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Аннотация. При изготовлении турбин применяются антифрикционные ленточные уплотнительные материалы (ЛУМ). 
Проведено изучение механизма роста толщины проката. Установлено, что внутренние оксиды частиц порошка, 
восстанавливающиеся при спекании и отжиге в водороде, вызывают изменение размеров лент и прессовок из 
плакированных порошков НПГ-80 и Нибон-20. Отличительной особенностью используемых в работе порошков является 
наличие вокруг частицы твердой смазки (графита или нитрида бора) оболочки из никеля. Показано, что повышение 
температуры спекания и времени нагрева до изотермической выдержки интенсифицирует рост лент и образцов. 
Проведенные исследования свидетельствуют о связи восстановительных процессов, протекающих в водороде при 
спекании и отжиге порошков НПГ-80 и Нибон-20, содержащих в своем составе твердую смазку, с ростом толщины 
ленты. Увеличение продолжительности нагрева до изотермической выдержки при температуре 1150 °С сопровождается 
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Abstract. Antifriction tape sealing materials (TSM) are used in the manufacture of turbines. This work studied the mechanism of 
the increase in thickness of rolled products. The study showed that internal oxides of powder particles, which are reduced during 
sintering and annealing in hydrogen, cause a change in the size of tapes and compacts from NPG-80 and Nibon-20 clad powders. 
The distinctive feature of powders used in the work is the presence of a nickel shell around the particle of the solid lubricant 
(graphite or boron nitride). It was shown that an increase in sintering temperature and heating time to isothermal holding 
intensifies the growth of the tapes and samples The studies carried out point to a relationship between reduction processes 
occurring in hydrogen during heating, sintering, and annealing of NPG-80 and Nibon-20 powders with an increase in the 
thickness of the tape containing the solid lubricant in its composition. An increase in the duration of heating to isothermal 
holding at 1150 °C is accompanied by an increase in the thickness of rolled stock. Sintering of TSM Nibon-20 in the first mode 
(4 h to 1150 °C) gives an increase in thickness by 5–7 %, whereas sintering in the second mode (9 h to 1150 °C) gives an 
increase of 12–13 %. For NPG-80, the increase in thickness is 3–7 % and 8–11 %, respectively. This leads to some decrease in 
the physical and mechanical properties of TSM.  Lower temperatures and higher heating rates are recommended for the sintering 
of sheet materials from NPG-80 and Nibon-20 in the hydrogen atmosphere. The increase in thickness of TSM from clad powders 
NPG-80 and Nibon-20 can be avoided if the sintering (heating) is carried out under pressure. By the method of electric rolling 
and subsequent hot rolling TSM is obtained from Nibon-20. 
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IntroductionIntroduction
Antifriction tape sealing materials (TSM) are used 

in the manufacture of turbines. TSM close the gap 
between the turbine blades and the turbine housing. The 
tapes must have a specific set of properties, e.g., wear 
out when a turbine blade cuts into them, have a low 
coefficient of friction and have heat resistance and heat 
stabi lity. Most commonly, for the creation of TSM, 
powder metallurgy methods are used. Powder materials 
for TSM are compositions from a matrix on a nickel or 
nichrome base with inclusions of solid lubricants (hexa-
gonal boron nitride ( hBN) with a crystal lattice similar 
to graphite and also graphite) evenly distributed in it 
and are characte rized by a certain level of porosity. 

The main forming techniques used for the process-
ing of such materials are extrusion and roll forming. 
At pre sent, tape roll forming from composite pow-
der materials has been successfully introduced on an 
industrial scale at PJSC Vyksunsky Metallurgical Plant 
(Vyksa, Porous Rolled Stock Production Unit) [1–8]. 
Industrial techno logy of TSM comprises charge prepa-
ration, strip rol ling, sintering and hot rolling to clad 
the primary powder material with compact heat-resis-
tant substrates. 

