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Abstract: Chemical vapor deposition (CVD) method was used to prepare Nb-W binary alloy. The microstructure and mechanical

properties of the Nb-W binary alloy were studied by metallographic microscopy, scanning electron microscopy, electron probe

spectroscopy and microhardness tests. Results show that the resulting Nb-W binary alloy has the characteristics of a regular angle

layered structure, which is mainly composed of columnar crystals with the following composition fluctuations: Nb as the matrix at the

connection between the layers with Nb-W solid solution distributed around it. The Nb-W solid solution is used as the matrix in the

layer around which the Nb atoms are evenly distributed. Macroscopically, the W atoms mainly form a layer along the crystal growth
direction, followed by transition to Nb atoms through the NbW solid solution; microscopically, the distribution of Nb and W atoms

shows the characteristics of alternating content. The layered structure of the Nb-W alloy, composition difference between the layers,

and overlapping difference of the grain size between the layers were verified by finite element simulation calculations and analysis,
which play a significant role in improving the mechanical properties. The CVD forming mechanism and strengthening mechanism of

Nb-W alloys were also revealed.
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The development of aerospace technology is inseparable
from the improvement of the performance of high-temperature
structural materials. The working environment of high
temperature structural materials is extremely harsh with the
gas intensity exceeding 2300 ° C and heating rate reaching
3000 °C/s, and they are also subjected to strong gas erosion
and ablation oxidation for long periods of time under the
working conditions. Therefore, high temperature structural
materials must have comprehensive performance charac-
teristics, such as ultra-high temperature resistance, ablation
resistance, erosion resistance, thermal shock resistance,
oxidation resistance, high temperature gas sealing, low
thermal conductivity, and light weight!".

At present, candidate materials used or under development
for ultra-high temperature structures mainly include carbon-
based composites (carbon/carbon and carbon/silicon carbide)
and refractory metals”. Carbon-based composites (carbon/
carbon and carbon/silicon carbide) have excellent high
temperature mechanical properties, such as high specific
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strength, high specific modulus, low density, low thermal
expansion coefficient, corrosion resistance, and thermal shock
resistance, which are considered to be the most promising
high-temperature structural materials®'. Thanks to the advent
of carbon fiber, graphite continues to develop in the form of
composite materials. Carbon matrix composites mainly
include C/C and C/SiC composites, which are carbon fiber
reinforced carbon matrix materials. In addition to the excellent
properties of graphite, it is tougher and stronger than graphite,
overcomes the crack sensitivity of graphite, and has good
thermal shock resistance and performance designability. C/C
composite material preforms include 2D, 3D, 4D, 5D, 7D,
11D, polar braiding, etc™®”. C/SiC composite material is a new
type of ultra-high temperature thermal structural ceramic
material developed in recent years. C/SiC composite materials
use continuous carbon fiber as the reinforcement phase and
silicon carbide and graphitized resin as the matrix, whose
comprehensive properties and degree of
densification are better than those of C/C composites. After

mechanical
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years of exploration and attempts, major breakthroughs have
been made in the preparation process and application of
carbon-based composite materials. Among them, Shanghai
University and Central South University have made
significant progress in the development of C/C composite
materials. The C/SiC composite material developed by the
National University of Defense Technology has been
successfully used in liquid attitude control power systems.
However, in the process of their development and use, it is
found that some fundamental key problems of carbon-based
composite materials have not been solved. The problem is
mainly insufficient oxidation resistance; the common problem
of carbon-based materials is poor oxidation resistance, which
limits their application in oxidative environments. The air
tightness is low due to the characteristics of the preparation
process, in which high porosity is formed in the prepared
carbon matrix composites (carbon/carbon, carbon/silicon
carbide). For example, the open porosity in the SiC matrix can
reach 10%~15%. Even if a densification treatment step is
carried out, 3%~5% porosity is retained and high-pressure
sealing cannot be achieved. The temperature resistance needs
to be further improved. The melting point of the SiC
reinforcing phase in the C/SiC composite material is 3000 °C.
For applications above 2500 °C, its temperature resistance is
obviously insufficient. Carbon-based composite materials
(carbon/carbon and carbon/silicon carbide) are developed
rapidly as new ultra-high temperature structural materials, but
they cannot completely replace refractory metal alloys in
terms of their processability, low plasticity, and compactness.
Refractory metal materials have the characteristics of high
melting point, ablation resistance, and good mechanical
properties. They still have an irreplaceable role in the
aerospace industry, atomic energy industry, metallurgical
industry, chemical industry, and medical industry™'".
Therefore, refractory metal alloys will still occupy an
important position in the future, even in the face of the
challenges of carbon-based composite materials (carbon/
carbon and carbon/silicon carbide). Among them, niobium and
its alloys have excellent high temperature mechanical
properties and good corrosion resistance with low density,
high melting point, easy welding and forming, and good
corrosion resistance. They still play an irreplaceable role in
improving liquid rocket engine nozzle materials and replacing
nickel-based superalloys as gas turbine and turbine blade
materials'"". Both niobium and tungsten have a body-centered
cubic structures and a continuous solid solution can be formed
between them, i.e., there is no intermediate phase in the entire
composition range. The plastic transition temperature of
niobium is extremely low and it has good room temperature
processability and corrosion resistance. Tungsten has a very
high melting point and shear modulus, and the addition of
tungsten to niobium can improve the strength of niobium at
room temperature and under high temperature conditions"?.
To date, the main application of niobium alloy is rocket
propulsion®, C103 (Nb-Hf-Zr) niobium alloy has been used
as a representative high temperature thermal structural

