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Abstract. The recommended ways of improving the technological and physico-mechanical properties of
refractory metals (molybdenum and tungsten) after diffusion annealing in several stages are described. In order to
significantly increase the technological characteristics and transition to stricter conditions of operation of products
made of refractory metals, it is necessary to improve the already existing methods of metal processing and make
significant changes in the development of new ones. Different directions of processing of refractory metals have been
studied and analyzed, which involve the process of heating and cooling of metals, while their near-surface layers receive
certain complex technological processes of redistribution of chemical components. A certain part begins to migrate to
the surface of the metal-vacuum distribution, another part moves into the depth, and still another part remains without
movements. The behavior of carbon, oxygen and nitrogen penetration elements was studied when molybdenum and
tungsten were heated to a temperature of 800 °C and then cooled to room temperature. To evaluate changes in the
mechanical properties of molybdenum and tungsten after diffusion annealing, appropriate tests were conducted. In
order to study the changes in the technological and physico-mechanical properties of refractory metals after the process
of diffusion annealing in an active powder environment, bending and buckling tests were conducted. Conducted studies
on the content of oxygen in refractory metals during the second heating showed that its concentration in tungsten
decreases by almost two times, and in molybdenum by five times. The technological process of purification refractory
metals can be significantly accelerated if molybdenum and tungsten are heated in pulse mode, which involves heating
and cooling, as is known, this method of thermal treatment of metals stimulates the processes of transfer of impurities
penetrating from the depth of the volume of metals to their surface. The conducted studies established that after the first
diffusion annealing, the plasticity coefficient of molybdenum increased by 3-4 times, and that of tungsten by 2-3 times,
compared to untreated samples of refractory metals. Based on the analysis of literature data and conducted research, a
set of measures aimed at improving the technological and physico-mechanical properties of refractory metals
(molybdenum and tungsten) after diffusion annealing in an active powder environment is proposed.
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1. INTRODUCTION

The use of molybdenum (Mo) and tungsten (W) of technical purity has revealed their
high brittleness at normal and low temperatures, and especially during welding or
recrystallisation. As a result, their use in high-temperature equipment and technological
processes is significantly limited [1]. One of the reasons for this limitation is the presence
of harmful impurities along the grain boundaries of these metals.

2. EXPERIMENTAL METHODS

When using refractory metals, it is necessary to consider that penetrating impurities
are practically insoluble in them and thus compounds containing penetrating elements — in
particular, oxides and carbides — are always formed, and they are located mostly along the
grain boundaries, significantly reducing the bond between them.
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The results of the research [2] made it possible to identify the main causes of the
destruction of bonds between grains:

- equilibrium segregation of harmful elements such as oxygen, carbon, nitrogen,
hydrogen;

- thin films that can cover more than half of the grain surface;

- local internal stresses within the grain boundaries in the process of strengthening the
boundary zones by unbalanced segregation;

- dispersive hardening of the grain body to create zones free of various emissions.

An extensive analysis of works [3-7] on the study of the problems of increasing the
plasticity of Mo (molybdenum) and W (tungsten) by annealing them in various chemically
active environments, as well as previous studies [2] by the authors of this publication, suggests
that low-temperature treatment of refractory metals in a confined space with a rarefied
environment (vacuum furnace), as well as by absorbing penetrating elements with a powder
medium containing active chemical components, would be promising.

The aim of the investigation is to study the effective methods of diffusion purification
of molybdenum and tungsten from harmful impurities not to strengthen the metal structure, but
to increase their plasticity.

3. RESULTS AND DISCUSSION

For X-ray diffraction studies of the structure of Mo (molybdenum) and W (tungsten),
monochromatic radiation was used on a DRON diffractometer. The features of the fracture
surface formed during bending of refractory metals were studied by Auger
microprofileometry and ion etching. All the experiments were performed on the LAS
instrumentation. Auger spectrometry ensured high sensitivity of the method and the results
were not affected by temperature, thus the information obtained was accurate and objective.
The surface composition of refractory metal samples was studied at room temperature as
well as after heating them to a temperature of 800°C in a vacuum (p=10" Pa) using a powder
medium [4]. The samples under study were made from rolled molybdenum sheets of the
MCH grade and tungsten of the TsSDV grade with dimensions of 30x20x0.5 mm. A vacuum
furnace was used for refining annealing, and the microhardness was determined using a
PMT hardness tester.

The obtained results of the X-ray diffraction analysis give grounds to state that
unannealed refractory metals (Mo and W) contain penetrating impurities in the form of
graphite — carbon and MeO: (metal oxide compounds).