TSM rolling technology features a set of techno-
logical hindrances: difficulties in forming highly fluid 
powder compositions, restrictions on the amount of 
introduced non-forming powder phase (solid lubricant), 
and the formation of a film from a layer of solid lubri-
cants particles on rolling mill rolls. These factors are 
detrimental to the rolling forming.

This work studied the mechanism of the increase in 
thickness of rolled products. It was found that internal 
oxides of powder particles, which are reduced during sin-
tering and annealing in hydrogen cause a change in the 
size of tapes and compacts from NPG-80 and Nibon-20  
clad powders. The study revealed that an increase in 
sintering temperature and heating time to isothermal 
holding intensifies the growth of the tapes and samples. 
Particular features of sintering and annealing of the TSM 

were studied, and a new forming method of powder 
compositions by electric rolling has been developed to 
eliminate technological limitations that hinder the deve-
lopment of a new generation of TSMs containing up to 
80 vol.% of solid lubricant particles. The aim of the study 
was to obtain materials from clad powders NPG-80 and 
Nibon-20 by rolling, including electric and hot rolling.

Materials and MethodsMaterials and Methods

The distinctive feature of powders used in the work is 
the presence of a 9–12 μm thick nickel shell around the 
particle of the solid lubricant (graphite or boron nitride), 
see Fig. 1. Table 1 summarizes the technological proper-
ties and composition of powders used to obtain sheets; 
the sheets were rolled on 200 mm dia me ter rolls and sin-
tered in two modes in hydrogen: mode 1 – heating for 
4 h to t = 1150 °С, holding for 2 h at this temperature, 
cooling in a furnace down to 400 °C, and then in the air; 
mode 2 – heating for 9 h to t = 1150 °C, holding for 2 h, 
cooling in a furnace down to 400 °C and then in the air.

Fig. 1. The structure of the +0.100 mm size particles  
of the NPG-80 powder

Рис. 1. Структура частиц фракции +0,100 мм  
порошка НПГ-80

ростом толщины проката. Спекание ЛУМ Нибон-20 по 1-му режиму (4 ч до 1150 °С) создает прирост толщины на 5–7 %, 
а по 2-му (9 ч до 1150 °С) – на 12–13 %. Для НПГ-80 увеличение толщины призошло на 3–7 и 8–11 % соответственно. 
Вследствие этого происходит снижение физико-механических свойств ЛУМ. Для спекания в атмосфере водорода 
листовых материалов из НПГ-80 и Нибон-20 предпочтительно использование более низких температур и более высоких 
скоростей нагрева. Возможно устранение роста толщины ЛУМ из плакированных порошков НПГ-80 и Нибон-20 
применением спекания (нагрева) под давлением. Методом электропрокатки и последующей горячей прокатки получен 
ЛУМ из порошка Нибон-20 при отсутствии роста толщины материала. 

Ключевые слова: турбины, уплотнительные материалы, прокатка, плакированные порошки, НПГ-80, Нибон-20, электро-
прокатка, отжиг, спекание, свойства
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A study of the tape properties after sintering showed 
that an increase in the duration of heating to isothermal 
holding at t = 1150 °C is accompanied by an increase in 
the thickness of the rolled product. Sintering of the tape 
from Nibon-20 powder in mode 1 leads to an increase 
in thickness by 5–7 %, whereas sintering in mode 2 
gives a thickness increase of 12–13 %. For NPG-80, 
the increase in thickness is 3–7 % and 8–11 %, respec-
tively. This, in turn, leads to worsening of physical and 
mechanical properties of the tape (see Table 2).

A change in the material properties also occurs when 
the samples are annealed in hydrogen for 2 h at t = 950 °C 

after sintering and subsequent hot rolling (Table 3). 
Similarly to sintering, annealing also leads to the thick-
ening of the NPG-80 tape by 7 % and the Nibon-20 tape 
by 10 %. Repeated annealing of these tapes results in 
an increase in their thickness by 4–5 %. The observed 
changes in the geometry of the tapes lead to a deterio-
ration of the properties of the antifriction sealing mate-
rial due to an increase in porosity. To identify the causes 
associated with an increase in the thickness of powder 
rolled stock during sintering and annea ling, the powders 
were reduced for 1 h at t = 300 °C in hydrogen. Table 4 
shows the properties of the powders after annealing.