material for the first generation of liquid rocket engine
nozzles. Further improvement in the properties of C103
niobium alloy and the development of new alloy systems have
always been an important direction during research on
refractory metal materials. The working temperature of Nb521
(Nb-W-Mo-Zr) developed by the United States and Russia in
the 1990s was increased to 1550 °C, which is a successful
example of improving the properties of niobium alloys. Based
on the aim of improving the thermal efficiency of thermal
power plants and reducing carbon dioxide emissions, the
Japan Institute of Ultra-High Temperature Materials has
developed a niobium-based ultra-high temperature alloy to
replace nickel-based superalloys for gas turbine blade
materials, which increased the gas turbine inlet temperature to
1500 °C!'*"I_ At present, China is carrying out research on the
development of high-temperature oxidation and corrosion-
resistant coatings. The Northwest Institute for Nonferrous
Metal Research has carried out imitation research on C103
alloy, which has achieved great success in terms of the alloy
composition, processing, coating, welding and non-destructive
testing. The performance of the alloy has reached the level of
similar alloys used in the United States'?. A single-phase
NbWHf superalloy material has been developed by Sha
Jiangbo and others
superalloy material can surpass the room temperature
plasticity that the current high-temperature material,
NbWHIfSi, with a two-phase Nb/Nb.Si, structure cannot
achieve, and has sufficient high temperature strength.

from Beihang University!”. This

As one of the most important ultra-high temperature
structural materials reported to date, Nb-W alloy has a very
wide range of applications in high-tech fields, such as
aerospace, aviation and atomic energy. The traditional
methods used to prepare Nb-W alloys include casting and
powder metallurgy methods, and the alloys are further
strengthened by adding multiple components. In this study,
chemical vapor deposition (CVD) technology was used to
prepare Nb-W alloy for the first time and the microstructure
and mechanical properties of the resulting Nb-W alloy were
studied. The overlapping difference in the grain size between
the layers was verified using finite element simulation
calculations and analysis, which played a significant role in
improving the mechanical properties. Our study has revealed
the CVD forming mechanism and toughening mechanism of
Nb-W alloys, explored and developed new preparation
technologies for superalloy materials, and laid a theoretical
foundation for the development of Nb-W binary alloys and
other superalloy material systems with excellent mechanical
properties, practical value, and technical foundations.

1 Experiment

1.1 Starting materials

The starting materials used to prepare Nb-W alloy via the
CVD method were pure niobium sheets (purity>99.95%) and
tungsten sheets (purity>99.95%) using Cl, (purity>99.6%) and
H, (purity>99.95%) as the reactive gas. The base material was
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metal molybdenum in the powder state suitable for metallurgy
processing with a size of @35 mmx=30 mm, and the surface of
each matrix was treated in the same way to ensure the same
surface state.

1.2 Experimental equipment

A schematic representation of the deposition of the Nb-W
alloy coating on the molybdenum substrate is presented in
Fig. 1. The deposition apparatus consists of a chlorination
chamber, deposition chamber, heating system, and gas
transport and vacuum system. The chlorination chamber and
substrate after surface treatment were heated using an electric
furnace and intermediate frequency induction furnace,
respectively. The pressure of the deposition chamber was
controlled using a vacuum pump and the flow rates of Cl, and
H, were controlled independently using mass flow controllers.