Studies on samples of molybdenum and tungsten fractures have shown that the following
mass fractions (%) are accumulated in the fracture surfaces at a distance of 10-15nm: in
molybdenum the mass fractions are 1.25-1.4 of carbon, 1.15-1.35 of oxygen and 0.35-0.45 of
nitrogen, in tungsten the mass fractions are 1.9-2.1 of carbon, 1.2-1.35 of oxygen and 0.4-0.43 of
nitrogen. Taking into account the results and data presented in [5], it is possible to consider the
distribution of penetration elements in molybdenum and tungsten in surface layers of 1-2 nm
thickness under the influence of significant pressure, since the crystal lattice in such
layers is compressed by almost 10% greater compared to the depths of the metals. To
reduce this pressure, the atoms of the penetrating elements come to the surface of refractory
metals.

It has been established [6, 7] that in the process of heating and cooling of various
metal alloys, their surface layers undergo certain complex technological processes of
redistribution of chemical components. A certain part of these components begins to migrate
to the surface of the metal-vacuum distribution, another part moves into the depths, and yet
another part remains unchanged. The process of cooling the same samples to normal room
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temperature resulted in the appearance of a reverse return (but not for all of them) to the
previous place in the original volume from which the migration during heating occurred.
Such behaviour during the migration of chemical elements in metal alloys contributes to a
significant deterioration in the performance of materials. Based on the analysis of the
findings presented above, the behaviour of carbon, oxygen and nitrogen penetration
elements in the process of heating molybdenum and tungsten to 800°C and then cooling
them to room temperature was studied.

The investigations revealed that during the first heating (t=150°C) of refractory metal
samples, the concentration of penetration impurities in molybdenum (Fig. 1) and tungsten (Fig. 2)
on the fracture surfaces begins to increase, while in the depth of the metals their content partially
decreases.
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Figure 1. Change in the content of carbon, oxygen and nitrogen in molybdenum after the first and second
heating followed by cooling to room temperature (tneat — 700 °C)

The results of the studies showed that molybdenum can contain (%): 1.6-1.8(C),
1.3-1.4(0), 0.45-0.5(N). It should be noted that the concentration of carbon increases rapidly
(Fig. 3). It reaches its highest values when the metal is heated in the temperature range of
280-470°C. With the subsequent increase of the temperature the carbon content on the surfaces
of the metals under investigation begins to decrease. The second heating of refractory metal
samples from room temperature to 700°C practically does not change the concentration of
carbon in these samples and it varies within the following range (%): 2.4-2.7 for molybdenum
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and 1.6-1.8 for tungsten. Heating of molybdenum and tungsten samples to 700°C, followed
by cooling, revealed the concentration of oxygen of up to 0.25% on their surface. The
studies on the content of oxygen in refractory metals during the second heating showed
that its concentration in tungsten decreases by almost twice, and in molybdenum by five
times.
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Figure 2. Change in the content of carbon, oxygen and nitrogen in tungsten after the first and second heating
followed by cooling to room temperature (theat — 700 °C)
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Figure 3. The effect of heating temperature on the change in the concentration of carbon (a) and oxygen (b)
on the surfaces of molybdenum and tungsten delamination (Mo — o, W — e)

Research on the influence of temperature on the loss of specific weight (4g) of
molybdenum and tungsten samples during diffusion annealing has shown that the most
effective removal of penetration impurities from refractory metals takes place at 500°C.
Heating of molybdenum samples in the temperature range of 100-290°C ensures a maximum
specific mass loss in the range of 0.0075-0.0080 mg/cm?, which is 1.1-1.15 (wt%) less for
carbon and 0.8-0.9 (wt%) less for oxygen compared to unannealed metal samples. In tungsten
samples, the 4g value begins to increase at a heating temperature of 277°C., and when the
temperature reaches 490°C , it reaches its highest value (0.0094-0.0098 mg/cm?), which is
1.63-1.69 (wt%) less for carbon and 0.87-0.99 (wt%) less for oxygen compared to
unannealed tungsten samples. The refining process does not significantly affect the structure of
refractory metals, since the annealing temperature regimes are significantly lower than the
recrystallisation temperatures for these metals.
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The results of measuring the microhardness of refractory metals were 1750+30 MPa,
for molybdenum and 2640+70 MPa, for tungsten , which is approximately 40% and 30% less
than the microhardness of refractory metals that were not subjected to treatment. Subsequent
increases in the annealing temperatures of molybdenum and tungsten did not affect the specific
weight loss of the samples. Thus, the temperature intervals of diffusion annealing of refractory
metals in powder media should vary between 300-500°C, and are important arguments for
significant reductions in the temperature regimes of their processing.