Table 1. Technological properties and size range of powders
Таблица 1. Технологические свойства и фракционный состав порошков

Powder type Bulk density, 
g/cm3

Tap density, 
g/cm3

Size range, %, by particle size, mm
–0.400
+0.200

–0.200
+0.160

–0.160
+0.100

–0.100
+0.063

–0.063
+0.050 –0.050

Nibon-20 1.02 1.35 0.20 0.20 2.50 9.80 4.20 82.0
NPG-80 1.39 1.76 – 9.74 18.98 21.84 12.01 42.4

Table 2. Influence of the sintering mode on the physical and mechanical properties of the tape
Таблица 2. Влияние режима спекания на физико-механические свойства ленты

Sintering 
mode Powder type Tap density, 

g/cm3 Porosity, % σv , MPa НВ, MPa

1
NPG-80 3.90 30 3.80 24
Nibon-20 3.84 31 2.90 –

2
NPG-80 3.60 35 2.50 15
Nibon-20 3.26 42 2.66 –

Table 3. Properties of the powder tapes after annealing
Таблица 3. Свойства порошковых лент после отжига

Material Processing σv , MPa НВ, MPa Porosity, % Tap density, 
g/cm3

Nibon-20
Hot rolling 9.5 8.0 30 3.96
Annealing 4.5 4.0 56 2.50

NPG-80
Hot rolling 21.0 28.0 28 4.80
Annealing 18.0 17.0 30 4.60

Table 4. Technological properties of the powders before and after the annealing
Таблица 4. Технологические свойства порошков до и после отжига

Powder 
type

Powder 
condition

Size range, %, by particle size, mm
Bulk density,

g/cm3
Tap density,

g/cm3–0.400
+0.200

–0.200
+0.160

–0.160
+0.100

–0.100
+0.063

–0.063
+0.050 –0.050

Nibon-20
Pre-annealing 0.6 0.2 2.5 9.8 4.2 82.0 1.02 1.35
Post-annealing 2.6 0.2 7.3 17.0 16.5 56.4 0.89 1.02

NPG-80
Pre-annealing – 9.7 19.0 21.8 12.0 42.4 1.39 1.76
Post-annealing 1.1 3.6 19.7 29.0 8.8 32.5 1.01 1.25

Powder Metallurgy аnd Functional Coatings. 2023;17(1):5–11 
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The study of powders showed that the content of 
fine particles mainly changes during annealing (see 
Table 4). Besides, there is a decrease in the mass 
(by 5 %) of powder samples annealed in a redu-
cing medium (hydrogen), which indicates a conside-
rable oxidation of the powder in the as-received state. 
The study of the powder particles by the breakdown 
voltage method demonstrated that oxides are located 
both inside and outside the nickel shell. See [7; 8] for 
the details on the technique for determining the break-
down voltage of powder filling and the device used for 
the implementation of this technique. Experimentally 
measured average thickness of the oxide layer was 
1.7·10–5 mm, whereas the thickness of the shell deter-
mined microscopically had a mean value of 9·10–3 mm. 
Measurement of the oxide layer of the shell of the pow-
ders after reduction showed that during annealing there 
is a sharp decrease in its thickness down to a value 
of 1.06·10–6 mm.

The study of shrinkage kinetics during sintering 
on Nibon-20 samples of different density sintered in 
hydrogen at t = 800, 900, and 1000 °C revealed that an 
increase in the sintering temperature leads to a decrease 
in the samples’ density (Fig. 2).

