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for lPBf Method

the primary goal of this study was to comprehensively characterize the microstructure of refractory powder materials, 
particularly molybdenum (Mo) and molybdenum-rhenium (Mo-re), in both non-spherical and spherical forms. the characteriza-
tion was carried out with the use of advanced techniques including scanning electron microscopy (seM), transmission electron 
microscopy (teM), energy dispersive spectroscopy (eDs) and nanohardness testing. this combination of analysis techniques 
provided a multi-scale understanding of the microstructural evolution and elemental distribution within the powders. Mo-re 
powders were synthesized through powder metallurgy processes, while the spherical powders were produced with the use of the 
plasma spheroidization technique. Detailed analyses were conducted on the surface of powders, its cross-sections and thin foils. 
spherical powders exhibited significant morphological changes, with evidence of rhenium diffusion within the molybdenum 
grain structure. this study provides detailed microstructural analysis of Mo-re powders synthesized via plasma spheroidization, 
highlighting the role of rhenium in enhancing grain stability. the observed morphological changes in the spherical powders are 
indicative of enhanced material properties, which may influence their performance in critical applications. these findings provide 
valuable insights into the material properties, which may be crucial for demanding applications in high-temperature and high-stress 
environments, such as aerospace.
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1. introduction

the most popular definition of refractory metal is an ele-
ment of group 5 and 6, that has melting point higher than 2000°C. 
these are nb, Mo, ta, W, although some include re from group 7 
as well, as it do not fit in other classifications. rhenium has 
a hexagonal closed packed structure, while refractory elements 
from groups 5 and 6 have body centered cubic (BCC) structure. 
it means that they have the strongest atomic bonds among other 
elements, which is unfortunate in their applications [1-3].

Due to unique properties such as high temperature strength, 
a growing interest in Mo applications is noticeable. it is widely 
applied in demanding environments like nuclear reactors or 
aerospace [4-7]. in general, high strength and low ductility in 
BCC metals are contributed to nonplanar core of screw disloca-
tions. in molybdenum single BCC phase maintains from room 
temperature up to melting point [7]. Among several elements, 
that form solid solution with Mo, re is an important alloying 

addition. elements with large atomic radius increase the recrys-
tallization temperature. the solute atoms replace the solvent in 
the structure of Mo. the structure remains unchanged and the 
lattice parameter of the cubic unit ceil changes with the content 
of solute. since 1955, the so-called “re effect” has been found 
to be beneficial in decreasing low temperature ductility within 
Group ViA metals, which have BCC crystal structure [4,7-13]. 

From a microstructural point of view there are few theo-
ries which may explain why adding rhenium is beneficial. the 
mechanism is not precisely known. the explanations include 
inducing non-planar core transfer to planar core that causes solid 
solution softening, promoting the formation of twin boundaries 
which brings more deformation in the material, electron con-
centration effect through reducing of oxygen content at grain 
boundaries or reducing Peierls stress [4,13,14].

Although the high cost of rhenium may be prohibitive, 
it is noticeable that, there is an increasing use of its additions in 
various applications [13,15].
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the aim if this work was microstructural characterization of 
unmodified and rhenium-modified molybdenum powder, before 
and after the spheroidization process, intended for Laser Powder 
Bed Fusion (LPBF) technology. the analysis were performed 
by scanning and transmission electron microscopy techniques. 
to characterize the mechanical properties of the powders, nano-
mechanical analyses were performed.

2. Materials and methods

in this study, four different powder materials were char-
acterized:
• commercially purchased, agglomerated, and sintered mo-

lybdenum (h.C. stark, 99.4%, 15-45 µm);
• agglomerated and sintered molybdenum with the addition 

of rhenium, manufactured at the Łukasiewicz institute 
of non-Ferrous Metals by classical powder metallurgy 
methods such as mechanical mixing and developed ther-
mochemical reduction; as feedstock were used metallic 
molybdenum and ammonium perrhenate;

• spherical molybdenum, manufactured at the Łukasiewicz 
institute of non-Ferrous Metals by plasma spheroidization 
method with the use of Fst plasma system, 7MB torch, 
argon and hydrogen plasma gases;

• spherical molybdenum-rhenium, manufactured at the 
Łukasiewicz institute of Non-ferrous Metals by plasma 
spheroidization method from prepared feedstock with the 
use of Fst plasma system, 7MB torch, argon and hydrogen 
plasma gases.
the study involved surface morphology characterization, 

detailed microstructural analysis of cross-sections, qualitative 
chemical composition analysis and nanohardness testing.

initially, a microstructural analysis of the powder surface 
morphology was performed using scanning electron microscopy 
(seM) with the secondary electrons detector (se). subsequently, 
thin foils were prepared from individual non-spherical and 
spherical particles for cross-sectional transmission electron mi-
croscopy (teM) analysis. this enabled detailed microstructural 
characterization in bright field mode (teM BF), phase analysis 
using the selected area electron diffraction pattern (sAeDP) tech-
nique, and the generation of qualitative elemental distribution 
maps via energy dispersive spectroscopy (eDs). the primary 
objective of these analyses was to determine the distribution of 
rhenium within the molybdenum structure.