The structure of the deposited layer was analyzed using a D/
MAX-RC X-ray diffractometer (test conditions: Cu target, 40
kV, and 80 mA). The Nb-W alloy deposition layers were
sampled, polished, and eroded for microstructure observation
using a 4XC metallographic microscope. The surface morpho-
logy of the as-deposited layer was observed using a PHLIPS
XL30 ESEM scanning electron microscope. A HXS-1000A
digital microhardness tester was used to test the hardness of
the platinum alloy samples (parameters: the indenter with a
cone angle of 136° applied under a load of 0.1 kg onto the
surface of the sample and maintained for 10 s prior to unload-
ing). After the same sample was selected for multiple measure-
ments at different positions, the maximum and minimum
values were removed and the average value was recorded.

1.3 Experimental procedures

The whole system was evacuated and the vacuum state was
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Fig.1 Schematic representation of the CVDNb/W apparatus

maintained for 24 h to ensure the good sealing of the vacuum
system. The substrate and metal starting materials (niobium
and tungsten) were heated to the required temperature under a
hydrogen gas atmosphere during the heating process. When
the substrate and chlorination chamber reached the set
temperature, purified and dried chlorine gas was introduced
into the chlorination chamber and reacted with niobium and
tungsten to generate niobium pentachloride (NbCly) and
tungsten hexachloride (WCl,). The gaseous NbCl,and WCI,
were transported to the surface of the molybdenum substrate,
which was inductively heated to a specified temperature and
underwent a reduction reaction with hydrogen to deposit
niobium and tungsten. The substrate was rotated to ensure the
uniform thickness of the coating formed during the deposition
process. The main chemical equations are shown below:

Nb(s)+2 %Clz(g)—>NbC15(g) (1)
WH+3Cl(g)>WCl,(2) @)
NbCl,(g)+2 %Hz(g)HNb(s)+5HCl(g) 3)
WCl,(g)+3H,(2)—W(s)+6HCl(2) @)
H,(g)+Cl,(g)—2HCI(g) Q)

The exhaust gas generated by the reaction was cooled and
captured using liquid nitrogen in the filter bottle and then
entered the mechanical pump discharge system.

2 Results and Discussion

2.1 Microstructures of Nb/W alloys produced using CVD

In order to study the general microstructure of Nb/W alloys
produced using CVD, a series of Nb-W alloys were prepared
using different deposition parameters, as shown in Table 1. 7},
and T, represent the temperature at which the chlorination
reaction of Nb and W occurs, respectively. 7, is the
deposition temperature. F,, and F, represent the flow of
chlorine and hydrogen.

Fig.2 shows the metallographic microstructure of samples
1#, 2#, 3#, and 4#. Compared with Fig.2a and 2b, Fig.2c and
2d are significantly different, in which a layered structure is
distributed perpendicular to the direction of the columnar
crystals. There is no special structure in the metallographic
microstructure of samples 1# and 2#, which may be due to the
influence of the deposition parameters, leading to the very
small mass percentage of W in the alloy, even lower than 1%,
and the composition is almost close to single metal Nb from a
macroscopic viewpoint. The resulting deposited microstruc-
ture is close to that of single metal Nb and does not exhibit a
layered structure. Fig. 2c and 2d are the typical columnar

Table 1 Deposition parameters used for the preparation of Nb-W alloy sample
Sample T,,/)°C T./°C T../°C F,,(Nb)/mL-min’ F,,(W)/mL-min" F,/mL-min"
1# 300 550 1100 100 30 1000
2# 300 550 1100 200 60 1000
3# 300 600 1250 200 60 1000
4# 300 600 1250 250 60 1200
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Fig.2 Metallographic microstructures of the as-prepared Nb-W alloy sample: (a) 1#, (b) 2#, (c) 3#, and (d) 4#

crystal structures of the Nb-W alloys. It is found that the
niobium-tungsten alloy samples prepared via CVD have
similar columnar crystal structures in Fig.2c and 2d, which are
layered structures distributed perpendicular to the direction of
the columnar crystals. Due to the change in the deposition
parameters, the mass percentage of W in the samples 3# and
4# significantly increases and the presence of W affects the
microstructure of the resulting Nb-W alloy, thus showing a
special layered structure arranged layer by layer along the
crystal growth direction, connecting at the grain boundary, but
there is bending. According to the analysis of metallographic
photographs and SEM images, the average layer thickness of
all of the samples with layered structures is in the range of 10~
15 pum. For the two samples with lower W contents and no
layered structure, a few further studies are conducted, and the
focus is on the group of samples with layered structures for
further analysis.

