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stampability, mechanical properties, and microdistortions of the crystal latticefis cgnsidered. An improvement in
the quality of products obtained by drawing using these technologies has\be blished due to an increase in
plasticity and a decrease in microdistortions of the crystal lattige. Modification of the surface of the tool reduces
distortion in the micro-regions of the crystal lattice, reducing the sﬁ e 2nd and 3rd kind of deformed Nb

The effect of coatings with surface-active properties and aerotherm@ reatment on Mo and Nb

and improving its formability and the quality of semi-finished products, and finished products. Low formability of
Mo and Nb is associated with the presence of brittle e and sharp-edged shape, which reduce
ductility and toughness. For Nb, an additional negati
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Introduction

A variety of products are made from%ry metals (molybdenum and niobium) - honeycomb panels
of spacecraft, heat exchangers, shells kets“and capsules, thermal and other screens, wing edge trim and

stabilizers in supersonic aircraft, an more. The shaping of semi-finished products from refractory
metals and alloys is carried oul{ a ther things, by cold stamping, for example, screens - hollow
axisymmetric thin-walled parts with a jflange or bottom, as well as without them. The screen material must
have heat resistance, heat r¢sistance, high electrical and thermal conductivity, high-temperature long-term
i i mperatures, an important feature is the low thermal neutron capture cross
section. Materials pr
To carry out

a complex of these properties - niobium and molybdenum [1].

the intera @ ond of molybdenum is so great that at room and high temperatures its strength is always
high [3]. In"a@ddition, unlike other refractory metals such as Ta, Nb, Co, W, etc., molybdenum not only has a
high melting point, excellent thermal conductivity, good electrical conductivity and corrosion resistance, has
a low thermal expansion coefficient and high hardness [4]. However, its use as a structural material is limited
by the increased brittleness that is known to occur due to intragranular fracture. Yoshinaka [5] believed that
grain boundaries with sufficiently high energy are responsible for intragranular fracture in molybdenum.
Meanwhile, Watanabe and Tsurekawa [6] investigated the relationship between intragranular fracture and
grain boundary microstructure in 2D polycrystalline molybdenum and pointed out that increasing the
resistance of polycrystalline molybdenum to intragranular fracture can be achieved by controlling the
character of grain boundaries. Moreover, molybdenum and its alloys, due to their high melting point, high
hardness [4], low-temperature brittleness [7], and poor ability for high-temperature oxidation resistance [8],
could hardly be obtained by casting, forging and other mechanical processing, for except for the powder
metallurgy method. However, the conventional processing of molybdenum by powder metallurgy requires
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long-term sintering at high temperature, which leads to excessive grain coarsening and subsequent
deterioration of mechanical properties. Garg et al. [9] investigated the sintering mechanism of molybdenum
powders and proposed an accurate model for calculating optimal molybdenum sintering cycles using the
powder metallurgy method. On the other hand, molybdenum must be processed in a narrow range of high
temperatures due to its significant resistance to deformation [10]. Microstructural analysis, mechanical
behavior and testing of the properties of molybdenum and its alloys have been carried out by many
researchers in recent years. For example, Laribi et al. [11] investigated the metallurgical and mechanical
properties of molybdenum coating formed by flame spraying, studying its microstructure, hardness, and
tribological resistance. In addition, Ciulik and Taleff [12], as well as Wang et al. [13] investigated the
behavior of molybdenum sheet at temperatures from 1300 C to 1600°C, as well as its properties at elevated
temperatures.

In industry, molybdenum strips of technical purity are used, obtained using the technolo
plastic deformation (Specifications 11-90. Molybdenum strips). At the same time, blr%

of cold

according to the scheme: annealing, cold rolling in two mutually perpendicular dire®tio hich povides
the required level of strength Giemporary resistance = 800-980 MPa, but at the same time theAgve lasticity is
low — & = 1-2% (Specifications 48-19-272-83 Molybdenum bands), which makes it difficu impossible to

carry out cold plastic deformation (drawing). Plasticity can be increased dugi annealing of
workpieces up to & = 3%, but in this case the strength decreases to n% fiance = 085 MPa.
5

(Specifications 11-90).
Niobium (NDb) is a metal with a melting point of 2468°C, a densit @g cm’, and a cubic crystal
structure [14]. Niobium is used in the chemical, nuclear and electri s and in the production of
superconducting wire [15, 16]. Niobium is able to interact with o 02), nitrogen (N2), water vapor
(H20), carbon monoxide (CO) and gases present in the envirOmment. Because of these characteristics,
niobium is produced and purified in an inert atmosphere or hi cuuty”

