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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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AHHoTaums. [Ipu u3rotoBIeHUH TypOUH TPUMEHSIFOTCS aHTU(PUKIIMOHHBIC JICHTOYHBIC YIUIOTHHUTEIbHBIE Marepuaibsl (JIYM).
ITpoBenieHO M3ydYEHHE MEXaHH3Ma POCTa TOJNIIHWHBI IPOKaTa. YCTAHOBJICHO, YTO BHYTPEHHHE OKCHIBI YacTHI[ MOPOIIKA,
BOCCTAHABIIMBAIOLINECS TPH CIIEKAHMW M OT)KHI€ B BOAOPOJE, BBI3BIBAIOT M3MEHEHHE DPA3MEpOB JICHT W TIPECCOBOK H3
rutakupoBaHHbIX opoikoB HITT-80 1 Hub6oH-20. OTiandnTenbHOM 0COOEHHOCTBIO HCIIONB3YEMbIX B pa00TE TIOPOLIKOB SIBIISETCS
HAJIMYUE BOKPYT YaCTHIIBI TBEPIOM cMa3ku (rpadurta WM HUTpUIa 6opa) 000NoYKH U3 HUKess. [1oka3aHo, YTO TOBBIIICHHE
TEMIIepaTyphl CIICKAaHWs W BPEMEHH HArpeBa JI0 M30TEPMUYCCKON BBIICPKKH HHTCHCU(DUIMPYET POCT JICHT M 0OpasIoB.
[TpoBeneHHbBIE HMCCIIENOBAHUS CBHUAETENBCTBYIOT O CBSI3M BOCCTAHOBHTEIBHBIX NPOLECCOB, MPOTEKAIOMINX B BOAOPOIE TPH
crnekanuu 1 oTxkure nopoukos HITM-80 u Hubon-20, cogepxaliux B CBOEM COCTaBe TBEPIAYIO CMa3Ky, C POCTOM TOJIIIUHBI
JIEHTHI. YBENWYEeHHE IPOIODKUTEIFHOCTH HarpeBa 0 N30TePMUIeCKOi BeIAECPKKH pH Temriepatype 1150 °C conpoBokaaercst

© 2023. 1. M. Mal'tsev, Yu. A. Getmanovsky 5


https://doi.org/10.17073/1997-308X-2023-1-5-11
mailto:Maltcev%40nntu.ru?subject=
mailto:Maltcev%40nntu.ru?subject=
https://powder.misis.ru/index.php/jour/search/?subject=turbines
https://powder.misis.ru/index.php/jour/search/?subject=sealing materials
https://powder.misis.ru/index.php/jour/search/?subject=rolling
https://powder.misis.ru/index.php/jour/search/?subject=clad powders
https://powder.misis.ru/index.php/jour/search/?subject=NPG-80
https://powder.misis.ru/index.php/jour/search/?subject=Nibon-20
https://powder.misis.ru/index.php/jour/search/?subject=electric rolling
https://powder.misis.ru/index.php/jour/search/?subject=annealing
https://powder.misis.ru/index.php/jour/search/?subject=sintering
https://powder.misis.ru/index.php/jour/search/?subject=properties
https://doi.org/10.17073/1997-308X-2023-1-5-11

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLWIKOBAA META/IIYPTUA U ®YHKLMOHANBHBIE MOKPbITUA. 2023;17(1):5-11
Marnsues U.M., lemmaHosckuli F0.A. NonyyeHne U CBOICTBA NPOKATa M3 NIaKMPOBAHHbBIX MOPOLLKOB ...

