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Аннотация. Представлены результаты экспериментально-аналитических исследований процесса газоструйного диспер

гирования расплава и получения бериллиевых гранул. Показано влияние природы (азот, гелий), скорости подачи охлаж
дающего газа (300–650 м/с), температуры расплава и размера образующихся капель (<500 мкм) на скорость охлажде-
ния и свойства гранул. Установлено, что в зависимости от регламента распыления затвердевание бериллиевых гранул 
может происходить по двум механизмам: кристаллизация, аморфизация (стеклование). При распылении азотом расплава 
бериллия гранулы диаметром менее 100 мкм затвердевают по механизму стеклования (аморфизируются), а диаметром 
более 300 мкм – по механизму кристаллизации. При этом определенная фракция гранул (размером от 100 до 300 мкм) 
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Abstract. Experimental and analytical studies on gas atomization of the molten beryllium and the production of beryllium granules are 

presented. The impact of various factors, including the choice of gas (nitrogen or helium), the cooling gas flow rate (ranging from 
300 to 650 m/s), melt temperature, and droplet size (<500 µm), on  the cooling rate and granule properties, is demonstrated. It has 
been determined that the solidification of beryllium granules can occur through two distinct mechanisms depending on the atomiza-
tion process. These mechanisms include crystallization and amorphization (glass transition). When beryllium melt is atomized with 
nitrogen, granules with diameters less than 100 µm solidify via the  amorphization mechanism (glass transition), while those with 
diameters exceeding 300 µm solidify through crystallization. In such cases, a portion of granules with sizes ranging from 100 to 300 µm 
undergoes a mixed mechanism solidification. In  this process, the  surface becomes amorphous, while the  central part crystallizes, 
resulting in the formation of a “shell” on the surface, marking the transition from the glass transition mechanism to the crystalliza-
tion mechanism. The thickness of this “shell” depends on the granule diameter, measuring 10–15 µm for 300 µm granules and 20–25 µm 
for 100 µm granules. The findings from this research align well with the hypothesis of a glass-crystalline mechanism of beryllium 
granule solidification, which leads to  their separation  at  the  interfacial boundary. Such solidification  through a mixed mechanism 
results in the creation of a removable “crust” on the granule, which is typically more contaminated with impurities. Understanding this 
effect opens up possibilities for practical applications in the production of specialized materials from beryllium. The ability to separate 
the “crust” from the “core” provides the conditions for obtaining specialized sintered beryllium grades suitable for use in nuclear reac-
tors and foil production, where a beryllium microstructure with “clean” boundaries is essential. 
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IntroductionIntroduction
The  beryllium industry employs various methods 

to produce beryllium powders, with mechanical methods 
being the most widely used for reducing the particle size 
of  technical beryllium ingots, electro-refined beryllium 
flakes, and distilled beryllium granules to less than 56 μm. 
However, it's important to note that mechanical grinding 
during this process generates heat  and leads to  surface 
oxidation of  the powders. The surface oxidation results 
in the presence of beryllium oxide on the powder partic
les, and this oxide material is subsequently incorporated 
into  the  grain  boundaries of  the  compacted beryllium. 
It serves as a dispersion-strengthening phase [1–6]. This 
particular phase plays a significant role in  influencing 
the  processes of  structure formation  and the  develop-
ment of both strength and plastic properties in sintered 
beryllium. 

In  [7–9], novel insights into  the mechanism of deg-
radation  of  an  oxide film covering beryllium particles 
during the hot consolidation of powders were substanti-
ated. It has been demonstrated that the initially amorphous 
beryllium oxide film undergoes crystallization  at  tem-
peratures exceeding 700 °C. The crystallization mecha-
nism, whether homogeneous or heterogeneous, depends 
on the presence of fusible impurities. This, in turn, dic-
tates the  nanostructure of  the  resulting discrete oxide 
particles and, consequently, influences the strengthening 
effect observed in sintered beryllium. These established 
quantitative patterns contribute to the scientific founda-
tion for controlling the mechanical properties of sintered 
beryllium. This is especially crucial in ensuring the qua
lity of “instrumental” beryllium grades [10–16].

Nonetheless, there are other significant applications 
of beryllium where the presence of beryllium oxide and 
other impurities on  grain  boundaries, and correspon
dingly on the particle surface of initial powders, is unde-
sirable. These applications pertain  to  beryllium grades 
used in  nuclear reactors, specifically as neutron  reflec-

tors, and in foil production. In the former case, impurities 
at  the  grain  boundaries can  adversely affect the  relax-
ation of thermal stresses that occur during reactor opera-
tion, potentially leading to  the  development of  cracks 
in  critical components. In  the  latter case, the  presence 
of  oxide at  the  grain  boundaries reduces the  imperme-
ability (vacuum density) of thin foils, which is unaccept-
able when employed in X-ray technology. 