There are three methods for producing prod owder metallurgy (PM), vacuum arc
welding (VAW), and electron beam melting (EBM). The\EB cess is more common and produces high
, the hardening process occurs due to the
hich is strongly influenced by the ESF (energy
stacking fault). The evolution of the microstructure d plastic deformation is very important with respect
to the deformation mechanism, mechanical ploperties and material formation. In addition, the deformation
characteristics of the microstructure affe ehavior of the material during recrystallization [17, 18]. To
conduct a qualitative microstructural amalysis, niobium needs special preparation for metallography due to
mechanical characteristics that can o arious surface disturbances. Niobium is supplied in the form of

However, it should be
specifications can differ si
can lead to signific

account that Mo and Nb strips of the same batch according to
deformability, which, when drawing followed by vacuum annealing,

can often lead tg the tion of the material [19, 20, 21].

is advisable to study the possibility of using technologies that improve the
Is by increasing plasticity, not only by intermediate annealing. These technologies
rmoacoustic treatment - ATAT and the application of coatings with surface-active

deform
include:

plasticity and deformability.
1 Materials and methods of research

The study of the effect of ATAT and surfactant coatings was carried out on sheets of Mo and Nb with a
thickness of 0.15 mm. Mo was conditionally divided into 2 subgroups: Mol - with good deformability and
Mo2 - with poor; the result of which are defects in the workpieces (scallops, cracks, poor-quality surface).
The cause of the defect in the stamping of caps from an anisotropic strip is the texture of recrystallization,
which results in a wavy edge - scalloped. Scallops are the result of different metal drawing in different
directions with different wall thinning (Fig. 1b).
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Aerothermoacoustic treatment (ATAT) was carried out on a facility created at Baltic State Technical
University "Voenmeh" D.F. Ustinov according to the developed technology [1]. The surfactant FLUORO-
surfactant coating was applied according to the developed scheme using ultrasonic cleaning. Mechanical
properties were determined by static tensile testing on a Shimadzu AGX-100kN machine on flat standard
specimens. The microstructure of the alloy was studied using a DSX 510 OLIMPUS optical microscope with
software and a scanning electron microscope.

To determine the qualitative phase composition and microdistortions of the Nb crystal lattice in the
initial state, with surface modification and subsequent drawing, a Rigaku Ultima IV multifunctional X-ray
diffractometer was used. The diffractometer is equipped with a complex of control programs and a
processing complex PDXL (X-ray Pow-der Diffraction Software). X-ray diffraction was carried out in
focusing geometry according to the Bragg-Brentano scheme in filtered CuK[11 radiation. Microdistortion
calculations (Ad/d) were carried out for all peaks using the Williamson-Hall method. The Nb sample without
cold plastic deformation was used as a reference.

[
2 Results and discussion \x
The results of mechanical tests of Mo and Nb in the initial state, after acousti %n and application

of pav-coating are presented in Table 1.

Table 1. Mechanical properties of Mo and Nb in the initial state and after xl“ %

No. Type of initial Additional processing, processing tim® N Mechanical properties
mode  processing ol Giemporary )
0.2 resistance
MPa %

Mo

1 annealing, cold - 949 986 1.5
rolling (as
delivered)

2 annealing, cold The impact of air flow and acoustic field with a 830 960 2.8
rolling sound pressure \&of 140-160 dB. within 10 min.

3 annealing, cold The impact o&and acoustic field with a 935 1115 33
rolling sound pr evel of 140-160 dB. within 20 min.

4 annealing, cold - - 900-980 1-2%
rolling @

5 annealing, cold ealing for 30-40 min. - 685 2,0;
rolling \ 3,0%*

Nb 1

1 delivery con - 151 230 8,2
annealed

2 The impact of air flow and acoustic field with a 122 250 27

sound pressure level of 140-160 dB. within 15 min.
3 - - 200 15

Mo: 4.5 — Mode TV 11-90, Specifications 48 -19 -273-91, *Nb- Mode 3 Specifications 48-4-317-74

From the above results of testing the mechanical properties of Mo samples that have undergone acoustic
treatment (ATAT) according to the optimal mode No. 3, it can be seen that both ow (slightly) and &%
increase simultaneously, which makes it possible to avoid the appearance of defects in the product when
using cold plastic deformation technology, such as scalloping and cracks.

