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Investigation of physical, chemical, and technological
properties of titanium powder obtained by thermal
dehydrogenation in vacuum

N. P. Cherezov®, M. I. Alymov

Merzhanov Institute of Structural Macrokinetics and Materials Science of the Russian Academy of Sciences
8 Akademican Osip'yan Str., Chernogolovka, Moscow Region 142432, Russia

B3 cherezovnikita@gmail.com

Abstract. In recent times, there has been significant interest in powder metallurgy, driven primarily by the active development of additive
manufacturing. Consequently, a pressing task is the development of methods for producing initial metal powders that are cost-
effective while meeting high consumer standards. This research is a continuation of studies on titanium powders obtained through SHS
hydrogenation and thermal dehydrogenation. The titanium hydride powders, previously obtained using SHS technology, were sieved,
resulting in fractions that matched the granulometric composition of titanium powders of PTK, PTS, PTM, and PTOM grades. Subsequently,
the titanium hydride powder samples underwent dehydrogenation through vacuum annealing in an electric resistance furnace. Throughout
the dehydrogenation process, the kinetics of hydrogen release from the titanium powder were examined as a function of particle size.
The macro- and microstructure, chemical composition, and technological properties of the dehydrogenated powders were thoroughly
analyzed. It was determined that the titanium powder maintained its original polygonal fragmented shape after dehydrogenation.
The average particle size decreased by 5-20 %, and “satellites” were observed on larger particles. Chemical analysis revealed that larger
samples contained a higher level of residual hydrogen and gas impurities (£0.77 wt. %) compared to finer powders (X£0.26 wt. %).
Regarding the study of technological properties, the resulting powders exhibited the necessary characteristics for use in titanium powder
metallurgy, with the exception of low flowability due to the particle shape and microstructural heterogeneity). In conclusion, this research
has demonstrated the potential of the SHS hydrogenation and thermal dehydrogenation method in producing high-quality titanium powders.

Keywords: titanium, powder metallurgy, self-propagating high-temperature synthesis (SHS), dehydrogenation, morphology, chemical
properties, technological properties

Acknowledgements: This work was carried out under the state assignment received by the Merzhanov Institute of Structural Macrokinetics
and Materials Science.
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UccnepoBaHue $u13nMUYeCKUX, XMUMUYECKUX
N TeXHONIOrMYEeCKMUX CBOMCTB NOPOLLKa TUTaHa,
NOJIYYEHHOro TEPMUYECKUM AErMapUpoOBaHMEM B BaKyyme

H. I1. Yepesos =, M. /1. AnpiMoB

HHCTHTYT CTPYKTYPHOI MAKPOKHHETHKH U NTPod/ieM MaTepuaioBeaenusi umM. A.I. Mep:xkanosa PAH
Poccust, 142432, MockoBckas 00i1., . YepHoronoBka, yi1. Akagemuka OcurnbsHa, 8

&3 cherezovnikita@gmail.com

AHHoTayms. B nocnenxee Bpemsi HaGiomaercs OONBIIOH HHTepec K MOPOIIKOBOH METANIyPrHH — B YaCTHOCTH, Oarofaps akTUBHOMY
Pa3BUTHIO A/UIUTHBHOTO IPOM3BOJACTBA, B CBA3M C 4YEM AaKTyaJbHOH 3amauell sBseTcst pa3paboTka METOJOB IOMy4YEHHs HCXOIHBIX
MOPOIIKOB METAJIOB, KOTOpBIC 00Iaany Obl HU3KOH CTOMMOCTBIO, HO COOTBETCTBOBAIN BBICOKUM TpeOoBaHMsIM noTpebutens. Hactosmas
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v v on
N o
Yepesos H.I1., Anbimos M.W. UccneaoBaHne GpU3MHECKUX, XMMUYECKUX U TEXHONOMMYECKMX CBOMCTB MOPOLLKA TUTaHa ...

W3BECTUA BY30B

paboTa sBIsAETCA NPOMODKCHHEM HCCIENOBAHMM TUTAHOBBIX IIOPOIIKOB, NONydaeMbIXx MeTomoM CBC-ruapupoBaHHS M TEPMHYECKOTO
nerunpupoBanus. [lomydeHHble paHee MOPOIIKM rHApuIa TUTaHa 1o texHonorud CBC 6buin npocesiHbl Ha (Gpakiyy, COOTBETCTBYIOIINE
TPaHyJIOMETPIYIECKOMY cocTaBy Hopomika Tutana Mapok [ITK, IITC, IITM u [ITOM. Jlanee moponxkoBsie 00pa3Ibl THAPHUAA TUTAHA ObLIH
JIETUJIPUPOBAHbI C TOMOILBIO BAKYYMHOIO OTKUTA B MJIEKTPUUECKOM IIeur CONpoTHBiIeHuUs. B npouecce neruapuposanus OblIa HCCIEA0BaHA
KUHETHKA BbIJIEIEHNS BOIOPO/A U3 TIOPOILIKA TUTAHA B 3aBUCUMOCTH OT pa3Mepa yacTull. M3yueHsl Makpo- U MUKPOCTPYKTYpa, XUMHUYECKHE,
TEXHOJIOTMYECKUE CBOICTBA AETHAPUPOBAHHBIX IIOPOLIKOB. YCTaHOBIICHO, YTO IIOPOLIOK TUTAHA OCIE ICTUIPHPOBAHUS COXPAHUIT HCXOTHYIO
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Introduction

Titanium exhibits remarkably high chemical reac-
tivity, in particular, it is highly reactive with nitrogen,
carbon, and, most notably, oxygen, leading to the forma-
tion of a robust outer oxide layer [1]. This reactivity inten-
sifies at elevated temperatures, leading to interactions
with foundry equipment and the formation of a brittle
surface layer on titanium, which can detrimentally
affect its mechanical properties [2; 3]. Consequently,
the production of titanium in conventional metallurgical
furnaces becomes challenging, necessitating the crea-
tion of an inert gas or vacuum environment.

Powder metallurgy methods for crafting titanium
products offer several advantages over traditional casting
techniques:

—products and materials can attain unique physi-
cal, chemical, mechanical, and technological properties
that are unattainable through conventional methods, such
as pseudo-alloys, items with specific porosities, enhanced
wear resistance, and friction materials;

— the possibility of using waste materials from metal-
lurgical and engineering production, including scale and
shavings;

—reduced consumption of costly metals due

to the high material utilization ratio;

— less labor-intensive processes compared to casting
and machining [4].