Fig.3 shows the electron channeling contrast (ECC) image
of sample 4#. It can be seen that the same layered structural
features as Fig.2d appear in the microstructure. The layered
structure is closely arranged and is naturally connected at the

Fig.3 Image of the electron channeling contrast of sample 4#

interface of the adjacent columnar grains without any obvious
dislocation. The main advantage of ECC imaging is that it can
reflect the atomic number contrast and crystal orientation
contrast in the sample (atomic
dominant) """, The ECC image can directly reflect the
fluctuation of the layered structure in the sample
corresponding to the composition through the changes in the
color depth, and grains with different brightness represent
different grain orientations. The layered structure shows a
change in the shade of color, as shown in Fig.3. The darker
areas observed at the interface indicate that the Nb content is
higher and the lighter areas have a relatively low Nb content.
The whole layered structure shows the alternating distribution
of the Nb content from low to high and the W content from
high to low. This shows that the layered structure is mainly
related to the alloy composition of the deposited matrix.

Fig.4 shows the element distribution of sample 4# by the
electron probe composition. The upper images show the low-
magnification image and the lower images are high-
magnification image. Each image is divided into two parts:
the left is the atomic number contrast image and the right is
the corresponding compositional distribution map. The brown-
yellow color represents Nb, dark blue represents W, and violet
(NbW)  solid
magnification, the distribution of Nb and W atoms is
characterized by a gradual increase in the Nb content and a
gradual decrease in the W content as the deposition process
progresses. The general distribution trend shows that during
the initial stage of growth, mainly W atoms (the right side is
close to the substrate side) transform into a W-dominated
(NbW) solid solution, and finally into a Nb-dominated (NbW)
solid solution. The assumption that the layered structure is
mainly related to the alloy composition of the deposited
matrix in the above ECC image is verified. In the high
magnification image, the interlayer Nb content is high and the

number contrast is

blue represents the solution. At low-
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Fig.4 Element surface distribution in sample 4#

inner layer is a (NbW) solid solution by comparing the atomic
number contrast map and corresponding surface distribution
map, which is consistent with the analysis of the ECC images.
Because a continuous solid solution is formed between Nb
and W, there is no intermediate phase observed in the entire
composition range, so the distribution of the solid solution
phase and elemental phase of the Nb-W alloy can be judged
by the distribution characteristics of the elements. If the
interlayer is marked as (D and the inner layer is marked as @),
the distribution law of the layered structure is that @) and @
are periodically alternately arranged, and the corresponding
phase distribution is characterized by the periodicity of Nb+
(NbW) and (NbW)+Nb. The former means that it is based on
Nb with (NbW) solid solution distributed, and the latter meant
that it is based on a (NbW) solid solution with Nb distributed.
Due to this undulating feature of the composition, there is a
difference in the corrosion resistance between the layers,
which in turn shows the layered structure in the
metallographic corrosion photos.

To sum up, the distribution law of the constituent atoms of
Nb-W alloy is as follows. Macroscopically, the W atoms
mainly form a W layer along the crystal growth direction,
which then transfrom to Nb atoms through the (NbW) solid
solution; microscopically, the distribution of Nb and W atoms
shows the characteristics of alternating content. Because Nb

and W form a continuous solid solution, the changes in the
macroscopic content is mainly realized by the change of the
relative content of the two atoms in the solid solution.

2.2 Mechanical properties of Nb/W alloys produced by

CVD
2.2.1 Intuitive analysis of grain size

The grain size was measured using metallographic
photographs. Three different fields of view were selected for
each sample, three line segments were taken for each field of
view, and the average value was reported as the average grain
size of the sample. The average grain size and related
mechanical properties of each sample are listed in Table 2.

