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Abstract: A novel method has been proposed to prepare porous materials through deposition of
semi-molten particles by flame spraying. In this study, it was found that the porous material was
deposited by the stacking of semi-molten particles which were welded by the molten fraction to
form a large and strong inter-particle bonding neck between deposited particles. In order to reveal
the effect of inter-particle bonding on the compressive behavior of porous Mo, the deposits were
investigated by altering the bonding through vacuum sintering of porous Mo with different porosities.
Results showed that the sintering temperature and time influenced the bonding significantly
and subsequently influenced the properties of flame-sprayed porous Mo deposits. The oxides
formed during flame spraying were effectively reduced under hydrogen atmosphere. In addition,
the inter-particle bonding and compressive properties of flame-sprayed porous Mo were significantly
improved by optimizing the sintering temperature and the heat treatment time.
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1. Introduction

As structural function materials, porous metallic materials have attracted wide attention.
The mechanical, electromagnetic, thermal, and physical properties of porous materials are significantly
affected by their structure [1-4]. Molybdenum is extensively applied in the aerospace and power
industries due to its excellent thermo-mechanical properties [5]. However, the applications of Mo
are limited due to processing difficulties resulting from its high melting point (2600 + 50 °C).
A conventional processing method to fabricate porous Mo is powder metallurgy processing [6,7].
However, the low porosity (below 30%) achieved by this method cannot meet application requirements.
Recently, porous Mo with 68% porosity was fabricated through the deposition of semi-molten Mo
particles by using flame spraying as the skeleton for an Mo-Cu composite [8]. However, mechanical
properties have been found to deteriorate with increases in the porosity of porous materials [9].
In order to ensure deformation behavior of porous Mounder various stress conditions, its compression
performance should be investigated. Compression performance is one of the most important indicators
of the mechanical properties of porous materials [10,11]. However, there is still no uniform standard to
evaluate the compression performance of porous metallic materials.

As has been widely recognized, the mechanical properties of porous metallic materials are not
only affected by the material itself but also by the microstructure of the material, including the
porosity as well as the distribution and morphology of the pores. Generally, the deformation of
metal porous materials has been presented as a process of plastic yield deformation and gradual
densification [12,13]. For porous metallic materials of the same density, the elastic modulus of the
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material with a closed pore structure is evidently higher than that of the material with an open
pore structure. This is because porous metal materials with different pore structures have different
deformation mechanisms. In porous materials with open pore structures, the compressive deformation
occurs in the neck; in porous materials with closed pore structures, the deformation occurs in the
wall around the poles [14-16]. The compressive properties of porous materials of different types and
structures have been reviewed systematically by researchers. Studies have shown that the compressive
properties of porous metal materials decrease with increases in porosity [17]. The compression process
of porous metal material clearly consists of three stages: the elastic deformation stage, the deformation
plateau stage, and the densification stage. The elastic deformation stage reflects the elastic modulus and
the compressive yield strength. The deformation plateau stage depends on the maximum compressive
yield strength and the corresponding strain, and it represents the energy absorption characteristics of
porous metal materials.

However, porous materials prepared by selective laser sintering, such as porous 316L, have
directional pore structures and low compressive yield strengths, and the compression curves
have no obvious yield platform area. Fabrication of porous materials by powder sintering
involves the formation of necks between the powders by high temperature diffusion [18-21].
Therefore, the prepared porous materials exhibit poor mechanical properties and corrosion resistance.
To sum up, the bonding of particles has a significant effect on the compressive properties of porous
materials. According to previous studies, metal particles are oxidized during flame spraying and
metal oxides can be reduced after heat treatment in a reducing atmosphere. In addition, heat treatment
significantly improves the bonding strength between particles [22,23]. However, for porous metallic
materials prepared by depositing semi-molten particles, the relationships between the microstructures
and properties, as well as the influence of the oxide on the mechanical properties, are still not clear.

