of a solid solution between W and
Mo atoms at the interface [27]. As seen in Figure 5a–c, the diffusion distance increased
with the raising temperature between 1300 ◦C and 1500 ◦C. In particular, the diffusion
distance between the W and Mo elements at 1500 ◦C was larger than 2 µm [see Figure 5c].
The diffusion distance was then found to decline as the sintering temperature reached
1600 ◦C [see Figure 5d]. This result shows that the connection of the ODS-W and TZC
materials became worse at 1600 ◦C. The decrease of the diffusion distance above 1500 ◦C
can be ascribed to the pronounced recrystallization of ODS-W, which typically occurs when
the sintering temperature is higher than 1500 ◦C [8–10]. The recrystallization of ODS-W
results in a decrease in the area of grain boundaries and thus reduces the inter-element
diffusion [28]. Figure 5e,f display the W and Mo diffusion curves in Y2O3 particles at
the interface of ODS-W/TZC joints at sintering temperatures of 1500 ◦C and 1600 ◦C,
respectively. When Y2O3 particles are located at the interface, Mo can diffuse into Y2O3
to some extent, indicating that the Mo atoms can coexist well with the Y2O3 particles. We
note that recent studies showed that the incorporation of rare earth oxides can remarkably
enhance the physical and mechanical properties of Mo alloys [29,30].
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Figure 5. (a–d) Elemental distribution curves (Mo and W) across the ODS-W/TZC interface which
was bonded at four different temperatures: (a) 1300 ◦C, (b) 1400 ◦C, (c) 1500 ◦C, and (d) 1600 ◦C.
(e,f) Elemental distribution curves (Mo, W, Y, O) in the Y2O3 particles at the interface of ODS-W/TZC
joints at sintering temperatures of (e) 1500 ◦C and (f) 1600 ◦C.

3.2. Mechanical Performance

The Vickers hardness tester was employed to evaluate the hardness of ODS-W/TZC
joints fabricated at different sintering temperatures. The hardness measurements were
performed in line scan mode, where the interface is taken as the origin and extends
separately to 400 µm for each substrate. Each sampling point was spaced by a distance
of 100 µm and a total of 9 sampling points were measured. The hardness was measured
by applying a load of 300 g at each sampling point and maintaining this for a period
of 10 s. Figure 6 depicts the variation of the measured hardness in the vicinity of the
interface of ODS-W/TZC connectors at various sintering temperatures. It can be seen from
Figure 6 that the raise in sintering temperature lead to an increase in the hardness of the
TZC substrate. The increased hardness of the TZC substrate may be due to the enhanced
degree of densification of the TZC substrate at higher temperature, shown in Figure 4
above. In particular, the hardness of the ODS-W substrate side decreased significantly
when the sintering temperature was above 1500 ◦C. This is because that the recrystallization
temperature of ODS-W is about 1500 ◦C [8–10], and the occurrence of recrystallization can
significantly reduce the strength and hardness of the ODS-W. In addition, it was found
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that the hardness value at the interface of joint was between the hardness values of the
two substrates when the sintering temperature was above 1500 ◦C. Such a scenario can be
explained as follows. On the one hand, since the W and Mo atoms are miscible, diffusing to
form a solid solution rather than the metallic alloys at the interface; thus, the hardness will
not remarkably increase [31,32]. On the other hand, the thickness of the diffusion layer at
the interface is about 2 µm, and the measurement of hardness through Vickers indentation
at the interface is influenced by both substrates [33]. When sintered at 1600 ◦C, a maximum
hardness of 446 HV is achieved at the interface of the ODS-W/TZC connector.

Figure 6. Measured values of hardness of ODS-W/TZC connectors at various sintering temperatures.

Considering that the thickness of the SPS sintered specimen was limited, here, the
tensile direction of the ODS-W/TZC joint was in a direction parallel to the interface of the
ODS-W/TZC joint. The tensile properties of the joints were measured via a universal testing
machine at both an ambient temperature and elevated temperature of 500 ◦C. Figure 7a,b
display the stress–displacement curves of the ODS-W/TZC joint at room temperature
and 500 ◦C, respectively. It is shown that the tensile strengths of the samples sintered at
1300 ◦C and 1400 ◦C are relatively lower, which can be ascribed to the poor densification
of TZC substrate after sintering [see Figure 4a,b]. Among all the tensile data at different
sintering temperatures, it is observed that the ODS-W/TZC connector bonded at 1500 ◦C
exhibited the best tensile performance both at room temperature and elevated temperatures,
with a tensile strength of 459 MPa at room temperature and 786 MPa at a temperature
of 500 ◦C. This is because ODS-W and TZC materials have the best connection effect at
temperature of 1500 ◦C, as shown in Figure 4c. As can be inferred from the previous
analysis, recrystallization of the ODS-W occurs at a temperature of about 1500 ◦C [8–10],
which weakens the tensile performance of the joint. Therefore, the tensile strength of the
ODS-W/TZC connector sintered at 1600 ◦C slightly decreased compared to that sintered
at 1500 ◦C.