poctom TonmuHb ipokara. Crekanne JIVM Hub6oH-20 1o 1-my pexxumy (4 4 1o 1150 °C) cozaaer npupoct tonuHbl Ha 5—7 %o,
ato 2-my (9 1 no 1150 °C) —na 12—-13 %. J{na HIIT-80 yBenuyenue Tonmuusl npuszonuio Ha 3—7 u 8—11 % cooTBeTCTBEHHO.
BcenencTBre 3TOr0 MpoMCXOMUT CHMXKEHHE (U3MKO-MexaHndeckux cBoicTB JIVM. [lns crnekanusi B atMocdepe Bomopoja
nctoBbix Marepuaios n3 HIIT™-80 u Hu6on-20 npenmnoyTuTenbHo UCTIob30BaHue 0oj1ee HU3KHUX TeMIIepaTyp U 060J1ee BBICOKUX
cKopocTell HarpeBa. Bo3mMoxHO ycTpaneHue pocrta ToiuHbel JIYM u3 mnakupoBaHHbX nopomkoB HIT-80 u HubGon-20
[IPUMEHEHNEM CIIeKaHUs (Harpesa) 1oJ| JaBjaeHueM. MeTo10M 3J1eKTPOIIPOKATKH 1 MOCIIEeIYIOIIeH ropsiueil mpoKaTKy MoJIydeH
JIYM wu3 noporka Hu6oH-20 mpy 0TCYTCTBHM POCTa TONIIUHBI MaTepHaa.

KnroueBbie cioBa: TypOWHBI, YIUIOTHUTEIBHBIC MaTepHalbl, POKATKa, MIakupoBaHHble nopotiku, HITT-80, Huoon-20, anexrpo-

IMpOKaTKa, OT>KHUI, CIICKaHUEC, CBOMCTBA
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Introduction

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
stability. 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 (,BN) with a crystal lattice similar
to graphite and also graphite) evenly distributed in it
and are characterized by a certain level of porosity.

The main forming techniques used for the process-
ing of such materials are extrusion and roll forming.
At present, 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 technology of TSM comprises charge prepa-
ration, strip rolling, 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

6

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 Methods

The distinctive feature of powders used in the work is
the presence of a 9—12 pm 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 diameter rolls and sin-
tered in two modes in hydrogen: mode / — heating for
4h to t=1150 °C, 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 z= 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

Puc. 1. Crpyxrypa yactun ppakiun +0,100 Mm
nopoiuka HIII™-80


https://powder.misis.ru/index.php/jour/search/?subject=турбины
https://powder.misis.ru/index.php/jour/search/?subject=уплотнительные материалы
https://powder.misis.ru/index.php/jour/search/?subject=прокатка
https://powder.misis.ru/index.php/jour/search/?subject=плакированные порошки
https://powder.misis.ru/index.php/jour/search/?subject=НПГ-80
https://powder.misis.ru/index.php/jour/search/?subject=Нибон-20
https://powder.misis.ru/index.php/jour/search/?subject=электропрокатка
https://powder.misis.ru/index.php/jour/search/?subject=электропрокатка
https://powder.misis.ru/index.php/jour/search/?subject=отжиг
https://powder.misis.ru/index.php/jour/search/?subject=спекание
https://powder.misis.ru/index.php/jour/search/?subject=свойства
https://doi.org/10.17073/1997-308X-2023-1-5-11

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(1):5-11
Mal’tsev .M., Getmanovsky Yu.A. Obtaining and properties of rolled products from clad powders ...

Table 1. Technological properties and size range of powders

Ta6bauya 1. TexHoJiornyeckue cBoiicT

Ba U (PaKIMOHHBII COCTAB NMOPOIIKOB

. . Size range, %, by particle size, mm
Bulk density, Tap density,
Powder type 3 3 -0.400 | —-0.200 | —-0.160 | —0.100 | —0.063
g/lem g/em -0.050
+0.200 | +0.160 | +0.100 | +0.063 | +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 12.01 424

Table 2. Influence of the sintering mode on the physical and mechanical properties of the tape

Tabnuya 2. Baiusinue pe:kuMa crieKaHUus Ha GU3HKO-MeXaHHYeCKHe CBOiCTBA JICHThI

Sﬁtg(rjglg Powder type Tapg;i:riilty’ Porosity, % | o, MPa | HB, MPa
; NPG-80 3.90 30 3.80 24
Nibon-20 3.84 31 2.90 -
5 NPG-80 3.60 35 2.50 15
Nibon-20 3.26 42 2.66 -

A study of the tape properties after sintering showed
that an increase in the duration of heating to isothermal
holding at # = 1150 °C is accompanied by an increase in
the thickness of the rolled product. Sintering of the tape
from Nibon-20 powder in mode / 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 hat ¢ = 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 annealing, the powders
were reduced for 1 h at =300 °C in hydrogen. Table 4
shows the properties of the powders after annealing.