There is existing literature on  the utilization of dis-
tilled coarse-grained beryllium for reactor-grade appli-
cations  [3; 6; 17], and fine-grained beryllium produced 
through hydride technology for foil-grade purposes [18]. 
Nevertheless, the  application  of  these technologies has 
limitations.

In  the  1970s, significant advancements were made 
in  beryllium granule metallurgy. Specialized equipment 
was developed for the  atomization of molten beryllium, 
including rotary atomizers (VIAM, Russia), centrifugal 
atomizers (Leybold–Heareus, Germany), and gas atom-
izers “Sphere” (KhPTI, Ukraine). However, experimental 
studies revealed that  despite decreased contamination, 
the granule surface still retained impurities due to interac-
tion with the gas atmosphere. 

In practical applications of gas atomization for spray-
ing beryllium melt, it was observed that  certain-sized 
granules developed a “shell” upon  solidification. This 
“shell” comprised beryllium enriched with oxygen, nitro-
gen, and iron (Fig. 1).

Understanding the underlying causes and mechanisms 
responsible for the formation of the “shell” is crucial for its 
utilization in quality control of both granules and densely 
sintered beryllium materials. It was essential to  investi-
gate the  hypothesis that  the  formation  and subsequent 
detachment of the “shell” result from a significant altera-
tion in volumetric contraction during the granule’s solidifi-
cation process. This transformation occurs due to the shift 
from the  glass transition  mechanism to  the  crystalliza-
tion mechanism, accompanied by a reduction in the cool-
ing rate as the  solidification  front progresses from 

затвердевает по смешанному механизму – поверхность аморфизируется, а центральная часть кристаллизуется, в резуль-
тате чего происходит отслаивание «скорлупы» по поверхности перехода от механизма стеклования к механизму кристал-
лизации.  Толщина «скорлупы» зависит от диаметра гранулы и составляет 10–15 мкм (на гранулах 300 мкм) и 20–25 мкм 
(на гранулах 100 мкм). Полученные результаты исследований хорошо согласуются с гипотезой о стеклокристаллическом 
механизме затвердевания гранул бериллия, обуславливающем расслоение их по межфазной границе. Такое затвердевание, 
по смешанному механизму, приводит к образованию легко отслаиваемой «корочки» на грануле, которая наиболее загряз-
нена примесями. Понимание изученного эффекта создает перспективы для его практического применения при получении 
специальных материалов из бериллия. Возможность отделения «корочки» от «ядрышка» создает условия для получе-
ния особых сортов спеченного бериллия для использования в атомных реакторах и производстве фольги, где необходима 
микроструктура бериллия с «чистыми» границами.

Ключевые слова: бериллий, гранулы, газоструйное распыление, скорость охлаждения, кристаллизация, аморфизация, 
температура, теплообмен, теплопроводность
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the granule’s surface to  its core. During the  crystalliza-
tion of the melt, the granule’s density increases from 1.69 
to 1.85 g/cm3, leading to an 8.6 % reduction in the gran-
ule’s volume 8.6 %  [2]. In  contrast, when solidifica-
tion takes place through the glass transition (amorphiza-
tion) mechanism, the reduction in the granule’s volume is 
significantly less (Fig. 2).

Published information  regarding the  feasibility 
of obtaining beryllium metallic glasses is limited. However, 
it is noteworthy that the glass transition of granules com-
posed of pure metals can be facilitated when the metal is sat-
urated with gases [19; 20]. This saturation can be achieved 
through gas atomization  techniques, specifically employ-
ing gases such as nitrogen in  the  atomization  of  beryl-

lium, at both subsonic (300 m/s) and supersonic (650 m/s) 
velocities. The research aimed to investigate the dynamic 
changes in cooling rates experienced by beryllium granu
les as the solidification front progresses from the granule’s 
surface towards its center. The  primary objective was 
to  determine the  conditions necessary for implementing 
a  combined “glass-crystalline” solidification  mechanism 
for these granules. 

The objective of this study was to investigate the gas 
jet spraying method for beryllium melt with the  aim 
of  identifying technological procedures for the produc-
tion of granules. These granules would possess a struc-
ture that, during subsequent processing, facilitates 
the efficient removal of impurities from their surfaces.