By comparing the tensile strengths of the ODS-W/TZC joint at the two different
temperatures, it can be seen that the tensile strength of all samples at 500 ◦C is much higher
than the counterpart at room temperature. This scenario contradicts the typical inherent
trade-off between the strength and plasticity of metals [34,35], and may be related to the
doping of CNTs in TZC alloy. The TZC alloy considered in this study adopts CNTs as a
carbon source. The doping of CNTs at high temperatures can increase the short-range order
of the joint and refine the grain structure so that the tensile strength of the ODS-W/TZC
joint at a high temperature can be enhanced through the synergistic cooperation of CNTs
and the metallic matrix.
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Figure 7. Stress–displacement curves of ODS-W/TZC joints bonded at different temperatures under
tensile loading at (a) room temperature, and (b) 500 ◦C.

The fracture morphologies of the ODS-W/TZC joints sintered at 1300 ◦C, 1400 ◦C,
1500 ◦C, and 1600 ◦C under tension at room temperature are displayed in Figure 8a–d,
respectively. It was observed that the fracture morphology on the TZC side was signif-
icantly different from that on the ODS-W side. As depicted in Figure 8a, there existed
numerous holes on the fracture surface of TZC side at 1300 ◦C. This result indicates that
the densification of TZC side is lower when sintered at 1300 ◦C, which agrees well with
the microstructure presented in Figure 4a. In addition, a clear dividing line was observed
at the interface [see Figure 8a], indicating that the ODS-W and TZC materials were not
tightly connected. At a sintering temperature of 1400 ◦C, the number of holes on the TZC
side decreased significantly and an effective connection was formed between the ODS-W
and TZC materials [see Figure 8b]. When the ODS-W/TZC joint was sintered at 1500 ◦C,
there were no obvious holes on the TZC side and the fracture morphology on the TZC side
mainly comprised intergranular fractures [see Figure 8c]. Meanwhile, the grain size on
the TZC side was very refined at 1500 ◦C [see Figure 8c], which can also explain the best
tensile performance of ODS-W/TZC joint at this temperature [see Figure 7]. At a sintering
temperature of 1600 ◦C, the TZC side exhibited a mixed fracture mode of transgranular
and intergranular fractures. The insert map in Figure 8d shows the elemental composition
of intergranular and transgranular cracks. Pure Mo is detected in the transgranular crack,
while pure Ti is found in the intergranular crack, which suggests that the doping of carbides
is capable of enhancing grain boundary cohesion and hence improves the material strength.
As seen in Figure 8a–d, the fracture morphologies on the ODS-W side are primarily the
cleavage fracture at all sintering temperatures.

Figure 9a–d show the fracture morphologies of the ODS-W/TZC joints sintered under
tension at temperatures of 500 ◦C at 1300 ◦C, 1400 ◦C, 1500 ◦C, and 1600 ◦C, respectively.
As seen in Figure 9a, at 1300 ◦C the densification of the TZC side was poor and the TZC
side seemed like an agglomeration of the powder, and the fracture mode on the TZC side
was not the intergranular fracture. At a sintering temperature of 1400 ◦C there were still a
large number of holes on the TZC side, and the densification of TZC side was still lower [see
Figure 9b]. When the sample was sintered at 1500 ◦C, it is observed that the fracture mode
on the TZC side was mainly intergranular fracture, and many long strip-shaped grains
appeared on the fracture surface [see Figure 9c]. For the sintering temperature of 1600 ◦C, a
network-like grain structure was observed on the fracture surface of the TZC side [36] and
the grains were well refined. In addition, by conducting a comparative analysis between
the tensile fracture behaviors of TZC material at room temperature and 500 ◦C, it can be
observed that the size of grains in the TZC reduced significantly when temperature increased
from room temperature to 500 ◦C. The reduction in grain size at higher temperature can
be attributed to the doping of CNTs, which can increase the short-range order of the joint
and refine the grain structure, and thus lead to a higher tensile strength [37]. Compared
to the room temperature case, the ODS-W side had a diverse fracture mode. In addition
to the cleavage fracture, intercrystalline fracture was also observed on the ODS-W side. In
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particular, several craters were observed on the fracture surface of the ODS-W side [see
Figure 9d], which can be attributed to the recrystallization of ODS-W.