According to the test results of Nb samples that have undergone acoustic treatment (ATAT) according
to the optimal mode No. 2, it can be seen that the strength (ctemporary resistance) practically does not
change, but significantly, more than 3 times, % increases compared to the initial value. This allows both to
use a large degree of deformation in the production of products, to reduce processing time, and to reduce the
loss of expensive materials due to defects. The study of the Mo microstructure of both subgroups showed
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that in the Mol structure with good deformability, slip lines and bands, fault bands (slip line curvature) are
fixed, which indicates that during the deformation process, dislocation slip in two or more systems of planes
and reactions at their intersection, which corresponds to the stage of multiple slip (Fig. 1). In this case, slip
bands are formed, which are a pack of slip lines. At the stage of multiple slip, the structure of the metal
becomes more complicated (Fig. 1.a), the dislocation density increases significantly.

b)

Fig.1. Mol microstructure with good deformability, a — slip lines are continuous sh value of Mo plasticity is
noted, b — slip lines are strongly fragmented, a slight decrease in the ydluglof Mo plasticity is noted

The structure of Mo indicates a relatively uniform distrl% ion islocations. Dislocations bypass
barriers (fields of elastic stresses, inclusions of different sizes) that@arise during their movement due to the
transverse slip of screw dislocations. The presence of,blo islogdtions leads to fragmentation of slip
bands (Fig. 1.b). The metal under consideration is a rather fine-grained structure with a
grain size range of 3-15 um n, and the largest n as sizes in the range of 4-10 pm, which
allows having sufficient plasticity with the requi

The microstructure of a material with poor de
a significant decrease, in comparison with Mgl, in the T€ngth of slip lines in slip bands. The reason may be
the “jamming” of possible slip planes inside the sample by various barriers, such as inclusions, including
sharp-edged ones (Fig. 2. a).

Fig.2. The microstructure of the material with poor deformability - Mo2, a - there are sharp-edged inclusions in the slip
planes, the plasticity of Mo is slightly reduced, b - a cellular streaky structure is formed, where light subgrains are cells
with a smaller number of dislocations, dark stripes are zones with a high density of dislocations , there is a more
noticeable decrease in Mo plasticity, ¢ - there are lamellar inclusions up to ~5-8 um in size, which significantly reduce
Mo plasticity.

In metals with a bcc lattice (Mo, Fe, Nb), during plastic deformation, the processes of formation of
dislocation tangles develop in the local volumes of crystals, where they intersect, i.e. a cellular dislocation
structure is formed. Due to the unevenness of the sizes of grains and cells, a cellular streaky structure is
formed (Fig. 2. b). Light subgrains are cells in which there are fewer dislocations, dark stripes are zones in



Materials science. 9

which the density of dislocations is high. When the content in Mo of more than 0.1% of interstitial impurities
may be the segregation of impurities along the grain boundaries, which leads to delamination of the metal in
the process of plastic deformation. Stratification is a manifestation of the anisotropy of mechanical properties
and the segregation of impurities. Stratification also occurs when the banded structure remains after
recrystallization, which is present in Mo2, and can determine its reduced plasticity (Fig. 2. b).

In the structure of Mo2 with especially degraded deformability (Fig. 2. c), there are lamellar inclusions
(or cavities formed after brittle inclusions are chipped) up to ~ 5-8 um in size, as well as small inclusions,
obviously reducing the plasticity of Mo. The structure of Nb in the initial state is shown in Fig.3.

———— ]

. N
Fig.3. Microstructure of Nb, with phases of different sizes, separated'alo grain boundaries
and along the grain and causing a certain decrd®se i sticity of Nb.

The Nb grain size is in the range of 5-50 pum. The larg
The metal is characterized by a significant uneven graif siz ing to specifications, the Nb grade (Hb-
1) contains 0.01% of each of the impurities (nitrogen, oxygen, n). In Fig. 3, one can see the presence of
phases of different sizes, separated along t rain bounddries and along the grain. The grain size
significantly affects the plasticity and deformabilitypof Nb/The embrittlement of Nb with coarse grains is
determined by the higher concentration of oxygen an r impurities along the grain boundaries, which is
associated with its shorter length. This resulfs in a reduced plasticity of Nb and the presence of defects,
which are also characteristic of Mo. In t b\static tension diagram (in the neck region), the deformation
proceeds according to a mixed mechanigm: zones of ductile and brittle fracture alternate with a large zone of
brittle fracture.