The technological process of refractory metals purification can be significantly
accelerated by heating molybdenum and tungsten in a pulse mode, which involves heating and
cooling. This method of heat treatment of metals is known to stimulate the processes of
transferring penetration impurities from the depths of the metal volume to their surfaces. The
study of the elemental composition of the fracture surfaces of molybdenum and tungsten
samples during their periodic heating to a temperature of 800°C in a vacuum by Auger electron
spectrometry revealed that the first thermal cycle reduces the concentrations as follows: of
carbon by 1.80 times, of oxygen by 2.35 times, and of nitrogen by 1.55 times. The second
thermal cycle additionally reduces the concentration of penetrating elements by 2.10, 2.80 and
1.70 times, respectively. The obtained results of the studies show that the largest amount of
penetration impurities is removed from metals after three thermal cycles.

The study of the dependence of the annealing duration on the surface quality of diffusion
purification of molybdenum and tungsten from penetrating impurities showed that five hours
of exposure of molybdenum samples to the temperature of 150°C ensures a decrease in Ag.
Further increases in heat treatment exposures did not significantly affect the change in specific
weight. When the annealing temperature is increased to 380°C, a decrease in Ag of molybdenum
samples is observed, but the duration of the process should be at least five hours. Similar results
can be observed for tungsten samples. Diffusion annealing for tungsten samples at a
temperature of 280°C provides a decrease in the specific weight after six hours. Further duration
of annealing does not change the specific mass loss of tungsten samples. Increasing the
annealing temperature to 450°C can accelerate the process of removal of penetration impurities.

The results of the study of the atomic structure of grain boundaries make it possible
to consider one of the mechanisms for removing penetration components from molybdenum
and tungsten. The grain boundaries of refractory metals alternate between grain boundary
barriers and free volumes [1, 8]. During the relaxation of internal stresses, some atoms
remain in contact with the surrounding atoms and form grain boundary volume-centred
polyhedra, which act as barriers to the diffusion process, and there are boundaries with
sufficiently free volumes between them. The beginning of diffusion annealing is
characterised by the formation of adsorbed monolayers with thermodynamic active
elements of powder mixtures on the surfaces of molybdenum and tungsten. During the
adsorption of penetrating impurities by the active elements, concentration gradients occur
on the surfaces of crystals, and as a result, these impurities diffuse along grain boundaries
and accumulate in free zones. Upon reaching a critical concentration, the grain boundary
volume becomes permeable and a certain part of the impurities begins to diffuse into the
free volumes, where they accumulate to a certain critical concentration, followed by a
breakdown of the barrier, and the processes repeat. This constant relay movement removes
penetration impurities from the depths of refractory metals at the boundary with powder
media, where their adsorption occurs. The studied mechanism can be divided into two
stages: the accumulation of penetration impurities and their diffusion through the so-called
barrier. This mechanism depends on kinematic factors and the activity of the powder
medium [9-15].

Studies of changes in the concentration of penetration elements in molybdenum and
tungsten depending on the heat treatment temperature showed that during the first annealing
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oxygen and nitrogen are removed from refractory metals, and during the second annealing the
carbon is removed. The analysis of the values of current mass losses of refractory metal samples
showed that the processes of removing penetration elements from molybdenum and tungsten
are more efficient during the first heat treatment.

The effectiveness of removing penetration elements from molybdenum and tungsten
was evaluated by using the plasticity of metals, which ensures the ability of refractory metals
to be shaped. The plasticity coefficient was the number of bends of molybdenum and tungsten
samples with dimensions of 30x20x0.5 mm at 90°. According to the standard, the bending of
rectangular samples at 90° ° and their return to their original position was considered as one
bend. The studies showed that after the first diffusion annealing, the plasticity coefficient of
molybdenum increased by 3—4 times and that of tungsten by 2—3 times compared to untreated
refractory metal samples. The second diffusion annealing changed the plasticity coefficients as
follows: for molybdenum 12+2 bends, for tungsten 5+1 bend, which is 4-5 times higher than
for untreated refractory metal samples.

4. CONCLUSIONS

Thus, the two-stage treatment of molybdenum and tungsten in a vacuum environment using
active powder mixtures provides effective removal of harmful penetration impurities, which results
in a significant increase in the plasticity of refractory metals(Mo and W).
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TEPMIYHA OBPOBKA MOJIIBAEHY I BOJIb®PAMY B
IHOPOIIKOBUX CEPEJOBHUIIAX

Bacuib Kosoammun'; Irop Bouap?