Figure 8. Fracture morphologies of the ODS-W/TZC joints prepared at four different sintering
temperatures: (a) 1300 ◦C, (b) 1400 ◦C, (c) 1500 ◦C, and (d) 1600 ◦C under tension at room temperature.

Figure 9. Fracture morphologies of the ODS-W/TZC joints prepared at four different sintering
temperatures: (a) 1300 ◦C, (b) 1400 ◦C, (c) 1500 ◦C, (d) 1600 ◦C under tension at a temperature of
500 ◦C.

3.3. Damage of ODS-W/TZC Subjected to Transient Laser Thermal Load

Figure 10 illustrates the surface morphology of the ODS-W/TZC joint subjected to
a transient laser heat load. The panels (a)–(d) in Figure 10 correspond to the samples
fabricated at temperatures of 1300 ◦C, 1400 ◦C, 1500 ◦C and 1600 ◦C, respectively. After
thermal shock, the surface can be mainly classified into three regions from the center to the
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outward edge of the ODS-W/TZC joint, i.e., the fusion zone (FZ), heat affected zone (HAZ),
and unaffected zone (NAZ) [38]. As seen in Figure 10a,b, there was no obvious difference
between the damaged areas of the ODS-W/TZC joints prepared at 1300 ◦C and 1400 ◦C.
For instance, both the FZ diameters of the joints fabricated at 1300 ◦C and 1400 ◦C were
around 80 µm, and their HAZ diameters were in the range of 130–140 µm. In addition,
there was also no obvious difference between the damaged areas of the ODS-W/TZC joint
prepared at 1500 ◦C and 1600 ◦C, as shown in Figure 10c,d. Comparing the damaged
areas of the ODS-W/TZC joints fabricated at different temperatures, it can be found that
the FZ diameter of the connectors at the higher temperatures of 1500 ◦C and 1600 ◦C
(about 120 µm) was much larger than those at the lower temperatures of 1300 ◦C and
1400 ◦C (about 80 µm). However, the HAZ diameter of the connectors fabricated at the
higher temperatures of 1500 ◦C and 1600 ◦C was obviously smaller than those at the lower
temperatures of 1300 ◦C and 1400 ◦C. When comparing the surface damage of the ODS-W
subjected to transient laser heat loading [39] with that of the connector, it can be observed
that the diameter of the damaged region in the connector was larger. However, unlike the
ODS-W sample [39], no cracks were detected in the damaged region of the connector.

Figure 10. The surface morphologies of ODS-W/TZC joints fabricated at four different sintering
temperatures after transient laser thermal load: (a) 1300 ◦C; (b) 1400 ◦C; (c) 1500 ◦C; (d) 1600 ◦C.

The interface morphologies of the ODS-W/TZC joints under a transient laser heat
load, which are fabricated at 1300 ◦C, 1400 ◦C, 1500 ◦C, and 1600 ◦C, are displayed in
Figure 11a–d, respectively. Since a set of experimental laser points act at the interface of
the joint, the damaged zone is composed of injured sites of two substrates. Figure 11a
shows the damaged interface of the sample sintered at the temperature of 1300 ◦C. It is
observed that there was no obvious damage on the ODS-W side, while significant melting
occurred on the TZC side. In addition, several irregularly oriented cracks appeared at the
interface of the joint and an exfoliation phenomenon was observed. When the sintering
temperature was 1400 ◦C, the melting of TZC was reduced but numerous cracks were
still observed at the interface [see Figure 11b]. At a sintering temperature of 1500 ◦C, the
degree of the damage was remarkably decreased, and no ablation occurred in the damage
area, as illustrated in Figure 9c. There was no obvious defect at the interface except for a
penetrating crack produced at the center. When the sample was sintered at 1600 ◦C, only
a few cracks appeared on the TZC side [see Figure 9d], and the damage of the interface
was tiny.
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Figure 11. The interface morphologies of ODS-W/TZC joints fabricated after transient laser thermal
load at the following four different sintering temperatures: (a) 1300 ◦C; (b) 1400 ◦C; (c) 1500 ◦C;
(d) 1600 ◦C.