Titanium powder metallurgy involves stages like
powder production, pressing, shaping, sintering, and fin-
ishing. The high cost associated with producing titanium
powders often serves as the primary barrier hindering
the utilization of powder metallurgy techniques for crea-
ting materials and products from titanium [5].
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One potential approach to obtaining cost-effective
titanium powders involves the crushing of titanium
sponge [6; 7]. The resultant powder typically exhibits
lower purity (96-97 wt. % Ti) and larger particle sizes
(>630 um). Challenges in the mechanical grinding pro-
cess, using crushing methods, stem from the high ducti-
lity of pure titanium.

Electrolytic production of titanium is carried out
at temperatures considerably below the titanium’s mel-
ting point, resulting in a cathode deposit comprised
of crystalline dendritic intergrowths. These intergrowths
disintegrate into individual particles during the cleaning
process after removal from the electrolyte. This method
of obtaining titanium from its dioxide eliminates seve-
ral complex steps found in alternative methods, such
as the production of titanium chlorides and the genera-
tion of a reducing agent. Consequently, the development
of this method was of great interest. However, in all cases
of electrolysis using an insoluble anode, the resulting
titanium powder contains a notable amount of impuri-
ties, which is why these technologies have not gained
widespread industrial adoption [8].

Titanium powders can also be produced by hydro-
genating sponge or waste titanium to form titanium
hydride, which possesses inherent brittleness. This tita-
nium hydride can be easily mechanically crushed and
sieved to yield fine powders, subsequently subjected
to dehydrogenation (removing hydrogen in a vacuum) in
a furnace to produce pure titanium powder [9; 10]. These
powders exhibit an irregular and fragmented morpho-
logy, and their impurity content can be quite low pro-
vided that the impurity content of the initial feedstock
is minimal. The key advantage of this method is its
relatively low cost. The expenses associated with hydro-
genation and dehydrogenation only marginally increase
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the cost of the starting material, and the resulting powder
exhibits high purity when the impurity content of the raw
material is controlled. The oxygen content is significantly
influenced by the starting material, processing proce-
dures, and the specific surface area of the powder [5].

High-purity titanium powders are typically manu-
factured using atomization methods, which involve
melting the titanium material and atomizing the mol-
ten metal in an inert atmosphere through various tech-
niques [11-14]. The atomization process yields spherical
titanium powders, ideally suited for additive manufac-
turing. However, the disadvantages of these powders
include a broad particle size distribution, ranging from
a few micrometers to hundreds of micrometers, as well
as their notably higher cost when compared to powders
produced by other methods.

A thermochemical process used extensively in Russia
for producing titanium powder involves the direct reduc-
tion of titanium oxide with calcium hydride. As the tem-
perature gradually increases, calcium hydride dissociates
into hydrogen gas and calcium. The liberated calcium sub-
sequently reacts with titanium dioxide to form titanium
metal and calcium oxide. Hydrogen gas released during
the dissociation of calcium hydride partially interacts with
the reduced titanium, leading to the formation of titanium
hydride [14—16]. The resulting titanium powder, obtained
through the reduction of titanium dioxide with calcium
hydride, boasts a well-developed porous structure, low
impurity content, and fine particle size.

The development of new production methods for tita-
nium powder, such as the Armstrong, CSIRO, and MER
processes, aims to reduce the cost of titanium powder.
However, as of now, these methods have not found com-
mercial applications [17].

Among the considered methods, hydrogenation-dehy-
drogenation technology is regarded as the most promis-
ing, as it allows for the production of low-impurity and
cost-effective titanium powder [18; 19]. This technology
is environmentally friendly and generates minimal waste.
Moreover, it can utilize titanium waste materials like
chips, sawdust, and small scraps as feedstock, making it
resource-efficient [20; 21].

The efficiency of the hydrogenation-dehydrogena-
tion technology can be further enhanced by employing
the self-propagating high-temperature synthesis (SHS)
method. SHS is unique in that the hydrogenation pro-
cess occurs without the need for external energy input,
relying solely on the heat generated by the exother-
mic reaction Ti+ H, — TiH, + O (39 kcal/mol) [22].
Subsequently, the synthesized titanium hydride under-
goes the same processes as in the standard technology:
grinding, sieving, and dehydrogenation.

The technological characteristics, such as bulk den-
sity and compressibility, of the initial powders are crucial

for items produced through titanium powder metallurgy
methods. These powders must possess specific proper-
ties and characteristics. The study of powder particle
properties and structure for manufacturing products via
solid-phase sintering is a pressing task in the develop-
ment of titanium powder metallurgy technologies. It is
essential for the quality parameters of powders to remain
stable and consistent during storage [23-25].

The aim of'this study was to conduct a thorough exam-
ination of titanium powders produced through the ther-
mal dehydrogenation of titanium hydride in a vacuum.
The research focused on investigating the impact
of the powder’s particle size distribution on dehydroge-
nation parameters, structural characteristics, chemical
properties, and technological indicators. The particle size
distribution of the powders selected for this study was
chosen with consideration for potential practical appli-
cations and aligned with the specifications of the PTK,
PTS, PTM, and PTOM grades.

Experimental

Titanium hydride powders with varying particle
size distributions were employed as initial materials.
Each hydride sample matched the particle size distribu-
tion specifications of titanium powders corresponding
to the PTK, PTS, PTM, and PTOM grades. All the tita-
nium hydride powders were produced using the SHS
hydrogenation technology described in [26].

The thermal decomposition (dehydrogenation)
of the titanium hydride powders was conducted using
a specialized dehydrogenation apparatus, the schematic
of which is depicted in Figure 1.

The apparatus comprises a sealed cylindrical con-
tainer constructed from stainless steel (dehydrator),
which is situated inside the PTGR-1.0-140 electric fur-
nace. Heating is regulated using a digital thermal control-
ler, with a measurement error of £5 °C. On both sides
of the container, pipelines are connected for the supply
of argon and connection to the vacuum pump.

For the dehydrogenation process, a 0.02 kg sample
of titanium hydride powder was placed on a molybde-
num substrate (boat). This boat was then positioned
within the dehydrator on a designated stand. To create
a vacuum, a 2NVR-5DM oil vane-rotor two-stage vac-
uum pump was utilized, capable of achieving a residual
pressure of 2.6 Pa. To minimize the residual air content
in the system, argon was introduced into the container
at a pressure of 0.1 MPa, followed by evacuation. This
procedure was carried out twice to ensure the lowest pos-
sible residual air content in the dehydrator.