The reduction reactions occurring inside the nickel 
shell cause the formation of moisture, while heating cre-
ates an excess pressure of superheated vapours, leading 
to swelling of the powder particles and, consequently, 
an increase in the thickness of the TSM sample. These 
processes are intensified if the duration of heating to 

the temperature of isothermal sintering increases, when 
the process of thermal consolidation of particles has 
approximately the same rate as the reduction reaction 
(see Table 2). An increase in the initial density of the 
pellets creates the conditions for a greater decrease in 
density when the sintering temperature is increased (see 
Fig. 2). This is due to the fact that samples of clad par-
ticles have a higher gas pressure inside the shell when 
they first form a denser metal matrix, which prevents 
the gas from escaping from the clad particle during 
heating. The through porosity also decreases.

The X-ray phase analysis was not carried out due 
to technical difficulties in obtaining samples already 
containing 80 vol.% solid lubricant (graphite or boron 
nitride). The studies carried out demonstrated that sin-
tering sheet materials from powders of solid lubricants 
clad with nickel in a hydrogen atmosphere to obtain the 
required properties is recommended in lower tempera-
tures and at higher heating rates. 

Overcoming the issueOvercoming the issue

The increase in thickness of TSM from clad pow-
ders NPG-80 and Nibon-20 can be avoided if the sin-
tering (heating) is carried out under pressure. There 
are m ethods of rolling the powder, combined with its 
hea ting in a furnace placed above horizontally arranged 
rolls. In this case, difficulties arise with uniform hea-
ting of the powder bulk and its transfer into the for ming 
zones. There are also methods of electric sintering in 
rolls with alternating electric current supplied to the 
rolls in different design options [2–4], however, there 
are issues associated with the stationarity of the rolling 
and electric sintering process. 

NNSTU has developed a method for electric pulse 
sintering of metal powder and a device for the imple-
mentation of this method [5]. The device consists of 
a rolling mill and an electric pulse generator. A pulsed 
electric current with an adjustable duty cycle is sup-
plied to the electrode rolls isolated from the rolling 
stand. Electric current runs directly between the rolls. 
To manufacture the TSM, high-density pulsed currents 
are used: 108–109 A/m2.

The rolling of various powders and compositions 
at the electric rolling plant revealed the features of the 
technology of forming and sintering by a new method. 
The interrelation of particle sizes, their elastic proper-
ties and the reduction factor of the powder material with 
the type of the electric rolling process has been estab-
lished. Based on the mathematical modelling of the 
temperature field in the particle–contact–particle sys-
tem, a method of analytical calculations was developed. 
This method allows for determining the mechanism 
(solid- or liquid-phase) of the powder electric sintering 

Fig. 2. The dependence of the density of Nibon-20 pellets  
on the sintering temperature

Extrusion pressure, t/cm2 : 1 – 0.5; 2 – 1.0; 3 – 1.5; 4 – 2.0; 5 – 2.5 

Рис. 2. Зависимость плотности брикетов из Нибон-20 
от температуры спекания 

Давление прессования, т/см2: 1 – 0,5; 2 – 1,0; 3 – 1,5; 4 – 2,0; 5 – 2,5

Известия вузов. Порошковая металлургия и функциональные покрытия. 2023;17(1):5–11 
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process during rolling based on its known parameters 
of electric rolling and the technological, electrical, and 
physical properties of powders [6]. 

Experimental tape materials based on iron powders, 
corrosion-resistant steels, and composite materials have 
been obtained by the electric rolling method [6].

The solid lubricant particles of boron nitride in 
the TSM act as dielectric particles located in the con-
ductive metal matrix of the material and affect the 
electric rolling. The properties of electrically rolled 
powder materials largely depend on the Joule effect 
ability – with the growth of the effect, the strength of 
interparticle contacts and the entire electrically rolled 
material increases. Electrical and physical effects that 
strengthen the material and the interparticle contact 
itself arise, if during forming of a metal powder by rol-
ling and other forming methods, an electric current and 
an electromagnetic field are applied to the deformation 
zone [7; 8]. Here, the electrical and physical proper-
ties of the conductor material itself, the electric and 
plastic effect, and other effects have an important role, 
which attracts a lot of attention of foreign and domestic 
researchers [9–16]. 