An increase in the plasti<&l and Nb during ATAT (Table 1) is associated both with the

c

u of grains have a size of 15-40 pm.

refinement of phases, grains an ir, fragmentation, and with a decrease in internal stresses. deformation
also proceeds through a visc
To determine,the nfi

ism with minimal fracture.
ions of the crystal lattice, X-ray diffraction analysis of 6 samples of

sponds to the tabular data of the powder state (textureless). In all other samples,
the reflection intensities is observed, probably caused by the previous plastic

plasticity, which in turn may be associated with damage in microregions - stresses of the second kind, i.e.
accumulation of imperfections in the crystal structure. Data on the damage of the crystal lattice (Ad/d) allow
us to judge the amount of elastic deformation, which is a material. The width of the diffractive paints (in
terms of the magnitude of the values of Ad/d) can be produced with the growth of lattice defects. The role of
growth in the reduction of plasticity in the process of plastic deformation is determined by the fact that
elastically damaged microregions under external load become decomposition concentrators and turn into
crack nuclei.

From the dislocation point of view, elastically distorted microregions are clusters of edge dislocations if
they are located in such a way that the stress fields reinforce each other. This contributes to the appearance of
microcracks and a decrease in ductility and toughness.
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Table 2. Calculations of microdistortions of the crystal lattice

Calculations of microdistortions of the crystal lattice Ad/d. 107 (110) - (220)
’ cos(0;)/cos(8,)  Bof Br tg(62)/tg(61)
1 source disk - 1.26 1.22 2.51
2 tubule with a diameter of ~ 3 mm, 1.9 1.26 2.28 2.51
3 - « + surface-active substance 1.7 1.26 2.31 2.51
4 glass with a diameter of ~ 8 mm, min h=4mm L.5 1.26 2.33 2.51

5 glass with a diameter of ~ 8§ mm ,min h=8mm + 25 126 297 51

surface-active substance
6 glass with a diameter of ~ 12 mm + surface-active 21 126 23 .
substance o

g

As is known, in the presence of lattice distortions in metal microregions, t %@f the lines is
proportional to the tangent of the reflection angle, and in the case of small crysta ecant of the same
owe
e

angle. An analysis of the values of microdistortions (Ad/d) in samples 2—6 Nb at the found ratios
of the true linewidth at large and small reflection angles B2/p1 were tg(02)/tg(61) than to
ces(02)/ces(01). Therefore, distortions occur mainly due to the growth tortions in the microregions of
the crystal lattice.

The distortion in the microregions of the crystal lattice ofs with surfactant is somewhat less
than that of sample 2 without coating at the same degree of rmation. Consequently, the surfactant
ensures greater plasticity of Nb during deformation and better uctfguality. With a decrease in the degree
of deformation of sample 4 with respect to samples d 3/4the rtion of the crystal lattice decreases. In
the presence of surfactants on samples 5 and 6, an incréase i degree of deformation to 30% makes it
possible to obtain a sample without defects.

Conclusion

1. Low formability of Mo and Nb is 1ated with the presence of brittle phases of lamellar and sharp-

edged shape, which reduce ductility a ughness. For Nb, an additional negative factor is the presence of
grains up to 40-50 pm in size.

2. Acoustic treatment of an proves ductility and toughness without compromising strength,
improving formability.

3. Modification of the a the tool reduces distortion in the micro-regions of the crystal lattice,
reducing the stress d 3rd kind of deformed Nb and improving its formability and the quality
of semi-finished pro nished products.

4. In the techmolo
scheme, annealing can b

rocess of obtaining products according to the Mo and Nb drawing-annealing
eplaced by ATAE, which will reduce the duration and cost of the process, while

improvi quality of products.
REFERENCES
1 orob’eva G.A., Remshev E.Yu. Effect of the Parameters of Aerothermoacoustic Treatment of 40Kh Steel
on the Acoustic Emission Parameters. Rus. Metall, 2016, Vol. 3, pp. 215-218. doi: 10.1134/S0036029516030162
2 Pranav G., Seong J., German R.M. Effect of die compaction pressure on densification behavior of

molybdenum powders. [Int. J. Refrac. Met. Hard Mater, 2017, Vol. 25, No. 1, pp. 16-24. doi:
10.1016/j.ijrmhm.2005.10.014

3 Wang Y., Li F. Study on hot deformation characteristics of molybdenum based on processing map. Xiy.
Jinsh. Cail. Yu Gongc, 2009, Vol. 38, Ne 8, pp. 1358—-1362.