The dehydrogenation process (Fig. 2) entailed seve-
ral steps. It commenced with vacuum drying at 300 °C
for 60 min. Subsequently, the heating temperature was

7
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Fig. 1. Schematic view of facility for thermal dehydration
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raised to 750 °C and held constant for 40 min. Thermal
decomposition of the titanium hydride involved hea-
ting the powder until the pressure in the system ceased
to change. The initiation and cessation of hydrogen
release were determined by monitoring the vacuum
gauge’s readings, indicating the start and end of pressure
variations. The dehydrogenation parameters were chosen
to prevent particle sintering. The cooling of the pow-
ders was carried out simultaneously with the furnace,
and after complete cooling, the reactor was additionally
purged with argon. The weight change of the dehydroge-
nated powder was calculated using equation:

Am =" 100 9, (1)

my

where m, is the weight of initial titanium hydride powder,
and m, is the weight of the powder after dehydrogenation.
The measurement error for this calculation was +0.1 g.

900
800 | Heating to 750 °C and holding
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2 500
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5]
Q Powder drying
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Time, min
Fig. 2. Dehydration regime of powdered titanium samples

Puc. 2. Pexxum eruapupoBaHusi MOPOLIKOBEIX 00pa3IloB THTaHA
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The particle size of the obtained powders was deter-
mined using a “MicroSizer 201 laser particle analyzer
(LLC “VA Insalt”, St. Petersburg, Russia). The measure-
ment error did not exceed 1.2 %.

The particle morphology of the obtained titanium
powder was examined using a “Zeiss Ultra plus”
autoemission ultrahigh resolution scanning elec-
tron microscope (Carl Zeiss, Germany), which is based
on “Ultra 55”. This microscope offers a magnifica-
tion range of 12-10°, an accelerating voltage of 0.02 V
to 30 kV, and a probe current of 4-20 nA.

The chemical composition of the materials under
investigation was determined using analytical chemistry
methods: oxygen and nitrogen were analyzed through
reductive melting in a graphite crucible in a helium cur-
rent, carbon content was determined via oxidative melting
in a ceramic crucible, and hydrogen content was deter-
mined according to State Standard GOST 24956-81.
Oxygen and carbon were detected by measuring
the amount of CO, released through infrared absorption,
while nitrogen was determined through thermal conduc-
tivity. The iron content in titanium was assessed using
photocolorimetry. The instruments employed for these
measurements include the TS-600 oxygen and nitrogen
analyzer (Leco, USA), the RHEN-602 hydrogen analyzer
(Leco, USA), the CS-600 carbon analyzer (Leco, USA),
and the KFK-3-01 photometer (JSC “ZOMZ”, Zagorsk,
Russia) for iron content determination.

The bulk density of the obtained powders was deter-
mined in accordance to State Standard GOST 19440-94,
while their compressibility (compactibility) was assessed
following State Standard GOST 25280-90. Pycnometric
density was determined based on State Standard
GOST 2211-2020, considering the weight of the analyti-
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cal sample and its true volume, measured with a pycno-
meter using toluene as a saturating liquid.

The specific surface area was measured using low-
temperature nitrogen adsorption with a “Sorbi-M” device
designed for determining the specific surface of porous
materials (ZAO “META”, Novosibirsk, Russia). Pow-
der flowability was evaluated using a calibrated fun-
nel (Hall device) in accordance with State Standard
GOST 20899-98.

Result and discussions

Four distinct powder samples of dehydrogenated
titanium, denoted as DH-PTK, DH-PTS, DH-PTM, and
DH-PTOM, were obtained.

The initial titanium hydride powders contained
4.2 wt. % of hydrogen and primarily varied in their
particle size distribution. When heated within the range
of 300400 °C, the process of titanium hydride decom-
position initiates, leading to the release of hydrogen.
However, even at higher temperatures, typically around
1000-1100 °C, dehydrogenation in this case doesn’t
reach completion. To lower the temperature required
for dehydrogenation, vacuum treatment is employed.
Achieving the permissible hydrogen content for tech-
nical-grade titanium (<0.10 %) attained under vacuum
conditions at ¢ = 700+800 °C. During the initial stages
of dehydrogenation, when the hydrogen content in tita-
nium is relatively high, the rate of hydrogen release is
notably significant [27].

During dehydrogenation, it was observed that the par-
ticle size plays a role in influencing the kinetics of hydro-
gen release (Table 1). The PTOM sample, characterized
by the smallest particle size, exhibits the commencement
of hydrogen desorption at a low temperature, £, = 520 °C.
For the coarser PTS and PTM powders, hydrogen release
initiates at 550 °C and 540 °C, respectively. It can be
inferred that larger particles require more heat to initiate
this process, as evident in the case of the PTK sample,
where hydrogen release commences at#, = 555 °C.

Moreover, for the powders under examination,
the time interval from the initiation of hydrogen release
to its completion also differs. As particle size decreases,
this time interval tends to increase, possibly due to incom-
plete dehydrogenation of the coarser particles.

To evaluate the extent of dehydrogenation, the samp-
les were weighed both before and after the dehydrogena-
tion process. It’s important to note that as the particle size
of the samples decreases, the reduction in weight after
dehydrogenation becomes more significant. As indicated
in Table 1, it is evident that coarse particles are not com-
pletely dehydrogenated, which is reflected in the short
duration of hydrogen release and the relatively low
weight loss.

Table 1. Kinetics of dehydration of powdered samples
of titanium hydride

Tabnunya 1. Knnernka npouecca aeruipupoBaHus
MOPOIIKOBBIX 00Pa310B I'HAPUIA TUTAHA

Ayerag'e Hydrogen release Gl
Sample | particle size, . . o
t,°C | 7,min | weight, %
um in

DH-PTK 82 555 25 -3.1
DH-PTS 48 550 27 -3.6
DH-PTM 36 540 29 —4.7
DH-PTOM 33 520 30 5.8

The histograms in Figure 3 reveal that following
the thermal decomposition of titanium hydride, there is
a slight reduction in the particle size within the overall
mass. This phenomenon is similar to what was observed
in a previous study [28], where it was demonstrated
that the thermal decomposition of scandium hydride
powder results in a marginal decrease in the average
linear particle size (by ~4 %). As reported in other pub-
lications [29], during the hydrogenation of titanium,
there is an expansion of the unit cell volume by approxi-
mately 2.5 times, leading to a “swelling” of the particles.
Presumably, after the removal of hydrogen, the titanium
particles tend to revert to their original structure under
the influence of temperature, causing them to decrease in
volume. This effect is more pronounced in the PTK and
PTS powder samples, which consist of coarser particles
when compared to PTM and PTOM. The average linear
particle size after dehydrogenation for the PTK, PTS,
PTM, and PTOM samples decreased by roughly 24, 13,
12 and 10 %, respectively. Additionally, after dehydro-
genation, there was a reduction in the number of par-
ticles within the range of 0.5 to 10 um. It is likely that,
at the chosen temperature, such particles are sintered
with the primary fraction particles.