The average grain size, average strength of extension,
fracture elongation, and microhardness of pure niobium and
each sample are shown in Table 2. It can be seen that the
average size of CVD niobium is 245 pum, the average grain
size of CVDNb-W alloy prepared under different deposition
parameters is in the range of 54~233 um, and the average
grain size of CVDNb-W alloy is reduced compared with
niobium alloy. The W content is 0.68wt%, 0.79wt%, 8.50wt%,
and 18.05wt% in sample 1#, 2#, 3#, and 4#, respectively, in
which the increasing W content gradually decreases the
average grain size of the sample, even down to several tens of
micrometers. It can be seen that the introduction of W has a
very significant refining effect on the niobium alloy grains.
When the niobium-tungsten alloy is solidified, the tungsten
atoms are segregated at the interface, and an increase in the
supercooling during the crystallization process produces a
great nucleation rate, in which the nucleation rate is much
faster than the grain growth rate, providing enough time for
the grains to grow. The niobium-tungsten alloy grains are
therefore refined compared to niobium alloys. In addition, a
large number of nucleation sites also hinder the growth of the
grains, which is also the reason for promoting grain
refinement™*?" .

2.2.2 Microhardness analysis

In samples 1#, 2#, 3#, and 4#, increasing the W content
leads to increase in the microhardness. For samples 1# and 2#,
the mass fraction of W are 0.68wt% and 0.79wt% , respec-
tively, which are less than 1%. The composition is
macroscopically close to single-metal Nb and the deposited
microstructure is correspondingly close to single-metal Nb.
There is no significant difference in microhardness when
compared with CVD Nb. The deposited microstructure is also
observed to be close to single metal Nb in the metallographic
photographs (Fig. 2a and 2b). The mass fractions of W are

Table 2 Room temperature mechanical properties of Nb-W alloy prepared by CVD

Sample Average grain size/um  Strength of extension/MPa  Fracture elongation/% Microhardness, HV/MPa W content/wt%
CVD Nb 245 280 17.6 1019.2 0

1# 233 281 4.0 1029.0 0.68

2# 140 288 14.0 911.4 0.79

3# 115 350 5.4 1783.6 8.50

4# 54 403 10.0 2224.6 18.05
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8.50wt% and 18.05wt% in samples 3# and 4#, respectively,
which are all greater than 1%. W atoms have a significant
impact on the microstructure of the Nb-W alloys (Fig.2b and
2¢). In the metallographic photographs, it is observed that the
Nb-W alloy presents a layer-by-layer arrangement along the
crystal growth direction of an orga-nized structure. Compared
with niobium alloy microhardness (1019.2 MPa), the
microhardness of sample 3# is 1783.6 MPa, which is
increased by 75.0%. The microhardness of sample 4# is
2224.6 MPa, increased by 118.2%. This shows that an
increase in the W content is the main reason for the increase in
the microhardness of Nb-W alloy.

This can be mainly attributed to the phenomenon that the
grains are refined due to the dissolution of the W atoms. The
plastic deformation caused by the external force can be
dispersed in more grains, the force is more uniform, and the
stress concentration is small. In addition, the grain boundary
area will increase during the grain refinement, and the grain
boundary will be more tortuous, preventing the expansion of
micro-cracks, thereby improving the hardness of the material
macroscopically *" .

2.2.3  Strength of extension analysis

The samples are processed into tensile specimens for tensile
strength testing. The tensile members were all taken from the
upper end face of the substrate, three selected for each sample,
and the average tensile strength is reported as the tensile
strength of the sample. It can be seen from Table 2 that in
general, the tensile strength of Nb-W alloy increases with an
increase in the W content, but the relationship between
fracture elongation and alloy composition does not show a
similar trend. It is worth noting that although the compositions
of samples 1# and 2# are not very different and the tensile
strength at room temperature is similar, the fracture elongation
still shows a large difference. This indicates that the
combination of different deposition parameters can deposit
alloys with similar compositions, but different mechanical
properties, i.e., the mechanical properties not only depend on
the composition of the alloy, but are also affected by the
deposition parameters used. When the mass fraction of
tungsten is <lwt%, the properties of the alloy are not much
different from those of pure metal Nb, and the strengthening
effect becomes obvious when the mass fraction of tungsten is
above 1wt%. Combining the average grain size data shown in
Table 2, we can see that the average grain sizes of the four
samples are 233, 149, 115, and 54 pm, respectively, i.e., the
smaller the average grain size, the greater the tensile strength,
but there is no such link for the fracture elongation.