Table 3. Properties of the powder tapes after annealing

Tabnmya 3. CBoiicTBa MOPOLIKOBBIX JIEHT MOCJIE OTHKUTA

Material Processing 6, MPa | HB,MPa | Porosity, % Tapg?;rrllilty’
. Hot rolling 9.5 8.0 30 3.96
Nibon-20 ;
Annealing 4.5 4.0 56 2.50
Hot rolling 21.0 28.0 28 4.80
NPG-80 :
Annealing 18.0 17.0 30 4.60

Table 4. Technological properties of the powders before and after the annealing

Tabnmya 4. TexHosioru4ecKue CBOICTBA MOPOLIKOB A0 U 10OCJIe OTHKUTA

Size range, %, by particle size, mm
Powder Powder Bulk density, | Tap density,
type condition —0.400 | —0.200 | —0.160 | —0.100 | —0.063 0,050 o/em’ g/em’
+0.200 | +0.160 | +0.100 | +0.063 | +0.050
) Pre-annealing 0.6 0.2 2.5 9.8 4.2 82.0 1.02 1.35
Nibon-20 -
Post-annealing 2.6 0.2 7.3 17.0 16.5 56.4 0.89 1.02
Pre-annealing - 9.7 19.0 21.8 12.0 42.4 1.39 1.76
NPG-80 -
Post-annealing 1.1 3.6 19.7 29.0 8.8 32.5 1.01 1.25
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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
1.7-107° mm, whereas the thickness of the shell deter-
mined microscopically had a mean value of 9-1073 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° mm.

The study of shrinkage kinetics during sintering
on Nibon-20 samples of different density sintered in
hydrogen at ¢ = 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

3.5

3

Density, g/cm

20 g——oﬁ\.
1

15 1 1 1 1
800 850 900 950 1000 1050

Temperature, °C

Fig. 2. The dependence of the density of Nibon-20 pellets
on the sintering temperature
Extrusion pressure, t/cm?: 1 —0.5;2—-1.0;3-1.5;4-2.0;5-2.5

Puc. 2. 3aBucumocTb I0THOCTH OprKeToB 13 HuboH-20
OT TeMIIepaTypbl CICKAHUS
JlaBnenue npeccopanus, T/cm>: 1 —-0,5;2-1,0;3-1,5;4-2,0;5-2,5
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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 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 methods of rolling the powder, combined with its
heating 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 forming
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: 108-10° A/m?.

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
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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 rolling 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 technology 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 forming center. The properties 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 rolling 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 sealing 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

a — the exterior of the tape, b — its cross-section

Puc. 3. Bueunnii Buz anemenTa JIYM, MIIakupoBaHHOTO HUKeNeM, U3 oporika Hubos-20
a — BHEIHUH BUJL JIEHTHI, b — ee TOpLEeBOii cpe3
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Fig. 4. The microstructure of TSM from NPG-80 powder
after electric rolling and subsequent hot rolling
White substance — nickel, dark — graphite

Puc. 4. Muxpocrpykrypa JIYM u3 nopomika HITI-80 moce
JIICKTPOIIPOKATKY U IOCIEAYIOIEH ropssueil IpoKaTku
Benas ctpykTypa — HUKelb, TeMHas — rpadut

Fig. 4 shows the structure of the TSM from NPG-80.
In this case, a 5-20 pm thick metallic nickel matrix has
a texture stretching along the direction of rolling.

Conclusion

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 heating 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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