The structure of particles has a significant impact
on the properties of titanium powder, and it is influenced
by the methods used for production and powder process-
ing, as well as the chemical composition. Electron micros-
copy was employed to examine the dehydrogenated tita-
nium powder, and the results indicated that the particle
shape of the original titanium hydride was preserved.
Figure 4 provides an overall view of the dehydrogenated
titanium powders obtained. It is noteworthy that the cho-
sen dehydrogenation temperature did not alter the shape
of the powder particles, which retained their polygonal
fragmented structure.

In the detailed images of Figure 5 at higher magnifica-
tion, individual particles of the dehydrogenated titanium
powder can be closely examined. A portion of the fine
particles tends to sinter with the coarser particles,

9
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giving rise to what are commonly referred to as “satel-
lites.” These satellite formations result in various types
of micro-irregularities in the structure, which can poten-
tially have adverse effects on the technological proper-
ties of the powders and the properties of the final pow-
der products. The formation of satellites is influenced
by the vacuum treatment and the specific temperature
applied during dehydrogenation. As lowering the tem-
perature and reducing the vacuum level are generally
undesirable, it is recommended to pre-sieve the powder
before dehydrogenation to eliminate fractions within
the 0.5 to 10 pwm range. It is worth noting that the surface
of the titanium particles after dehydrogenation is char-
acterized by the absence of pores and does not exhibit
a developed surface structure.

The purity of titanium can be estimated through its
hardness (HB), which tends to increase with higher impu-
rity content. Among the impurities, oxygen and nitrogen,
which form interstitial solid solutions with titanium, have
a significant detrimental impact on the ductility of tita-
nium and are considered harmful. The primary impuri-
ties also include carbon and iron. The influence of these
main impurity elements on the hardness of titanium
can be roughly expressed by the following empirical
equation, MPa [27]:

HB =19604/N, % +15804/0O, % +
+4504/C, % +2004/Fe, % + 57. 2)
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As per Equation (2), nitrogen has the most substantial
effect on the hardness of titanium, followed by oxygen,
carbon, and iron. Nitrogen, which stabilizes the o phase
of titanium, raises the temperature of the polymorphic
transformation. Every 0.01 % increase in nitrogen con-
tent results in a 20 MPa increase in tensile strength and
a 60 MPa increase in hardness. Oxygen also stabilizes
the a phase, and a 0.1 % increase in oxygen content leads
to a 12 MPa increase in tensile strength and a 40 MPa
increase in hardness. Nitrogen and oxygen are inter-
stitial atoms with high solubility in a titanium and are
situated in octahedral voids, which enhances the rigi-
dity of the interatomic bonds in titanium. Hydrogen is
another highly detrimental impurity in titanium, as it sig-
nificantly diminishes the ductility of the metal, particu-
larly its impact toughness. Carbon has limited influence
on the mentioned properties of titanium, as it only dis-
solves slightly in a titanium. The presence of iron impu-
rities up to 0.5 % has a negligible impact on the mechani-
cal properties of titanium.

The quality of products manufactured from titanium
powders is directly linked to the purity of the initial
powders. Thus, it is crucial to maintain the concentra-
tion of major impurities at a minimum level. Based
on the results of chemical analysis (Table 2) of dehydro-
genated titanium powders, it was observed that samp-
les from the coarser fraction contain a higher level
of residual hydrogen (0.2 wt. %) compared to the finer
fraction (0.06 wt. %). This suggests that the selected
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Fig. 4. General view of dehydrogenated titanium powders Fig. 5. Microstructure of dehydrogenated titanium powders
a—PTK, b—-PTS, ¢ - PTM, d - PTOM a—PTK, b-PTS, ¢ - PTM, d - PTOM
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dehydrogenation process is less effective for the PTK and
PTS samples. Notably, during the dehydrogenation pro-
cess, there is a reduction in gas impurities such as nitro-
gen and oxygen. This may be due to the vacuum facilitat-
ing active degassing of the powders [30]. Additionally,
the hydrogen released during dehydrogenation can serve
as a reducing agent, forming molecules with nitrogen
and oxygen impurities, which are subsequently desorbed
into the gas phase and eliminated [31; 32]. As a result,
the PTM and PTOM powder samples exhibit the lowest
levels of gas impurities (0.5-0.6 wt. %).

For practical applications, the technical charac-
teristics of titanium powders are of great importance.
The size and shape of particles are the primary factors
that determine the technological properties of powders,
including bulk density, flowability, and compressibility.
The technological properties of dehydrogenated titanium
powder are summarized in Table 3.

Bulk density represents a volumetric property
of'the powder, which is the ratio of its weight to its volume
at free bulk density. The bulk density of dehydrogenated
titanium powder increases in comparison to the hydride
due to the higher density of pure titanium (4.5 g/cm?).
Additionally, there is a trend of decreasing bulk den-
sity with a reduction in the average particle size. Fine
particles possess a higher specific surface area, which

increases inter-particle friction, making it more challeng-
ing for them to move relative to each other, resulting in
a lower bulk density.

Compactibility characterizes the change in powder
density during compression and determines the ease
and cost-effectiveness of the cold pressing process.
Powder samples with larger particle sizes exhibit lower
compactibility compared to titanium hydride, which,
due to its brittleness, breaks down and fills voids. Pure
titanium powder is more pliable, and therefore compact-
ing the coarse fraction at a pressure of 200 MPa is chal-
lenging. The compactibility of dehydrogenated powder
samples, in general, aligns with that of the initial titanium
hydride powders.

The pycnometric (true) density of metal powders
depends on their internal porosity, defects in the crystal
lattice, oxide content, and usually differs from the theore-
tical density. Based on measurements of the pycnometric
density of the dehydrogenated powder samples, it is evi-
dent that the PTK powder sample, with the highest impu-
rity content (particularly hydrogen), has a lower density
(4.43 g/cm®). Generally, there is a dependency: the closer
the pycnometric density is to the theoretical density,
the lower the impurity content in the samples.