seM analyses were conducted using a secondary electrons 
in-lens detector (trinity-t2) on a DualBeam sCios ii micro-
scope (thermoFisher). Due to the focus on surface morphol-
ogy, a low accelerating voltage of 2 kV was selected. the same 
microscope was used for preparing thin foils for teM analysis. 
the DualBeam microscope, in addition to the electron column 
for imaging, is equipped with an ion column, where a gallium 
(Ga+) ion beam is used for preparing teM thin foils from spe-

cific areas of interest. the preparation process is fully automated 
using the AutoteM 4 software.

teM analyses were carried out in bright field mode (teM 
BF) and scanning-transmission mode (steM). Phase analysis 
was performed using selected area electron diffraction (sAeDP) 
technique, while qualitative chemical composition was analyzed 
via eDs. Qualitative analysis on the powders surface was 
conducted using the jXa-8230 X-ray microanalyzer (jeol) 
equipped with wavelength dispersive (WDs) and energy disper-
sive (eDs) spectrometers. this device allows for observation, 
testing, and identification of microstructural elements, as well 
as chemical composition analysis within micro-regions of 1 µm 
in metallic, ceramic, and organic materials.

Finally, the nanohardness of powders was examined. For 
this purpose, metallographic samples were prepared by embed-
ding the powders in resin, followed by grinding with siC pa-
pers and polishing with diamond suspension on cloth to obtain 
cross-sections. these prepared samples were then subjected 
to nanohardness testing using a nanoindenter. the aim of the 
analyses was to determine the effect of structural changes on 
mechanical properties at the nano-scale, such as nanohardness 
and young’s modulus. tests were performed using the anton 
Paar step 500 device, equipped with nanoindenter nht3 (nano 
hardness tester) and MCt3 (Micro Combi tester) heads, which 
include a system for collecting and archiving measurement re-
sults. the nht3 meets the requirements of the AstM-e2546 
standard for nanohardness testers, while the MCt3 module 
complies with AstM standards C1624, e2546, G171, and 
iso standards 14577, 20502, and 27307. the tests we carried 
out with a load of 5 mn. the maximum penetration depth was  
up to 300 nm. 

3. results and discussion

3.1. Molybdenum non-spherical powder microstructure 
characterization

the commercial non-spherical powder, as intended, con-
sisted of individual Mo flakes (Fig. 1) then, thin foils were 
prepared from a single non-spherical particle for cross-section 
teM analysis. Microstructural characterization of the powder 
before the spheroidization process, performed on the cross-
section, showed the presence of numerous pores. it was most 
likely open porosity, as suggested by seM analyses. teM 
analyses on a cross-section are two-dimensional analyses and 
three-dimensional features cannot be determined on their basis. 
the average size of individual powder grains was at the level of 
40 µm single crystallites were large enough to enable electron 
diffraction from individual grains (point diffraction – single crys-
tal) (Fig. 2). eDs analysis showed the presence of a thin oxide 
layer (about 0.1 µm) on the powder flakes surface and within the  
pores (Fig. 3).
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Fig. 1. se electron images of Mo non-spherical powder, mag. ×1.2 k & ×10 k

Fig. 2. teM BF image & sAeDP pattern of Mo non-spherical powder

Fig. 3. steM image & eDs element map distribution of Mo non-spherical powder

3.2. Molybdenum spherical powder microstructure 
characterization

non-spherical Mo powder, of which the microstructure was 
described in the above subsection, were subjected to the sphe-
roidization process. its morphology changed from granules to 
uniform, spherical shape. (Fig. 4). the microstructural characteri-
zation of the surface topography was performed similarly to that 

of the non-spherical Mo powder, using the seM se technique.
Microstructural characterization of the powder performed 

on the cross-section by teM BF showed, that the pores were 
closed in the result of the spheroidization process (Fig. 5). 
Qualitative chemical analysis performed by eDs technique 
presented in the form of elemental distribution maps showed, 
that unlike the non-spherical powder, in the spherical Mo oxygen 
was practically unnoticeable (Fig. 6).
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3.3. Molybdenum-rhenium non-spherical powder 
microstructure characterization

the non-spherical morphology of the Mo-re powder dif-
fered slightly from that of the Mo powder which was shown in 
the seM se images. Although it consisted of flakes, they were 
more speckled (Fig. 7). the degree of porosity seemed to be 
much smaller. small particles were also visible on the powder 
surface- Mo flakes were covered with metallic rhenium. the 

distribution of rhenium varied depending on the type of powder. 
in the case of non-spherical powder, rhenium was distributed 
on its surface in the form of a thin (about 0.1 µm) layer which 
was presented in the cross-section using the teM BF technique. 
its structure was nano-crystalline as evidenced by the ring type of 
sAeD (Fig. 8). it covered individual Mo flakes (Fig. 9). A thin 
layer of oxygen was characterized between the rhenium layer 
and the molybdenum particle, which may indicate the presence 
of molybdene oxide (Fig. 10).