In the present study, porous Mo deposits were fabricated through depositing semi-molten particles
by flame spraying. The as-sprayed deposits were then subjected to reduction treatment in an Hj
atmosphere to reduce the oxides. Subsequently, the deposits were sintered in a vacuum furnace to
improve the bonding between the particles of porous Mo. Variation in the microstructure of porous
Mo was characterized to understand the effect of inter-particle bonding on the compressive behavior
of flame-sprayed porous Mo. Based on the results, the relationship between the inter-particle bonding
and compressive properties of porous Mo was established.

2. Experimental Procedures

2.1. Preparation of Porous Mo Deposits

Porous Mo deposits with different porosities were prepared through depositing semi-molten
Mo particles by flame spraying under different spray conditions. Mo powder with a nominal size
range from 50 to 75 um was used as the starting material. The powder morphology is shown in
Figure 1. A stainless steel plate of size 50 x 20 x 3 mm?® was employed as the substrate. A home-made
flame torch was manipulated by a robot to deposit porous Mo. The acetylene flow rate was set at
100, 200, and 300 L-h~!, respectively, with a spray distance of 30 mm used to obtain samples with
different porosities [24]. The pressures of C;H; and O, were fixed at 0.1 and 0.4 MPa, respectively.
The deposition was carried out for several passes at a traverse speed of 100 mm-s~! under different
spray conditions.
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Figure 1. Morphology of the sprayed Mo powder.

2.2. Heat Treatment of Porous Mo

To remove the oxide formed during flame spraying, the as-sprayed porous Mo was placed in
a furnace at 1050 °C in an H, atmosphere for 2 h. Then, the deposits were placed in a vacuum
furnace (MW-L0616V, Changsha Syno-Therm Co. Ltd., Changsha, China) at 1400 °C for 2, 4, and 6 h,
respectively, to improve the bonding between the particles. The pressure of the vacuum furnace was
set at 107° Torr.

2.3. Characterization Methods

The morphology and microstructure of porous Mo were characterized via scanning electron
microscopy (SEM, FEI QUANTAG600F, Waltham, MA, USA and VEGA II-XMU, TSCAN, Brno, Czech
Republic). Six SEM cross-sectional images at a magnification of 250 were used for the estimation of the
mean porosity of each deposit through image analysis software (Image J, DT200). X-ray diffraction
analysis (XRD) was performed using a diffractometer (Rigaku D/Max 2400, Tokyo, Japan) to evaluate
the microstructure of the reduced samples. The XRD patterns were collected over a 26 range from 10°
to 90° with a scanning rate of 2°/min. Compression testing was carried out according to the standard
for the compressive testing of porous metals (JIS H7902:2008) [9]. Compression test samples with
dimensions of 5 x 5 x 5 mm?® were cut from the substrate by machining. The compressive behavior of
porous Mo deposits was tested using universal testing machine (WDW-10 KN, Changchun, China) at

a fixed cross-head speed of 0.05 mm-s~!.

3. Results and Discussion

3.1. Morphology and Inter-Particle Bonding of As-sprayed Porous Mo Deposits

The surface morphology of the as-sprayed porous Mo and the cross-sectional microstructure
of inter-particle bonding are shown in Figure 2. As can be seen from the SEM images in Figure 2a,
the porous Mo was stacked by the semi-molten sprayed particles which were bonded by the molten
liquid to form a strong particle bonding neck. A dual-scale pore structure can be observed on the
surface which includes large holes of a few micrometers and small holes of a few microns. The sheet
oxides were on the surface of the Mo particles, as shown in Figure 2a. The cross-sectional microstructure
of the inter-particle bonding recorded in back-scattered electron mode is shown in Figure 2b and
the corresponding EDS analysis results are shown in Table 1. The results reveal particle bonding
necks of different phases according to the image contrast and EDS analysis. Furthermore, the particle
bonding neck was quite thick and dense, and the interface between the particle and bonding neck
and the interface between the two particles were clearly observed, as seen in the image in Figure 2b.
This fact indicated that the particles were in a semi-molten state prior to deposition. During spraying,
the Mo particles were divided into two parts: the molten shell on the surface and the unmolten core
inside. Obviously, the molten fraction was oxidized by direct contact with the flame. Upon impact
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with the solid core of Mo particles, the molten liquid formed oxide shells covering the core [25].
Hence, the oxides were included in the bonding neck and were adhered strongly to the unmolten
solid core. The oxidation states were related to the distance between the particle surface and the solid
core. On the other hand, the subsequent deposition of particles during the second round of heating
may have also lead to an increase in the oxidation degree. However, for the application of the porous
metal Mo, the oxide should be removed so that it can form composites with low melting point metals.
Therefore, it is necessary to study the performance of reduced porous Mo for the applications of the
porous Mo compound with low melting point metals (e.g., Cu).