In evaluating the technological properties of pow-
der materials, the specific surface area of their particles

Table 2. Content of major impurities in the studied powder samples

Ta6nm.(a 2. Conepmalme OCHOBHBIX IPUMECHBIX 3JICMEHTOB B HCCJIEAYEMbIX NMOPOIKOBBIX 06])33[13)(

Average particle Content of elements, wt. %
Sample .
S1Ze, pm C N (0) Ee H 2,

Initial titanium hydride - 0.09+0.04 | 0.35+0.03 | 0.26£0.03 | 0.035+0.01 | 420+0.02 | 4.93
DH-PTK 82 0.13+0.01 | 0.30+£0.02 | 0.27+£0.02 | 0.035+£0.01 | 0.20+£0.02 | 0.93
DH-PTS 48 0.14+0.01 | 0.29+0.02 | 0.25£0.02 | 0.050+0.01 | 0.13+0.01 | 0.86
DH-PTM 36 0.13+0.01 | 0.15+£0.01 | 0.20£0.02 | 0.070£0.01 | 0.08 £0.01 | 0.63
DH-PTOM 33 0.16+0.01 | 0.02+0.01 | 0.180.01 | 0.080+0.01 | 0.06 £0.01 | 0.50

Table 3. Technological properties of the studied powdered samples

Ta6bnuya 3. TexHo10rnyeckue CBOICTBA UCCIeyeMbIX OPOIIKOBLIX 00pa3LoB

Sample pa?t;]cireafi(;e, Bulk denSSity, g/ctig?ﬁlrllj(?;rt 1; lfii};’sure PycpometricS sursfzizlgrcea, Flowabilit, s
i g/cm 5200 MPa density, g/cm —_

PTK hydride 108 1.38+0.04 2.83+0.04 3.79+0,01 0.6 £0.01 21.25

DH-PTK 82 1.74 £0.03 2.66 +0.01 4.43+£0,01 0.7+0.01 16.60
PTS hydride 55 1.31+0.03 2.85+0.03 3.81+0,01 0.6 +0.01 Does not flow
DH-PTS 48 1.56 £ 0.06 2.88 £0.01 448 +£0,01 0.8+0.01 Does not flow
PTM hydride 41 1.30 £ 0.02 2.86+0.03 3.80+£0,01 0.6 £0.01 Does not flow
DH-PTM 36 1.46 £ 0.06 2.89+0.03 4.50+0,01 0.8+0.01 Does not flow
PTOM hydride 37 1.16 £ 0.02 2.88+0.03 3.72+£0,01 0.7 +£0.01 Does not flow
DH-PTOM 33 1.39+0.02 2.84+£0.02 4.50+£0.01 0.9+0.01 Does not flow
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is significant in several instances. Its value can provide
insights into certain physical and chemical properties
of powder materials, including the degree of disper-
sibility. As the average particle size of the powder sam-
ples decreases during dehydrogenation and the particle
area increases due to satellites, the specific surface area
of the dehydrogenated powders (0.7-0.9 m?/g) is greater
compared to that of the hydride (0.6-0.7 m%/g).

Flowability denotes the ability of powders to flow
out from the opening of a container under the influence
of gravity. Flowability is influenced by factors such as
powder density, particle size and shape, surface condi-
tion, humidity, and the nature of contact between par-
ticles. Good flowability is particularly important in cases
of automatic pressing, where the productivity of the press
is dependent on the rate of mold cavity filling. Poor flui-
dity can also lead to the production of items with non-
uniform density. The resulting powders, due to the frag-
mented shape of the particles and structural defects,
exhibit a low level of flowability, amounting to 16.6 s for
the coarse fraction, while the fine fraction does not flow.

Conclusions

The presented study examines the impact of the par-
ticle size distribution of initial titanium hydride powders
on their thermal decomposition process. It comprehen-
sively investigates the physical, chemical, and techno-
logical properties of dehydrogenated titanium powders.

It has been determined that the chosen dehydroge-
nation process is better suited for the fine fraction with
an average particle size of 35 pm, where complete dehy-
drogenation occurs without particle sintering. Larger
particles (>60 um) require higher dehydrogenation tem-
peratures. During the thermal decomposition of titanium
hydride, there is a significant reduction in the average
linear size of powder particles, ranging from 5 to 20 %
depending on the sample.

The dehydrogenation process does not alter the shape
of the particles, which maintain their original polygo-
nal fragmented structure. The study identifies the pres-
ence of “satellites” on large particles, which can intro-
duce various forms of micro-irregularities in the struc-
ture, potentially affecting the technological properties
of the powders and the properties of the final powder
products. This factor should be taken into consider-
ation during production, and powder separation should
be carried out with care.

Chemical analysis results reveal that larger pow-
der samples contain a higher amount of gas impurities
(hydrogen, nitrogen, oxygen X 0.77 wt. %) compared
to the fine fraction (X 0.26 wt. %). Presumably, this is
due to the more complete dehydrogenation and degassing
of the fine fraction under the selected regime.

The technological properties of dehydrogenated
powders generally meet the requirements for their use in
powder metallurgy. However, the presence of satellites
and the fragmented shape of the particles significantly
reduce the fluidity of the powders, which can lead to dif-
ficulties when using them in automated processes.

In conclusion, this comprehensive study of titanium
powders obtained through SHS hydrogenation and ther-
mal dehydrogenation demonstrates their potential for
application in powder metallurgy.
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Characteristics of granule solidification
in gas atomization of molten beryllium
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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 um), 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 pm solidify via the amorphization mechanism (glass transition), while those with
diameters exceeding 300 pm solidify through crystallization. In such cases, a portion of granules with sizes ranging from 100 to 300 um
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 pum for 300 pm granules and 20-25 um
for 100 um 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.

Keywords: beryllium, granules, gas atomization, cooling rate, crystallization, amorphization, temperature, heat transfer, thermal conductivity
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OcobeHHOCTHM Npouecca 3aTBepaeBaHUA rpaHyn
NpY rasocTpyMHOM pacnblieHun pacniasa 6epunnus

b. B. CoipueB?, I. C. IlectoBa, O. B. Cemunynkas, ®@. C. Tyrau6aes

Bocrouno-Kazaxcranckuii texandeckuii yausepeuter um. /I. CepuxdaeBa
Kazaxcran, 070004, 1. Yerp-Kamenoropcek, yi. /1. Cepukbaesa, 19