ExperimentalExperimental
Numerical studies into the solidification of beryllium 

melt droplets were conducted using two approaches: 
a  graphical-analytical method employing universal 
dimensionless graphs  [21], and an  analytical method 
involving the  solution of  differential equations govern-
ing heat conduction [22]. In the first approach, the study 
addressed the problem of non-steady-state heat conduc-
tion  during the  incremental solidification  of  a cooled 
sphere due to uniform convective heat dissipation from 
its surface (Fig. 3). 

The  calculations did not account for variations 
in  droplet volume during cooling, nor did they con-
sider the influence of the already solidified droplet layer 
on the cooling process. The temperature of the gaseous 
medium was assumed to  be 40 °C. At  the  initial time 
(τ = 0), all points within the droplet with a radius Rg pos-
sessed the same melt temperature Тm = 1350 °С. 

Fig. 1. Microimages of granules captured by a scanning electron microscope (×200)
The “shell” is highlighted by arrows 

Рис. 1. Микрофотографии гранул, снятые на растровом электронном микроскопе (×200)
Стрелками показана «скорлупа»

Fig. 2. Hypothetical curve of volumetric shrinkage  
during melt solidification by crystallization (1)  

and glass transition (amorphization) (2) 

Рис. 2. Гипотетическая кривая объемной усадки 
при затвердевании расплава по механизмам  

кристаллизации (1) и стеклования (аморфизации) (2)

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(4):16–24 
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Under these specified conditions, the  temperature 
at  any point within  the  droplet becomes solely a func-
tion  of  time and radius. Numerical investigations were 
conducted for beryllium droplets with diameters rang-
ing from 50 to 400 μm while being subjected to cooling 
by nitrogen, helium, and air at both subsonic (300 m/s) 
and supersonic (650 m/s) velocities. 

The heat exchange mode between the droplet (or gra
nule) and the coolant flow is determined by the Reynolds 
criterion (Re) (Fig. 4):

where Vg represents the gas flow velocity, d stands for 
the droplet diameter, νg denotes the kinematic viscosity 
of the flowing medium. 

In the context of heat exchange involving a spherical 
body and a gas flow, the Nusselt criterion (Nu) governs 
both laminar and turbulent regimes:

where Pr signifies the Prandtl criterion, equal to 0.67 for 
monatomic gases and 0.72 for diatomic gases; α repre-
sents the coefficient of heat transfer, W/(m2·K); λg denotes 
the thermal conductivity coefficient of the energy-carry-
ing gas, W/(m·K).

The  Biot number (Bi) quantifies the  relationship 
between the rate of heat transfer and the rate of heat con-
duction within the granule (Fig. 5):

where λT represents the  thermal conductivity of  the 
melt, W/(m·K). 

The total heat released by the granule prior to solidi-
fication is determined as follows:

qb = cm (Tm – Tm.p.),

Fig. 3. Schematic representation of granule solidification
Tm.p., Tmelt – melting point and beryllium melt temperature, respectively; 

Rg – granule radius 

Рис. 3. Схема затвердевания гранулы
Тпл , Тр – температуры плавления и расплава бериллия 

соответственно; Rш – радиус гранулы

Fig. 4. Reynolds criterion for gas flow as a function  
of granule diameter, gas type, and gas flow rate

1, 1′ – argon; 2, 2′ – air; 3, 3′ – nitrogen; 4, 4′ – helium  
Vg = 650 m/s (1–4) and 300 m/s (1′–4′) 

Рис. 4. Критерий Рейнольдса для газового потока 
в  зависимости от диаметра гранул, вида газа 

и скорости дутья
1, 1′ – аргон; 2, 2′ – воздух; 3, 3′ – азот; 4, 4′ – гелий  

Vг = 650 м/с (1–4) и 300 м/с (1′–4′)

Fig. 5. Biot number for gas flow as a function  
of granule diameter, gas type, and gas flow rate 

1, 1′ – helium; 2, 2′ – nitrogen; 3, 3′ – argon; 4, 4′ – air  
Vg = 650 m/s (1–4) and 300 m/s (1′–4′) 

Рис. 5. Критерий Био для газового потока в зависимости 
от диаметра гранул, вида газа и скорости дутья
1, 1′ – гелий; 2, 2′ – азот; 3, 3′ – аргон; 4, 4′ – воздух 

Vг = 650 м/с (1–4) и 300 м/с (1′–4′)

Powder Metallurgy аnd Functional Coatings. 2023;17(4):16–24 
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where сm signifies the specific heat capacity, Тm denotes 
the melt temperature, Тm.p. represents the melting point 
of beryllium (1285 °С).