Fig. 4. se electron images of Mo spherical powder, mag. ×1.2 k & ×10 k

Fig. 5. teM BF image and sAeDP of Mo spherical powder

Fig. 6. steM image & eDs element map distribution of Mo spherical powder
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Fig. 7. se electron images of Mo-re non-spherical powder, mag. ×1.2 k & ×10 k

Fig. 8. teM BF image & sAeDP pattern of Mo-re non-spherical powder

Fig. 9. sample qualitative eDs analysis of Mo-re non-spherical powder

3.4. Molybdenum-rhenium spherical powder 
microstructure characterization

After the spheroidization process, the morphology of the 
Mo-re powder was changed to spheroidal (Fig. 11), it was 
similar to the spherical surface of pure Mo, which was shown 
in the cross-section in the seM se images.. in the powder after 
spheroidization process, rhenium did not appear as a surface 

layer. it was homogenously distributed throughout the Mo-re 
powder grain volume (Fig. 14). eDs qualitative analysis showed 
higher rhenium content in the granulated Mo-re powder surface 
than in the spherical Mo-re powder surface (Fig. 9, Fig. 13). 
it may indicate that after spheroidization process rhenium from 
the granule’s surface was incorporated into the grain volume. 
During the spheroidization process, the More cubic phase was 
probably formed (Fig. 12). 
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Fig. 10. steM image & eDs element map distribution of Mo-re non-spherical powder

Fig. 11. se electron images of Mo-re spherical powder, mag. ×1.2 k & ×10 k

Fig. 12. teM BF image & sAeDP pattern of Mo-re spherical powder

Fig. 13. sample qualitative eDs analysis of Mo-re spherical powder
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3.5. Grain nanohardness & young’s modulus 

nanohardness results in a form of diagram with error ranges 
are presented in Fig. 15. the obtained traces were very small in 
relation to the grain size (average size approx. 40 µm). to avoid 
the influence of the resin on the measurement itself, measure-
ments were taken from the center of powder grain. the scatter in 
the results may be the result of the heterogeneity of the powders 
and/or their porosity. based on nanohardness results, the young’s 
modulus of tested materials was also calculated (rys. 16). the 
analysis of deformation properties was based on the method of 

oliver and Pharr (eq. 1), according to which the elastic modulus 
of the tested material is calculated directly from the obtained 
unloading curve:

 2r
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where:
 Er – reduced modulus of elasticity equal to
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 E, ν – young’s modulus and Poisson’s ratio of the tested 
material; 

 Ei, νi – young’s modulus and Poisson number of the indenter 
material (for diamond E = 1141 GPa, ν = 0.07); 

 S – contact stiffness (tangent of the unloading curve 
angle);

 A – contact area taking into account permanent deforma-
tion.

Among tested materials, the highest nanohardness was 
achieved by Mo spherical powder and the lowest by non-spher-
ical Mo powder. spherical Mo-re powder had lower value of 
nanohardness, which confirmed the fact that rhenium addition 
increases the plasticity of material. interpreting obtained results 
for Mo-re non-spherical powder, must be taken into account, 
that it consisted of two separate elements- rhenium formed 
a thin layer on molybdenum surface and that’s why the results 
may be inaccurate.

4. conclusion 

non-spherical Mo powder, as assumed, was characterized 
by a Mo (cubic) structure, the same as the Mo spherical powder. 
the plasma spheroidization process did not change the crystal 
structure of the material, but only changed its morphology from 
granulated flakes into spherical grains. in the non-spherical 
Mo-re powder, two crystalline structures can be distinguished- 
Mo(cubic) and nano-crystalline re. in turn, the Mo-re spheri-
cal powder was characterized by a different crystal structure, 
it is probably More(cubic). As with Mo powder, the morphol-

Fig. 14. steM image & eDs element map distribution of Mo-re spherical powder

Fig. 15. Grain nanohardness diagram

fig. 16. young’s modulus diagram
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ogy was changed to spherical. Although plasma spheroidization 
process did not affected the crystal structure of Mo powders, 
it changed the crystal structure of Mo-re powders. rhenium 
transformed from the nanocrystalline form to the More(cubic) 
form. its distribution changed significantly, with its volume dif-
fusion occurring within the Mo grain areas.

Volume diffusion of rhenium and probable More (cubic) 
phase formation may cause the solid solution softening in sphe-
roidized Mo-re powder.

Micromechanical tests have indicated that the plasma sphe-
roidization process, along with the associated rhenium volume 
diffusion, lead to a reduction in both hardness and young’s 
modulus. specifically, for spherical Mo and Mo-re powders, 
the young’s modulus decreased by over 30 gPa. this reduction 
may have positive implications in mitigating brittle fracture 
phenomena in molybdenum.
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