&) izusan@mail.ru

AHHoTaymsa. TlpencTaBieHbl pe3yibTaThl AKCHEPHMEHTANbHO-aHAMTHYECKUX HCCICHOBAHUM Ipolecca Ta3oCTPyHHOro JucIep-
THPOBAHUsI paciulaBa U TOJMydeHHs OepHUTHEeBbIX Ipanyil. [loka3zaHo BIMSHUE NPHUPOJBI (a30T, FeHii), CKOPOCTH MOJAYH OXJIAXK-
narorero rasza (300-650 m/c), Temneparypsl paciiiaBa U padmepa obpasyrommxcs kameiab (<500 MKM) Ha CKOPOCTh OXJIaXKIe-
HUSI M CBOKMCTBA TpaHyll. YCTQHOBIJICHO, YTO B 3aBHCHMOCTH OT peryIaMEHTa PAcCIbUICHUs 3aTBep/eBaHUe OCPHIUTHEBBIX PaHYI
MOXKET MPOMCXOAUTD IO JBYM MEXaHU3MaM: KpUCTAIIM3alys, aMopu3ays (CTekiaoBanue). [Ipu pacibuieHn a30ToM paciiiaBa
Oepwns rpaHynsl quamerpoM Menee 100 MKM 3aTBEp/EBAIOT 10 MEXAaHM3MY CTEKJIOBaHUs (aMOp(QU3HPYIOTCs), a ANAMETPOM
6onee 300 MKM — IO MEXaHHM3MY KpucTau3anuu. [Ipu aToM omnpeneneHHas ¢pakius rpanyn (pasmepom ot 100 mxo 300 Mxm)
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3aTBEp/EBACT [0 CMEIIAHHOMY MEXAaHHU3MY — IIOBEPXHOCTh aMOP(GHU3HPYETCs, a HEHTPATIbHAS YacTh KPHCTAJUIN3YEeTCsI, B PE3yIlb-
TaTe Yero MPOUCXOJUT OTCIAUBAHUE «CKOPILYIBD) [0 IOBEPXHOCTHU IIEPEX0/ia OT MEXaHU3Ma CTEKIOBaHMs K MEXaHU3MY KpHCTall-
nm3anud. TONIIMHA «CKOPITYIIBD» 3aBUCHT OT AMaMeTpa rpaHyisl u cocraBiser 10—15 MM (Ha rpanymnax 300 mxm) u 20-25 MM
(na rpanrynax 100 mxm). [TomyueHHBIC pe3yIbTaThl HCCIEAOBAHUM XOPOIIO COIIACYIOTCS C THUIIOTE301 O CTEKIOKPUCTAIMYECKOM
MEXaHU3Me 3aTBEPJICBaHM TPaHyll OepHiLIHs, 00yClIaBIMBAIOIIEM paccIOeHUe UX 1Mo MexdasHoii rpanune. Takoe 3aTBepaeBaHMe,
10 CMEIIAHHOMY MEXaHU3MY, IIPUBOAUT K 00Pa30BaHUIO JETKO OTCIaUBAEMOI «KOPOUKI) Ha TpaHyle, KOTopasi Hauboiee 3arpsi3-
HeHa npuMmecsMu. [lonnmanne n3ydeHHOro 3¢ eKTa co31aeT MePCHEeKTUBEI IS €r0 MPAKTHIECKOT0 IPUMEHEHUS P MTOTyICHUN
CIEIUATBHBIX MaTepPHAIOB M3 OepmuIns. BO3MOKHOCTD OTHETECHUS] «KOPOUKH» OT «SAPBIIIKAa» CO3MAeT YCIOBUS IJIS IOIyde-
HUSI 0COOBIX COPTOB CIEUEHHOTO OSpMILIHS /IS UCTIONB30BAHUS B aTOMHBIX PEaKTOpax ¥ MPOHU3BOJCTBE (oIbrH, Iie HeoOXoamma

MHKPOCTPYKTYpa OSpHILINS ¢ «IUCTHEIMI» TPAaHHUI[AMU.

KnioueBbie croBa: Oepuwuidii, TIpaHyibl, Ta30CTPYyHHOE pACIBUICHHE, CKOPOCTh OXJQXKACHMS, KPUCTAIUIM3Alus, aMopdusarus,

TeMIeparypa, TeII000MeH, TETIOMPOBOIHOCTh

Ansa yntnpoBanms: Ceipres b.B., [Tectosa I.C., Cemunyukas O.B., Tyran6aes ®@.C. OcoOeHHOCTH Mpoliecca 3aTBEPACBAHUS TPaHy.I
IIPU Ta30CTPYITHOM pacIbUICHUH paciuiaBa oepuintust. Mzeecmus 8y306. Ilopowikosas memannypausi u QyHKYUOHATbHbIE NOKPLIMUI.
2023;17(4):16-24. https://doi.org/10.17073/1997-308X-2023-4-16-24

Introduction

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 pum.
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
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Fig. 1. Microimages of granules captured by a scanning electron microscope (x200)
The “shell” is highlighted by arrows

Puc. 1. Mukpodororpaduu rpaHys1, CHITbIE Ha pacCTPOBOM JIEKTPOHHOM MHUKpockore (x200)
CTpelkaMi [OKa3aHa «CKOpIyIay

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/cm?, 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-

10
8 - /
2 7
i
gy or
= g
23
EZ 40
S g
[
2r 2
o .
1200 1250 1300

Temperature, °C

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

Puc. 2. Tunorernyeckas KprBas 00beMHOH ycaaku
TIPH 3aTBEP/IEBAHUH PacIlIaBa 10 MEXaHM3MaM
kpuctammsanmu (1) u crexkinoBanus (amopgusanun) (2)
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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.

Experimental

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
(t=0), all points within the droplet with a radius R, pos-
sessed the same melt temperature 7= 1350 °C.
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Solidification

Fig. 3. Schematic representation of granule solidification

Tops T melting point and beryllium mf:lt temperature, respectively;
R,— granule radius
Puc. 3. Cxema 3aTBepA€BaHUsI TPAHYIIBI
T, T —Temneparypbl IIABIEHHUS U PACILIABA OePUILIUS
p

COOTBETCTBEHHO; R — Pajinyc rpaHyJibl

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 um 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):

25,000

20,000

15,000

Re

10,000

5,000

0
50 100 150 200 250 300 350 400
d, pm

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 (I-4) and 300 m/s (1'—4")

Puc. 4. Kpurepuii Peitnonbaca uist ra30Boro moTtoka
B 3aBHCHMOCTH OT AHAMETpa IPaHyll, BUIa ra3a

U CKOPOCTH JYThsA
1, 1'—apron; 2, 2'— Bo3nyx; 3, 3'— a3or; 4, 4’ — renuit
V.= 650 m/c (I-4) u 300 m/c (1'-4")

V.
Rezg—d,

Ve

where V, represents the gas flow velocity, d stands for
the droplet diameter, v, 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:

Nu =2 +0.69Re® Pr®3 = ‘;—d,

g

where Pr signifies the Prandtl criterion, equal to 0.67 for
monatomic gases and 0.72 for diatomic gases; a repre-
sents the coefficient of heat transfer, W/(m?-K); ?»g 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):

_od
7\’T

Bi

El

where A, 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.)’