The fracture morphologies of the four samples are shown in
Fig.5~8. It can be seen from Fig.5 that the fracture surface
morphology of sample 1# is mainly composed of multi-layer
cleavage ladder accumulation and cracks occur at the grain
boundary during fracture. The fracture mechanism is cleavage
fracture and the macroscopic manifestation is brittle fracture.
The fracture elongation is 4.0%. Fig.6 shows that the fracture
surface morphology of sample 2# is composed of dimples and
river-like patterns. During the initial stage, cracks are

4
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Fig.8 Fracture morphology of sample 4#

generated at the grain boundary and then extended along the
cleavage plane to form a river-like pattern. When the river-like
pattern is developed to another grain boundary, part of it
transforms into a dimple with plastic fracture characteristics.
The fracture elongation of the sample is 14% and obvious
necking phenomenon occurs during the stretching process.
Fig. 7 shows that the fracture surface morphology of sample
3# is composed of a smooth fracture surface and river-like
pattern cleavage surface. The fracture mechanism is mixed
fracture and the fracture elongation is 5.4%. Fig.8 shows that
the fracture surface morphology of sample 4# is composed of
a large number of river-like patterns, tearing edges, and some
dimples. The macroscopic appearance is plastic fracture and
the fracture elongation is 10%. In summary, when the Nb-W
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alloys are stretched, cracks often occur at the grain
boundaries, but there are often multiple pathways in the
process of crack propagation, i. e., there are intergranular
fractures, cleavage fractures, and microporous polymerization
on the microscopic level. The different proportions of the
different
macroscopic fracture characteristics. In general, when the
fracture surface morphology is composed of partial dimples,
the fracture mechanism is close to plastic fracture (the fracture
elongation is >5%). On the contrary, it is brittle fracture

microscopic  fracture mechanism show the

(fracture elongation is <5%).
2.3 Formation mechanism for the layered structure of

CVDNb-W alloy

There are few reports on the preparation of alloys via CVD.
At present, CVD basically uses the deposition of simple
substances and compounds. It has been reported in Ref.[22]
that a layered structure and composition fluctuations appear
during the preparation of W-22wt% Re alloy using CVD and
the fluctuation period is 1 um, while the author did not give
any explanation for this layered structure. The layered
structure and compositional fluctuation characteristics of Nb-
W alloy prepared via CVD in this paper are different from
those reported in Ref.[22] in two main aspects: one is that the
layer is thicker, reaching more than 10 pm and the other is that
the layer is wavy, running through the entire sample (Fig.2c
and Fig.3). While the layered structure reported in Ref.[18] is
in the shape of a closing rhombus, which consists of relatively
independent rhombus groups (Fig.9).

The CVD process of niobium-tungsten alloy is essentially a
multiphase reaction at the gas-solid interface ™", Various gas-
phase chlorides of Nb and W pass through the gas boundary
layer on the surface of the matrix via diffusion and viscous
flow, and are adsorbed on the active sites on the substrate
surface to chemically react with H, to generate Nb and W
atoms. The Nb and W atoms then migrate through the surface,
merge, nucleate, and grow into deposits. As far as the
deposition process of Nb-W alloy is concerned, the
preferentially adsorbed reactive gas will preferentially
undergo a deposition reaction, *? resulting in the micro-
segregation of the components. During the competitive
adsorption process of Nb and W chlorides at the same type of

[22]

Fig.9 Segregated structure of W-Re alloy

active sites on the surface of the substrate, the amount of
adsorption is determined by the force between each
component and the adsorption center, which is affected by the
concentration of the components™. It can be seen from the
elemental distribution map obtained during electron probe
surface scanning spectroscopy shown in Fig.4 that W chloride
is preferentially adsorbed on the surface of the molybdenum
substrate, and W chloride is also preferentially reduced by H,,
thus forming the initial W layer. After the W layer is formed,
the adsorption effect of tungsten chloride is stronger, further
reduction reactions occur, and after a period of reaction
consumption, the content of tungsten chloride in the
deposition chamber decreases. At this time, the niobium
chloride is enriched in the bottom layer of the boundary layer.
The active center begins to be converted into the adsorption of
niobium chloride under the action of concentration diffusion
driving force. H, reacts with the enriched niobium chloride to
generate Nb atoms and the existence of Nb atoms provides the
basis for the further adsorption of niobium chloride, which
promotes the reduction reaction of niobium chloride. The
niobium chloride is consumed during the reduction reaction in
the deposition chamber, tungsten chloride is gradually
enriched again, and the adsorption of the active center is again
dominated by tungsten chloride. The result of the above cyclic
alternating reaction results in the formation of the Nb-W alloy
layered structure. Therefore, the formation of the niobium-
tungsten alloy layered structure is mainly the result of the
combined effect of the adsorption characteristics and
competing reactions of the surface process.