Figure 2. Cross-sectional microstructure of as-sprayed porous Mo surface morphology and

inter-particle bonding neck.

Table 1. Chemical compositions of the three points in Figure 2b.

Elemental Composition (wt.%)

Point
Mo (@)
Point 1 100.00 -
Point 2 63.29 36.71
Point 3 76.63 23.37

3.2. Effect of Reduction on Inter-Particle Bonding of Porous Mo Deposits

The XRD diffraction patterns of the as-sprayed Mo deposits and the reduced porous Mo as obtained
under a reduction temperature of 1050 °C in an H; atmosphere for 2 h are shown in Figure 3. After heat
treatment, the oxides, such as MoO3, MoO,, and Mo4O;3, etc., were removed. The main phase in the
reduced porous Mo was metallic Mo. These results indicate that the oxides of Mo which were formed
during the flame spraying process can be efficiently removed under these reduction conditions.
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Figure 3. X-ray diffraction (XRD) diffraction patterns of sprayed and reduced porous Mo.
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Figure 4 shows the surface morphology of the porous Mo in (a,b) and the cross-sectional
morphology of the inter-particle bonding neck (c,d) after heat treatment. A clear change in appearance
was observed after the reduction. The sheet oxides disappeared and many tiny particles and pore
structures were distributed on the surface of the semi-molten particles. During the reduction,
the oxygen volatilization resulted in volume shrinkage and micropore formation. The bonding
neck between the two particles became loose and porous after reduction, as shown in Figure 4c,d.
It was found that the inside of the bonding neck was also porous after reduction treatment. It is
well known that inter-particle bonding can be improved by sintering treatment due to grain growth
and densification. Thus, the results indicate that the sintering of the bonding neck was insufficient
because the heat treatment temperature (1050 °C) was much lower than the melting point of Mo
(2600 °C). It can be inferred that the oxides of the bonding neck shrank due to the volatilization of the
reduction product and the compressive strength of the bonding neck reduced as the density decreased.
Therefore, in order to improve inter-particle bonding and achieve complete sintering of the bonding
neck, the heating should be performed at a higher temperature or for a longer time.

Figure 4. Surface morphology of reduced porous Mo (a,b) and cross-sectional microstructure of
inter-particle bonding neck (c,d).

3.3. Effect of Sintering on Inter-Particle Bonding of Porous Mo Deposits

In order to study the effect of sintering on inter-particle bonding, the reduced porous Mo was
sintered in a vacuum furnace at a sintering temperature of 1400 °C and sintering durations of 2, 4,
and 6 h, respectively. The surface morphology of the porous Mo and the cross-sectional morphology
of the bonding neck at the sintering times of 2 and 6 h are shown in Figure 5a,b and Figure 5c,d,
respectively. From the microporous structure image, it is clear that the surface of the Mo particles
became significantly smoother after 6 h of sintering. This was mainly because the high temperature
sintering process caused the Mo particles to grow and fuse together. However, many residual
micropores were still observed on the surface of the particles. This indicates that the sintering effect
was limited under the present heat treatment conditions. Although the surface of the inter-particle
bonding neck became smooth in Figure 5a, few micropores still existed in the bonding neck area,
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as shown in Figure 5b. It can be inferred that the bonding between particles can be effectively improved
by controlling the sintering temperature and sintering time.