The emergence of a pulsed electromagnetic field and 
the flow of current through the formed powder material 
have expanded the possibilities of the rol ling forming 
technique. For example, the shedding of the edges of 
the tape during the rolling of highly fluid powders was 
eliminated, having a positive effect on the macrostruc-
ture of the powder tribotechnical sealing material. This 
was especially noticeable on such important powders as 
Nibon-20 and NPG-80, compositions of nichrome and 
boron nitride powders. The pinch effect, which leads to 
compression of the conducting powder body, increased 
the density of the material [7], which allowed for the 
obtaining of powder rolled stock with a higher interpar-
ticle contact strength [12]. 

Under the conditions of forming at low pressure 
(100 MPa) and concomitant passing of a high density 
current through the compact from Nibon-20 powder, 
a sealing powder material with a porosity of only 3 % 
was obtained. Other tape materials can also be pro-
duced by electric rolling. The results of studies in the 
field of electric compacting of metal powder materials 
show the hardening of metal materials under the influ-
ence of an electromagnetic field [13–20]. Modern tech-
nologies of metal materials processing use high-density 
currents [21–23].

The use of traditional elements of technology together 
with the introduction of electric rolling allowed for the 
developing of a new version of the techno logy for obtain-
ing rolled TSM from Nibon-20 powder. The powder 
was rolled on an electric rolling plant [5] in rolls with 
a 0.2 m diameter and a width of 0.02 m with an electric 
current applied to the for ming center. The pro perties of 
the finished strips were similar to the properties to rolled 
stock sintered in furnaces at a temperature of 900 °C. 
The resulting tapes were cut and placed in packages of 
0.3 mm thick NP-2 nickel foil. The resulting assembly 
was subjected to hot rol ling on an installation designed 
by NNSTU at a temperature of 850 °C with a degree of 
deformation of 20–25 % in a hydrogen medium. Fig. 3 
shows the exterior of nickel-clad sea ling materials. 

Physical and mechanical properties of the obtained 
material meet the requirements for sealing elements 
of turbines, for example, for TSM based on nichrome 
with solid lubricant from boron nitride. For instance, 
the investigated material from Nibon-20 has a tensile 
strength of 130–135 MPa, a hardness of 80–86 MPa, 
a relative density of 94–95 %, and a thickness of the 
sealing material layer of 2.00–2.22 mm. The advantage 
of this material is the high content of the non-forming 
phase (boron nitride), which reaches 80 vol.% in TSM – 
an unprecedented case.

Fig. 3. Nickel-clad TSM element from Nibon-20 powder 
а – the exterior of the tape, b – its cross-section 

Рис. 3. Внешний вид элемента ЛУМ, плакированного никелем, из порошка Нибон-20 
а – внешний вид ленты, b – ее торцевой срез

Powder Metallurgy аnd Functional Coatings. 2023;17(1):5–11 
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Fig. 4 shows the structure of the TSM from NPG-80. 
In this case, a 5–20 µm thick metallic nickel matrix has 
a texture stretching along the direction of rolling.

ConclusionConclusion

The study showed that internal oxides of powder 
particles, which are reduced during sintering and anneal-
ing in hydrogen, cause a change in the size of tapes and 
compacts from NPG-80 and Nibon-20 clad powders. An 
increase in sintering temperature and hea ting time to iso-
thermal holding intensifies the growth of the tapes and 
samples. The properties of TSMs containing solid lubri-
cants depend on the rolling and sintering conditions. 

The use of electric rolling for clad Nibon-20 and 
NPG-80 powders allows for forming of compositions 
containing up to 80 vol.% solid lubricant, the tape of 
this composition is suitable for subsequent hot rolling 
in packs. Such a technology allows to create TSM with 
a high content of graphite or boron nitride.
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