Figure 12a–d display the 3D altitude diagrams of the surfaces of the ODS-W/TZC
joints fabricated at sintering temperatures of 1300 ◦C, 1400 ◦C, 1500 ◦C, and 1600 ◦C after
transient laser heat load. The upper and lower limits of the measurement scale in each panel
correspond to the largest and smallest difference values of the damage area relative to the
height of the initial surface. As depicted in the Figure 12, the height undulation ranges of the
surfaces of the ODS-W/TZC connectors sintered at 1300 ◦C, 1400 ◦C, 1500 ◦C, and 1600 ◦C
were [−12.879, 20.45], [−10.274, 20.65], [−9.838, 14.234], and [−11.133, 17.261], respectively.
It can be found that the height fluctuation of the surface was gradually reduced with
increasing temperature at 1300–1500 ◦C, but then slightly increased when the temperature
further increased to 1600 ◦C. Such a result shows that the ODS-W/TZC connectors exhibits
the best thermal shock resistance when fabricated at a sintering temperature of 1500 ◦C.
In addition, the 3D height diagrams of the ODS-W/TZC connectors and the ODS-W were
compared when they were both subjected to transient laser heat load. It can be inferred
from a recent experimental study [39] that the surface of ODS-W sintered at 1500 ◦C has
a height undulation interval of [−14.793, 23.746], which is larger than that of the ODS-
W/TZC connector. This result indicates that the ODS-W/TZC connector possesses a better
thermal shock resistance than the ODS-W.

The 3D altitude diagrams in Figure 13a–d illustrate the interface morphologies of
the ODS-W/TZC connectors prepared at 1300 ◦C, 1400 ◦C, 1500 ◦C, and 1600 ◦C after
being subjected to a transient laser heat load. Because the transient laser thermal load
is applied at the interface of the ODS-W/TZC connector, the damage of the interface is
much worse than that of the surface. It can be intuitively seen in Figure 13a that the
damage of the sintered specimen at 1300 ◦C is significant. The undulation interval of the
interface is [−45.337, 34.046], and the height fluctuation is much higher than that of other
samples prepared at different temperatures. For the sintering of 1500 ◦C, the interface
has a minimal undulation interval of [−16.831, 21.472], and indicates again that the ODS-
W/TZC connectors fabricated at a sintering temperature of 1500 ◦C exhibit the best thermal
shock resistance.
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Figure 12. The 3D height diagrams of the surface of the ODS-W/TZC joint fabricated after transient
laser thermal load at the following four different sintering temperatures: (a) 1300 ◦C; (b) 1400 ◦C;
(c) 1500 ◦C; (d) 1600 ◦C.

Figure 13. The 3D height diagrams of the interface of the ODS-W/TZC joints fabricated after transient
laser thermal load at the following four different sintering temperatures: (a) 1300 ◦C; (b) 1400 ◦C;
(c) 1500 ◦C; (d) 1600 ◦C.
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4. Conclusions

The diffusion welded joint of ODS-W and TZC is successfully achieved via the SPS
technique. Based on the analysis of microscopic morphology and mechanical performance,
the following conclusions are drawn:

(1) When the sintering temperature is above 1500 ◦C, TZC will begin to densify, and there
is no obvious defect at the interface. As the sintering temperature increases, diffusion
of W and Mo atoms at the joint interface becomes more extensive, with a diffusion
distance of up to 2 µm observed at 1500 ◦C. However, sintering at 1600 ◦C leads
to grain growth caused by recrystallization of ODS-W and decreases the diffusion
distance because of the reduced area of grain boundaries. In addition, the presence of
Y2O3 second phase particles at the interface will promote the interdiffusion between
W and Mo atoms.

(2) The tensile strength of the ODS-W/TZC connector exhibits an initial enhancement
followed by a slight reduction with increasing sintering temperatures. Specifically, the
maximum tensile strength is achieved at sintering temperature of 1500 ◦C, with values
of 459 MPa and 786 MPa obtained at room temperature and 500 ◦C, respectively.

(3) The ODS-W/TZC connector exhibits an optimal thermal shock resistance when sin-
tered at 1500 ◦C, as indicated by the comprehensive results of the performed thermal
shock tests. Analysis utilizing CLSM demonstrates that the surface and interface
of the ODS-W/TZC connector exhibit a markedly reduced height undulation com-
pared to that of the ODS-W sample, providing evidence for its superior thermal
shock resistance.
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