Time and cooling rates for different cooling condi-
tions were determined using dimensionless graphs [14], 
which represent numerical solutions of the following set 
of equations:

where  is the  relative heat  content of  
 
solid phase; сТ is the  specific heat  content of  gra
nule; θ  is the  granule temperature;   is the  
 
dimensionless temperature; t  is the  gas temperature;  
 

 is the  dimensionless time;  
 

 are the  relative radii, representing the  current  
 
radius and solidification front; β = 1/Bi is the coefficient 
(Fig. 6); r is the “current” radius varying from 0 to Rg .

The  calculation  of  cooling time was conducted as 
follows:

where τ* is the  relative time determined through 
the graphs [14]; ρТ is the melt density; Rg is the granule 
radius; Тg is the temperature of the dispersing gas.

The  calculation  of  cooling rate was performed as 
follows:

The  outcomes of  the  numerical research employing 
the graphical analytical method are depicted in Fig. 7. 

In  order to  assess the  accuracy of  data obtained 
through the first method, numerical investigations were 
carried out using the second method. This involved sol
ving the following differential equation:

Fig. 6. β = 1/Bi as a function of granule diameter,  
gas type, and gas flow rate 

1, 1′ – air; 2, 2′ – argon; 3, 3′ – nitrogen; 4, 4′ – helium  
Vg = 650 m/s (1–4) and 300 m/s (1′–4′) 

Рис. 6. Коэффициент β = 1/Bi для газового потока  
в зависимости от диаметра гранул, вида газа  

и скорости дутья
1, 1′ – воздух; 2, 2′ – аргон; 3, 3′ – азот; 4, 4′ – гелий 

Vг = 650 м/с (1–4) и 300 м/с (1′–4′)

Fig. 7. Cooling rate of granules in nitrogen (a) and helium (b), 
determined through graphical analysis, as a function  

of granule size and gas flow rate 
d, μm = 50 (1, 1′), 100 (2, 2′), 200 (3, 3′), 300 (4, 4′), 400 (5, 5′)  

Vg , m/s = 650 (1–5), 300 (1′–5′) 

Рис. 7. Скорость охлаждения гранул в азоте (а) и гелии (b), 
рассчитанная графоаналитическим методом, в зависимости 

от размера гранул и скорости газового потока
d, мкм = 50 (1, 1′), 100 (2, 2′), 200 (3, 3′), 300 (4, 4′), 400 (5, 5′)

Vг , м/с = 650 (1–5), 300 (1′–5′)
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The boundary conditions were set as follows:

 – on the droplet surface;
\

 – in the droplet center.

The  initial conditions (at  τ = 0): θ = Тm – Тm.p. for 
0 < r < Rg .

The solution to the differential equation was obtained 
in [5] in the form:

where n = 1, 2, 3…; F0 is the  Fourier number; Вn are 
the coefficients determined by:

μn are the roots of the characteristic equation:

The solidification time of melt droplet   
 
where r = (1 – R*)R.

The  computed results for the  rates of  solidifica-
tion of beryllium droplets using the analytical method are 
presented in Fig. 8. 

Result and discussionResult and discussion
An  analysis of  the  dependencies obtained through 

the  two methods reveals that  as the  granule diameter 
increases from 50 to 400 μm, the solidification rate near 
the droplet’s surface decreases from values on the order 
of 107 to 105 °С/s. Additionally, an increase in the ther-
mal conductivity of the gas results in a 2–3 times increase 
in  this rate (Figs. 7 and 8). It is worth noting that data 
regarding the cooling rates of droplets by nitrogen and 
helium, as determined by  these two different methods, 
exhibit reasonably good agreement, despite some quanti-
tative differences.

Experiments involving the  atomization  of  beryl-
lium granules with nitrogen have revealed that granules 
measuring 300 µm in  size possess a removable “shell” 
of approximately 10 µm thickness (R* = 0.92). Expanding 
on  the  previously mentioned hypothesis, plotting this 
experimental data on  the graph (refer to Fig. 7, a) faci
litates the  determination  of  the  cooling rate at  which 
beryllium solidification  through the  glass transi-
tion mechanism takes place. This rate is approximately 
106 °С/s when nitrogen exits the nozzle at velocities rang-
ing from 300 to 650 m/s. These determined rates closely 
resemble those associated with the glass transition of cer-
tain metals [12; 13]. Further scrutiny of the graphical data 
(as observed in Fig. 7, a) permits the creation of a curve 
depicting the  thickness of  the  “shell” enveloping 
the granules as a function of granule size and the flow 
rate of the dispersing energy-carrying gas (Fig. 9).