4 Schade P., Bartha L. Deformation and properties of PM molybdenum and tungsten. Int. J. Ref. Metal. Hard
Mater, 2002, Vol. 20, Ne 4, pp.259-260. doi: 10.1016/S0263-4368(02)00071-9

5 Yoshinaga H. Grain-boundary structure and strength in high temperature materials. Mater. Trans. JIM,
1990, Vol.31, No. 4, pp. 233-248.



Materials science. 11

6 Watanabe T., Tsurekawa S. Control of brittleness and development of desirable mechanical properties in
polycrystalline systems by grain boundary engineering. Acta Mater, 1990, Vol. 47, No. 15, pp. 4171-4185. doi:
10.1016/S1359-6454(99)00275-X

7 Shigeaki K., Sadahiro T., Tadao W. Grain boundary hardening and triple junction hardening in
polycrystalline molybdenum. Acta Mater, 2005, Vol. 53, pp.1051-1057. doi: 10.1016/j.actamat.2004.11.002

8 Wang D., Yuan X., Li Z. Progress of research and applications for Mo metal and its alloys. Rare Metal.
Let, 2006, Vol. 25, No. 12, pp.1-7. doi: 10.3390/met10020279

9 Garg P., Park S. German Randall M. Effect of die compaction pressure on densification behavior of
molybdenum powders. Int. J. Ref. Metal. Hard Mater, 2007, Vol. 25, pp. 16-24. doi: 10.1016/j.5jrmhm.2005.10.014

10 Wang Y., Li F. Numerical simulation of radial precision forging technology for metal molybdenum. Xiy.
Jinsh. Cail. Yu Gongc, 2009, Vol. 38, No. 12, pp. 2136-2140.

11 Laribi M., Vannes A.B., Treheux D. Study of mechanical behavior of molybdenum coating using sliding
wear and impact tests. Wear, 2007, Vol. 262, No. 11-12, pp. 1330-1336. doi: 10.1016/j.wear.2007.01.018

12 Ciulik J., Taleff E.M. Power-law creep of powder-metallurgy grade molybdenum sheet, M.
2012, Vol. 463, No. 1-2, pp. 197-202. doi: 10.1016/j.msea.2006.09.113

13 Wang Y., Gao J., Gongming C. Properties at elevated temperature and recrystallizatio olybdenum
doped with potassium, silicon and aluminum. Int. J. Ref Metal. Hard Mater, 2008, Vol. No.“1, pp. 9-13.
doi:10.1016/j.ijrmhm.2007.01.009

14 Hampel A.C. Rare metals handbook, second edition. New York. 1971, 350 p.f@o1:10.1949/1.2427960

15  Brauner A., Nunes C.A., Bortolozo A.D., et al. Superconductivity in the ne®\b5S13¥xBx phase. Sol. State
Comm, 2009, Vol. 149, No. 11-12, pp. 467-470. doi:10.1016/j.ss¢.2008.12.037

16  Santos F.A., Ramos A.S., Santos C., et al. Obtaining and stability v i@o superconducting phases of
the Nb—Al and Nb—Sn systems by mechanical alloying and low-temperature, heat t nts. J. all. Comp, 2010, Vol.
491, No. 1-2, pp. 187-195. doi:10.1016/j.jallcom.2009.11.011 o

17  Hansen N. Cold deformation microstructures. Mater. Sc&ch,

90, Vol. 6, No. 11, pp. 6 - 19.
doi:10.1179/mst.1990.6.11.1039

18  Borges D.G., Marcia R.B. Microstructural
Deformed-Swage. Mater Sci. For, 2015, Vol. 805, pp. 362¢

19 Sharif A.A., Misra A., Mitchell T.E. Defo
at.% Nb. Mater. Sci. Eng. A, 2013, Vol. 358, No. 1-24279-287. do}:10.1016/S0921-5093(03)00307-1

20  Carolin Z., James S.K-L. Low temperatur
alloying elements. Acta Mater, 2019, Vol. 181, pp. 385-398d61:10.1016/j.actamat.2019.09.008

21 Volokitina 1., Nayzabekov A., Volokitin A. Influence of torsion under high pressure on the change in the
microstructure of microalloyed steel. sign  Physical Technical Journal, 2022, 19(4(42), 17-21.
doi:10.31489/2022No4/17-21

al /Characterization of the Niobium Cold

@ Article accepted for publication 06.03.2023