0.020
0.018
0.016
0.014
0.012

@ 0010,

0.008
0.006
0.004
0.002;

0
50 100 150 200 250 300 350 400
d, um

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 (I-4) and 300 m/s (1'—4")

Puc. 5. Kputepuii bro uis ra30BOro rmoTtoka B 3aBHCUMOCTH
OT AMaMeTpa rpaHysl, BUJa ra3a i CKOPOCTH Iy Thbsi
1, 1' —renuid; 2, 2' — a3ot; 3, 3'— apron; 4, 4’ — Bo3ayx
V.= 650 m/c (I-4) u 300 m/c (1'-4")
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where ¢ signifies the specific heat capacity, 7, denotes
the melt temperature, 7' represents the melting point
of beryllium (1285 °C).

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:

*

* 2 *
Yae* =%+2% (at R <r <),
ot or 7 or

—69* _9 (at ¥ =1),
or B
dR* _ 89* (at r* = R,
dr or
T -0
where Y:M is the relative heat content of
q,
solid phase; ¢, is the specific heat content of gra-

nule; 0 is the granule temperature; 0 = is the

mp.

dimensionless temperature; ¢ is the gas temperature;

. TA T, . —t) . . . . * r
T :# is the dimensionless time; r =—,
Rg Prdy R,

« R . . .
R = s are the relative radii, representing the current
g
radius and solidification front; p = 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:

1000
900 |
800 |- 1
700 ¢
600
“ 500
400
300

200 )
100 §

<
1 1 1 1

0
50 100 150 200 250 300 350 400

d, pm

Fig. 6. p = 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
Vv, =650 m/s (I-4) and 300 m/s (1"-4")

Puc. 6. Kosdpdunument = 1/Bi mist ra30Boro moroka
B 3aBHCHMOCTH OT JIMaMeTpa IpaHy.1, BUja rasa
U CKOPOCTH JIyThsl
1, 1' — Bo3nyx; 2, 2' — aprou; 3, 3" — a3or; 4, 4’ — renuit
V., =650 w/c (I-4) u 300 m/c (1'—4")
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T*pTQsz
(T, - T,)
where t° is the relative time determined through
the graphs [14]; p, is the melt density; R, is the granule
radius; T . 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:

e

00 0%0 200
=0 —+— |
ot ror

180
160
140
120
100

V. 10°°Crs

350
300
250
200

150

V. 10°°Crs

100

0
01 02 03 04 05 06 07 08 09 10

Relative granule radius

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, um =50 (1, 1", 100 (2, 2"), 200 (3, 3"), 300 (4, 4", 400 (5, 5")
V,. m/s = 650 (I-5), 300 (1'-5")

Puc. 7. CkopocTh OXitaxIeHus Tpanyi B a3ote (a) u renu (b),
paccuuTanHas rpaOaHATUTHYSCKHM METOJIOM, B 3aBHCHMOCTH
OT pa3zMepa IpaHyJl 1 CKOPOCTH ['a30BOT0 MOTOKA
d, M = 50 (1, 17), 100 (2, 2%), 200 (3, 3"), 300 (4, 4'), 400 (5, 5)
V., we = 650 (I-5), 300 (1"-5")
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The boundary conditions were set as follows:

(@J = _(2 9) — on the droplet surface;
or r=Rg A r—Ré

(@j =0 —in the droplet center.
or r=0

The initial conditions (at 1 =0): 6 =T - T . for
0<r< Rg.

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

_ %7;‘::’ _1- an exp(—urFy ),

where n = 1, 2, 3...; F is the Fourier number; B, are
the coefficients determined by:

6Bi>

B, = ;
wa(w, +Bi* - Bi)

n
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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, um =50 (1, 17, 100 (2, 2"), 200 (3, 3"), 300 (4, 47, 400 (5, 5")
Vg, m/s = 650 (I-5), 300 (1"-5")

Puc. 8. Cxopocts oxakieHus1 rpanyi B azote (@) u renuu (b),
paccuuTaHHasl aHAJTUTHYECKUM METO/IOM, B 3aBUCHMOCTH
OT pa3Mepa IpaHyIl U CKOPOCTH [a30BOTO MOTOKA
d, mxn = 50 (1, 17), 100 (2, 2%, 200 (3, 3'), 300 (4, 4"), 400 (5, 57)
V., we = 650 (I-5), 300 (1'-5")

u are the roots of the characteristic equation:

tgp = —
=i

2
[%CmpTr

b

The solidification time of melt droplet t =
T
where 7 = (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 discussion

An analysis of the dependencies obtained through
the two methods reveals that as the granule diameter
increases from 50 to 400 pm, the solidification rate near
the droplet’s surface decreases from values on the order
of 107 to 10° °C/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 pm in size possess a removable “shell”
of approximately 10 um 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 °C/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, @) 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 um solidify through
the glass transition mechanism (amorphized), while those
with diameters exceeding 300 pm solidify via the crys-
tallization mechanism. Granules ranging in size from
100 to 300 um undergo a mixed solidification mecha-
nism, leading to the peeling of the “shell” on the surface
during the transition from the glass transition mechanism
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Thickness, pm
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100 150 200 250 300 350
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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)

V, =650 m/s (1) and 300 m/s (2)

Puc. 9. 3aBUCHMOCTD TOJIIIMHBI TOBEPXHOCTHON 000I0UKH
(CKOpITYTIBI) OT pa3Mepa rpaHysl OEPUILIHS U CKOPOCTH MOAAYH
a30Ta — ra3a-3HEepProHOCHTEIIS
V., =650 m/c (1) u 300 m/c (2)

to the crystallization mechanism. The thickness of this
“shell” varies based on the granule diameter, measuring
1015 um (d=300 pm) and 20-25 pm (d= 100 um).
During the cooling process of the fine fraction <100 um
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 um
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

Beryllium melting
and atomization

J

[ Classification of granules ]

Particle size <100 um @ Particle size +100-300 pm
Particle size >300 pm

g

Mechanical
grmdmg

Degassmg
and capsulatmg

Hot isostatic
pressing

Be instrumental
grade

Granule
"shell"

¢

Granule "peeling" ]

=

¢

[ Hot vacuum ]
pressing
J
[ Rolling ]

¢

Be reactor—foil
grade

Fig. 10. Flowchart of production process for different structural grades of sintered beryllium
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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 um (amorphous), those exceeding 300 um
(crystalline), and those ranging from +100 to 300 pm
(with a shell). Subsequently, the +100-300 pum 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 pm, +300 pm 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.