The acquired experimental and analytical results align 
well with the hypothesis of  a “glass-crystalline” mecha-
nism governing the  solidification  of  beryllium granules, 
which results in  their stratification  along the  interphase 
boundary. When beryllium melt is atomized with nitro-
gen, granules smaller than  100 µm solidify through 
the glass transition mechanism (amorphized), while those 
with diameters exceeding 300 µm solidify via the  crys-
tallization  mechanism. Granules ranging in  size from 
100 to  300 μm undergo a mixed solidification  mecha-
nism, leading to the peeling of the “shell” on the surface 
during the transition from the glass transition mechanism 

Fig. 8. Cooling rate of granules in nitrogen (a) and helium (b), 
analytically calculated as a function of granule size  

and gas flow rate 
d, μm = 50 (1, 1′), 100 (2, 2′), 200 (3, 3′), 300 (4, 4′), 400 (5, 5′)  

Vg , m/s = 650 (1–5), 300 (1′–5′) 

Рис. 8. Скорость охлаждения гранул в азоте (а) и гелии (b), 
рассчитанная аналитическим методом, в зависимости  

от размера гранул и скорости газового потока
d, мкм = 50 (1, 1′), 100 (2, 2′), 200 (3, 3′), 300 (4, 4′), 400 (5, 5′)

Vг , м/с = 650 (1–5), 300 (1′–5′)
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to  the  crystallization  mechanism. The  thickness of  this 
“shell” varies based on  the granule diameter, measuring 
10–15 μm (d = 300 μm) and 20–25 μm (d = 100 μm). 
During the cooling process of  the fine fraction <100 µm 
and the  “shell,” the  amorphous structure undergoes 
a transformation into a crystalline one. Understanding this 
studied effect may hold practical significance. 

It is worth noting that the surface of beryllium granules, 
including the  “shell,” becomes enriched with nitrogen 
and oxygen during nitrogen atomization. This enrichment 
results in  an  increased impurity content at  the  bounda
ries of compacted beryllium derived from these granules. 
The presence of impurities at grain boundaries negatively 
affects several vital physical and mechanical properties, 
such as high-temperature plasticity, stress relaxation capa
city, foil vacuum density, and others. 

In order to produce a grade of beryllium with reduced 
impurity content along the grain boundaries and enhanced 
physical and mechanical properties, it is essential, during 
the classification phase, to separate a fraction of spheri-
cal powders with a “shell” ranging from +100 to 300 μm 
in  size. Subsequently, this “shell” should be removed 
(peeled) without grinding, using established methods 
such as a shock-centrifugal mill under specific operating 
conditions. The resulting granules can then be utilized for 
the  subsequent consolidation  into  workpieces intended 
for the production of  reactor reflectors–moderators and 
rolling of foils.

Summarizing the  outcomes from our prior 
works  [7–9] and considering the  distinct requirements 
for various beryllium grades (demanding high preci-
sion  elastic limits for instrument grade, lower relax-
ation  resistance, and vacuum tightness for reactor and 
foil grades), we propose a technological flowchart for 

Fig. 10. Flowchart of production process for different structural grades of sintered beryllium 

Рис. 10. Технологическая схема получения различных конструкционных сортов спеченного бериллия

Fig. 9. The thickness of the surface shell in relation  
to the size of beryllium granules and the flow rate  

of nitrogen (energy-carrying gas)
Vg = 650 m/s (1) and 300 m/s (2) 

Рис. 9. Зависимость толщины поверхностной оболочки 
(скорлупы) от размера гранул бериллия и скорости подачи 

азота – газа-энергоносителя
Vг = 650 м/с (1) и 300 м/с (2)
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the production of sintered beryllium varieties tailored for 
diverse applications (Fig. 10). After the melt atomization, 
the granules are categorized into  three fractions: those 
below 100 µm (amorphous), those exceeding 300 µm 
(crystalline), and those ranging from +100 to  300 µm 
(with a shell). Subsequently, the +100–300 µm fraction is 
subjected to  a “peeling” process, resulting in  the  pro-
duction of foil reactor grade material through hot press-
ing. The  remaining fractions (–100 µm, +300 µm and 
“shell”), post-peeling, are directed toward the manufac-
turing of  an  instrument-grade product, which contains 
a higher concentration of beryllium oxide, serving as a 
reinforcing hardening phase.

ConclusionsConclusions
1. The  formation  mechanism of  the  surface shell 

on  granules during gas atomization  of  beryllium melt, 
resulting from the  “amorphous-crystalline” solidifica-
tion of the melt droplets, has been substantiated.

2. The thickness of the surface shell has been deter-
mined as a function of the dispersing gas supply rate and 
granule size.

3. A technological layout for granule processing 
at  the  production  of  beryllium for various applications 
has been proposed. 
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