Figure 5. Surface morphology of porous Mo and cross-sectional microstructure of inter-particle bonding
neck for sintering times of 2 h (a,b) and 6 h (c,d), respectively.

3.4. Compression Properties of Porous Mo Deposits

3.4.1. Compression Properties of As-sprayed Porous Mo Deposits

The compression stress-strain curve of as-sprayed porous Mo deposits is shown in Figure 6.
The porosity levels of the three samples were 50% (Curve 1), 60% (Curve 2) and 68% (Curve 3),
respectively. With the increase in strain, the curves displayed three distinct regions: the elastic
deformation stage, the deformation plateau stage, and the densification stage, similarly to the previous
report [12]. In the elastic deformation stage, stress increased almost linearly with strain, up to 10%.
Generally, during this stage deformation can be restored when the stress is removed, and thus it
is called the elastic deformation stage. When the sample porosity was about 68%, stress increased
much slower with the increase in strain as compared to the samples with porosities of 60% and 50%.
The maximum compressive strengths of the porous Mo deposits were 103, 40, and 22 MPa when the
porosity levels were 50%, 60%, and 68%, respectively. This result is possibly due to a large bonding
neck close to the original diameter of the particles between the adjacent particles, due to metallurgical
bonding. Moreover, the bonding necks between semi-molten particles gradually diminished with the
increase in porosity of the porous Mo deposits because the melting degree of the particles decreased [9].
When the elastic deformation stage ends stress increases much less and even tends to decrease with
large strain; this is referred to as the deformation plateau stage. However, the deformation plateau
stages of the stress-strain curves showed unstable characteristics, which was probably due to the
dual-scale pore structure of the porous deposit. It may be concluded that the deformation and collapse
of the bonding neck between particles occurred in the porous deposit. As the porosity reached
50%, 60%, and 68%, the mean platform stresses were about 55.5, 32.4, and 19.6 MPa, respectively.
Subsequently, the porous deposits became gradually denser with a further increase in stress as the
strain increased up to 50%.
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Figure 6. Compressive stress-strain curves of as-sprayed porous Mo deposits with different porosities.
3.4.2. Influence of Reduction on Compression Properties of Porous Mo Deposits

In Figure 7, Curves 1 and 2 show the compressive stress-strain curves of as-sprayed and reduced
porous Mo deposits with 50% porosity after heat treatment at 1050 °C under a hydrogen atmosphere for
2 h, respectively. The porosity value of the porous Mo deposit was 50%. It can be seen that the compression
stress-strain curve of the porous Mo consisted of three stages. In particular, the reduction curve of the stress
platform area, following heat treatment, became almost level. The compressive strength of the sprayed
porous Mo (Curve 1) showed three peaks at about 43, 63 and 103 MPa, respectively, during the elastic
deformation stage. In addition, several intense peaks were observed during the deformation plateau
stage. These were probably due to the inter-particle bonding formed by the brittle oxide, as mentioned
earlier. After the heat treatment, the compressive yield strength of the porous Mo decreased significantly to
1/10th of the sprayed sample, as shown in Curve 2. However, after two hours of reduction heat treatment,
the compression stress-strain curve of the porous Mo became smooth and an extended deformation
plateau stage was observed. The mean platform stress was about 10.68 MPa. On one hand, the brittle
oxidation of particles the during spraying process was reduced under an H, atmosphere at 1050 °C.
Hence, the toughness of the sample was enhanced, and the stress-strain curve was smooth. On the
other hand, after the reduction process, oxidation shrinkage made the inter-particle bonding neck loose
and porous. Thus, the stress strength decreased markedly. Furthermore, after the reduction process,
the corresponding variables of the elastic deformation stage of the curve were reduced significantly.
This indicates that the sample brittleness was more significant. Although the porosity values of the two
samples were similar, the stress strengths of the as-sprayed and reduced porous Mo deposits were very
different. It can be inferred that the compression performance of the deposit fabricated by semi-molten
particles was mainly dependent on inter-particle bonding.
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—
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n
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Figure 7. Compressive stress-strain curves of as-sprayed and reduced porous Mo deposits with
50% porosity.
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3.4.3. Influence of Sintering on Compression Properties of Porous Mo Deposits