Tepnoninvcokuii nayionanvnuii mexuiunuii ynisepcumem imeni lsana Ilynios,
Tepnonins, Ykpaina
2TeproninbCoKull HaYioHaTbHULL Ne0a2o2iuHull yHisepcumen
imeni Bonooumupa I'namwoka, Tepuonine, Yxpaina

Peztome. Onucano pekomMeHOOBAHI WINAXU NOKPAWEHHA MEXHON02IHHUX mMa  (PI3UKO-MeXaAHIUHUX
61ACMUBOCMEN MY20NIABKUX Memanie (MoaiO0eHy ma 8oabppamy) nicis ou@ysiiHo2o 6iONANIOBAHHA ) KilbKa
emanig. A 3HAYHO2O NIOBUWJEHHS MEXHOJIO2IYHUX XAPAKMEPUCMUK i nepexooy HaA HCOPCMKIui yMosu
excniyamayii 6upo0ie i3 myeoniaeKkux mMemaiié HeoOXiOHe 800CKOHANEHHA Yiice ICHYIOUUX Cnocobie o6poOKu
Memanie ma 6HeCeHHsi CYMMEBUX 3MIH Y pO3POOIeHHs HO8UX. JJOCIIONHCeHO ma NpoaHANi308aH0 PI3HI HANPAMU
00pOOKU MY20NNABKUX Memanis, AKi nepeodbauaioms npoyec Haspisanta il 0Xon00xcenns memanig. Ipu yvomy
IXHI npunoOBepXHesi wWapu OmpuMyiomb HNe6Hi CKIAOHI MEXHONO2IYHI Npoyecu nepeposnooiny XiMIYHUX
komnonenmie. Ileena wacmuna nouunae miepyeamu HA NOGEPXHIO PO3NOOINY Meman-6axKyym, IHUWA YaACMuHa
nepemiwyaemocs 6 2IuOUHy, a we 0OHa YaCmuHa 3a1uuacmscs 6e3 nepemiujerv. Busueno nogedinky enemenmie
NPOHUKHEHHSL 8y2ieyio, KUCHIO Mma a30my npu Ha2pisanui Moniboeny ma soav@pamy oo memnepamypu 800°C 3
HACMYRHUM OXON00JUCEHHAM 00 KiMHamHoi memnepamypu. [na OyiHIOBaHHA 3MIH MEXAHIYHUX G1ACMUBOCHElU
Monib0eHy i 6onb@pamy nicis ou@ysitinozo 8iONANO8AHHA NPOBEOEHO BIONOBIOHI 6UNPOOY8aHHs. s eueuenHs
3MIH MEXHONOSTYHUX MA (PIZUKO-MEXAHIYHUX 61ACMUBOCMEN ) MY20NLA6KUX MemAie nicis npoyecy Ou@y3iiHo2o
8IONANIOBAHHA 8 AKMUBHOMY HOPOULKOBOMY Cepedosuli Npo8e0eHo BUNPODYBAHHS HA 3CUHAHHA Ul NEPESUHANHS.
IIposedeni Oocniodncents Ha BMICI KUCHIO Y MY20NJABKUX MEMANAX npu OPy2oMy HA2Pi6anui NOKA3alu, o 1o2o
KOHYenmpayis y 6016@pami 3MeHULYyEMbCsL Maudice y 08a pasu, a y Moniboeni — y n’ame pasig. Texwonociunuil
npoyec OYUWeHHA MY20NIA6KUX MEemAnié MOJICHA CYMMESO NPUUGUOWUMU, AKWO NPOGECMU HASPIGAHHS
MONIOOEHY § 601bPPAMY 8 IMNYIbCHOMY PeXCUMI, KUl nepedbauac HazpieanHsi-oxon00xcents. Ak eidomo, danuil
Cnocib mepmiyHoi 06pOOKU Memanie CMUMYIIOE NPOYecu nepeHecenHs: OOMIULOK NPOHUKHEHHS 3 2IUOUHU 00 emy
Memanié Ha ix noseepxni. Bcmamnoeneno, wo nicis nepwioeo Oughysitnozo €ionanoganus Koepiyicum
niracmuurHocmi Moniboeny niosuwysascs y 3—4 pasu, a eonvgppamy — y 2—3 paszu 6 nopisHAHHI 3 HeOOPobIeHUMU
3paskamu myeonaasekux memanie. Ha ocnosi amanizy nimepamypHux OaHux i Npoeedenux O00Cri0lCeHDb
3anPONOHOBAHO KOMNAEKC 3aX00i8, HANPAGIEHUX HA NOKPAWEHHA MEXHONO0IYHUX Ma @Di3UKO-MexaHiyHux
e1acmMuBoCcmell my2oniagKux Memanie (Moniooeny i gonvpamy) nicis Ou@y3iliHo2o 8iONANO8AHHSL 8 AKMUBHOMY
HOPOWKOBOMY CEPe0OBULYI.

Kniouosi cnosa: moniooen, sonvghpam, nnacmuynicms, mepmiuna 0o6pooxa.
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