2.4 FEM establishment of the layered structure of

CVDNbDb-W alloy

Using Nb, W, and Nb/W as the research objects, a finite
element model (FEM) was established based on the finite
element method and theory of structural mechanics. Static
mechanical analysis of the material was carried out under
certain constraints and loads. For static analysis, a three-point
bending method was used to simulate the stress-strain
experienced by the material during the bending process.
Considering that the Nb/W sample obtained during the
deposition experiment is small, the size selected for
establishing the finite element model is 15 mmx3 mmx1 mm.
At the same time, the analysis of the experimental samples
shows that Nb and W exist in the form of layers, and the W
content is in the range of 0.68%~18.05%. The established Nb/
W composite material geometric model and finite element
model are shown in Fig. 10. The material performance
parameters are shown in Table 3.

In order to study the stress-strain of different materials
under the same load, three-point bending simulations were
carried out for the Nb, W, and Nb/W materials. A schematic
representation of the loading is shown in Fig. 11 and Fig. 12,
which show the strain conditions of the three materials under
a load of 10 N. It can be seen that the maximum displacement
of Nb, W, and Nb/W is 0.004 02, 0.001 05, and 0.001 45 mm,
respectively (Fig. 12). The maximum displacement of the
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Fig.10 Geometric model and finite element model of the Nb/W

composite

Table 3 Material performance parameters

Elasticity modulus,

Material Poisson’ ratio, £ Density/g-cm™
E/GPa “ e
Nb 104 0.35 8.57
W 405 0.28 19.25
Fig.11 Schematic representation of three-point bending loading test

0001059 Max
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000082367
000070601
000058834

o

000047067
0000353
000023534
000011767
OMin

00014516 Max
00012003
0001129
0.00096775
000080646
0.00064517
000048388
000032258
000016129

O Min

Fig.12 Displacement cloud diagram of Nb (a), W (b), and Nb/W (c)

under the same load

layered conforming material lies between Nb and W. This
shows that the stiffness of the Nb/W layered composite lies
between Nb and W. The equivalent stress diagram of the three
materials under the same load is shown in Fig. 13. It can be
seen that the equivalent stress generated by the layered
composite is the lowest under the same load, indicating that
the composite material has better static mechanical advantages
than the single pure metal. The layered structure of the Nb-W
alloy, composition difference between the layers, and
overlapping difference of the grain size between the layers are
verified using finite element simulation calculations and
analysis, which play a significant role in improving the

47043 Max
41816
36589
31362
26135
20908
15681
10454
5227

o Min

47291
4203
36782
sz
26273
21.018
15764
10509
52545
0 Min

35.042 Max C
31149
27.255
23362
19468
15574
11681
77872
38936
0 Min

Fig.13 Equivalent stress diagram of Nb (a), W (b), and Nb/W (c)

under the same load

mechanical properties. This calculation result is consistent
with the mechanical property test experiments, which verify
the mechanical property test and content analysis.

3 Conclusions

1) Nb-W binary alloy prepared via a CVD method has the
characteristics of regular layered structure with composition
fluctuations. The combination of different deposition
parameters can prepare alloys with different compositions and
mechanical properties.

2) With increasing W content, the average grain size of the
sample gradually decreases, even down to several tens of
micrometers. The introduction of W has a very significant
refining effect on the niobium alloy grains.

3) The increasing W
microhardness of Nb-W alloy.

4) The formation of the niobium-tungsten alloy layered
structure is mainly the combined effect of the adsorption
characteristics and competing reactions in the surface process.

5) The composite material has better static mechanical
advantages than the single pure metal. The layered structure of
Nb-W alloy, composition difference between the layers, and
overlapping difference in the grain size between the layers can
be verified by finite element simulation calculations and
analysis, which play a significant role in improving the
mechanical properties.

content can improve the
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