It is well known that during the sintering process, hold time and temperature have a significant
effect on combination between particles. Therefore, in order to understand the relationship between
inter-particle bonding and compressive strength, the reduced porous Mo was placed in a vacuum
furnace for sintering for 2, 4, and 6 h, respectively. The compressive stress-strain curves of reduced
porous Mo with a porosity of 50% after sintering are shown in Figure 8. It was found that the
compressive strength increased from 23 to 40 to 53 MPa as the sintering time increased. When the
treatment time was only 2 h, the compressive strength was still higher than that of the sample after
reduction. When the sintering time was extended to 6 h, the value of the compressive strength
was nearly the mean platform stress of the sprayed sample. The elastic deformation stage made up
almost 10% of the strain value, which was the same as that for the as-sprayed porous Mo deposit.
Moreover, the sintering process produced the appearance of two stages in the curve of deformation
plateau stage. When the elastic deformation stage ended, the platform stress value corresponded to
the maximum compressive strength until the strain was around 20% to 25%. Then, the compressive
stress value sharply reduced by about half. This was possibly due to the dual-scale pore structure of
the porous deposit. Therefore, with the increase in strain, some large pores collapsed first, causing
the compressive stress value to decrease significantly. Subsequently, the compressive stress value
remained steady until the small holes collapsed and entered into the densification stage. These results
again demonstrated that the sintering of porous Mo was promoted by prolonging the treatment time
because the inter-particle bonding was improved. As a result, the compression performance increased
at the same porosity.
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Figure 8. Effect of sintering time on the compressive stress-strain curves for porous Mo deposits with
50% porosity.

4. Conclusions

In this study, porous Mo was fabricated through the deposition of semi-molten spray particles
by flame spraying. It is generally accepted that the compressive properties of porous materials
mainly depends on porosity. However, it has been found that the inter-particle bonding neck
has an important effect on the compressive properties of porous materials. To understand this,
the compressive properties of porous Mo and the corresponding inter-particle bonding neck were
investigated based on as-sprayed, reduced, and sintered porous Mo deposits. The main results are
outlined here. With increase in strain, the compressive stress-strain curves of porous Mo deposits
displayed three characteristic regions: the elastic deformation stage, the deformation plateau stage,
and the densification stage. The maximum compressive strengths of the porous Mo deposits were 103,
40, and 22 MPa when the sample porosities were 50%, 60%, and 68%, respectively. The deformation
plateau stage of the as-sprayed porous Mo deposits was unstable. This was due to the concentrating
melt at the impact of semi-molten spray particles which formed metallurgical bonding with a large
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bonding neck with the underlying particle; inter-particle bonding was formed by the brittle oxides.
The oxides of Mo formed during the flame spraying process were efficiently removed by heating at
1050 °C under an Hy atmosphere. The compression stress-strain curve of porous Mo with 50% porosity
became smooth and showed an extended deformation plateau stage. The mean platform stress was
about 10.68 MPa due to the inter-particle bonding neck becoming porous and tough after reduction.
The compressive strengths of the porous Mo deposits were 23, 40, and 53 MPa at sintering times of 2,
4, and 6 h, respectively. Heat treatment at 1400 °C caused secondary sintering. As the sintering time
was extended, the porous inter-particle bonding neck became denser. Thus, the bonding between the
particles was improved, which led to improvements in the compression properties. Therefore, it can
be inferred that the inter-particle bonding and compressive properties of flame-sprayed porous Mo
can be significantly improved by optimizing the sintering temperature and the heat treatment time.
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