Conclusions

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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Abstract. This study investigates a two-stage processing approach for a charge of Pb—C composite powder material composed of lead
(PS1) and graphite (GISM) powders in a high-energy mill under ambient air conditions. The study aims to determine the influence
of graphite content (Cg) and mechanical activation time (1) on the particle size distribution of the charge. The results indicate that
the particle size distribution can be effectively described using the Rosin-Rammler equation. Furthermore, a correlation between
the equation's parameters and the quality of the resulting hot compacted materials, as well as an index derived from the generalized
desirability function, has been identified. The study delves into the mechanism behind the formation of the Pb—C powder charge
during mechanical activation, which involves the creation of loosely bound agglomerates of composite particles. These agglomerates
can be easily disrupted during manual processing of the charge in a mortar. Notably, the research reveals that the extremum of the
particle size distribution shifts towards smaller average sizes of the Pb—C composite particles that constitute the agglomerates. The size
of these formed agglomerates is shown to depend on both the graphite content in the charge and the duration of mechanical processing.
Using multicriteria optimization, the study identifies the optimal values for technological factors (t = 1.8 ks, Cg =0.15 wt. %) for charge
preparation in the two-stage mechanical processing mode. These optimal values result in an enhanced set of physical and mechanical
properties for the Pb-C hot-compacted composite material, including shear strength (o . = 6.3 MPa), hardness (HRR = 109),
and electrical conductivity (L = 1.812 Q") of Pb—C. X-ray diffraction analysis conducted during the study reveals the formation of lead
oxides during the mechanical activation of the Pb—C charge. Additionally, it indicates an increase in the half-width of the diffraction
profile of lines (111) and (222), which subsequently decreases after the hot-compaction process. Comparative data involving the use
of lead-based chip waste and lead powder-based composites are also presented in the study. These data suggest that a lower optimum
graphite content is required for lead powder PS1 (Cg =0.15 wt. %) compared to chip waste (Cg =0.5 wt. %).

Keywords: mechanical activation, lead powder, graphite powder, composite material, electrode mesh, multicriteria optimization,
mechanical processing
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AHHoOTayms. V3zydena aByxoTanHas 00paboTKka B BBICOKODHEPIETHYECKOW MEJbHHIE B BO3AYIIHOH Cpele HIMXThI KOMITO3HIHOHHOTO

nopotikoBoro marepuana Pb—C Ha ocuoBe mopomkoB cBuni@a (IIC1) u rpadura (T'MICM). VeTaHOBICHO BIHMSHHE CONCPIKAHUS
rpagura (C,) 1 BpeMEHM MEXaHOAKTHBALMH (T) Ha IPAHYIOMETPUIECKHH COCTaB IUXTHI. [10Ka3aHO, 4TO pacHpe/IeIeHUE YacTUIL
[0 pa3MepaM MOXET OBITh OIMCAHO ypaBHeHHEeM PosnHa—Pammiiepa. BblsBieHa B3aMMOCBS3b MEX/y 3HAYCHHSAMH [1apaMeTPOB
9TOr0 ypaBHEHMS M YPOBHEM KadecTBa IOJIY4YaeMbIX TOPSYCIPECCOBAHHBIX MAaTEpPUalioB, a TAKXKE BEIMYMHOI IOKa3aTelns,
OLICHMBAEMOTO 3HAYEHUSAMH 000OIICHHOH (DYHKIMH JKenareabHOCTH. PaccMoTpeH MexaHn3M (hOpMUPOBAHMS ITOPOLIKOBOI! IINXThI
Pb—C B mporecce MeXaHOAKTHBALMHU, CBSI3aHHbIH ¢ 00pa30BaHUEM MaJOCBA3aHHBIX AIJIOMEPATOB KOMIIO3UIIMOHHBIX YaCTHUIL, JIETKO
paspylIarOIUXCsl TIPU PYYHOW 00pabOTKe MIMXTHI B CTYIKE. YCTAHOBJIEHO, YTO SKCTPeMyM (YHKLMH PACIPEiCICHHs HacTHI]
[0 pa3MepaM CMeIaeTcsi B 00JacTh MEHBUIMX 3HAYCHUH CPEIHHX pasMepoB KOMIO3HMLIHMOHHBIX dacTul Pb—C, cocrapistonmx
arIoMepaThbl. BBIABICHO, YTO pa3Mep OOpa30BAHHBIX AarIOMEPATOB 3aBUCUT OT COACP)KaHUA IpaduTa B IIMXTE U BPEMEHH
MexaHn4YecKoi 00padoTku. Ha 0CHOBE MHOTOKpUTEPHAIBHON ONITUMU3ALIUH OTIPE/ICIICHbI ONITUMAIIbHBIC 3HAYCHHS TEXHOJIOTMYECKHUX
Gaxropos (t = 1,8 k¢, C = 0,15 mac. %) IPUrOTOBJIEHUS [IUXTHI, TIOIYYEHHON B PEKUME JABYXDTAIHOM MEXaHMIECKOH 00paboTKH,
obecreyrBaoIIre OBBIIICHHBIH KOMIUIEKC (PU3MKO-MEXaHMYECKUX CBOMCTB (IPOYHOCTH Ha Cpe3 o, = 6,3 Mlla, TBepmocTb
HRR =109, snexrponposonnocts L =1,812 OM™') ropsuenpeccoBaHHOro KOMIO3HMIMOHHOro Marepuana Pb—C. B pesymsrare
PEHTICHOCTPYKTYPHOTO aHAJIN3a BbIABICHO (JOPMHUPOBAHUE OKCUJIOB CBHHIIA B IIPOLIECCE MEXaHOAKTHBALUHK MKXThl Pb—C, a Takke
yBEJIMYEHHE MOy IHPHHBI TudpakipornHoro npodust muauid (111) u (222) u nocieayoriee ee CHIKEHUE OCIIE ONePALIMU FOPSIero
npeccoBaHus. [1onydeHbl CpaBHUTEIbHBIC JAHHbIC MPHUMEHEHHS CTPYKKOBBIX OTXOJOB Ha OCHOBE CBHMHIIA U KOMIIO3MI[MOHHBIX
MaTepHaioB Ha OCHOBE MOPOLIKA CBHHIA, CBUACTENILCTBYIONIME O OOjiee HU3KOM ONTHMAIIBHOM COZIepKaHMHU rpadurta B Clydae

ucnonb3oBanus nopomka ceunna [C1 (C. = 0,15 mac. %), yem cTpyxkkoBbIX 0TX010B (C. = 0,5 Mac. %).

KnroueBble csioBa: MexaHHuecKast AKTHUBalys, NOPOLIOK CBUHIA, IMOPOLIOK Fpa(l)I/ITa, KOMHOSI/IL[I/IOHHHﬁ Marepuall, CETKa d3JIEKTpoaa,

MHOI'OKpUTEpHaIbHasA ONITUMU3aLMs, MEXaHNYCCKas 06pa60TKa

EnaronapHocrn: HccnenoBanus IIPOBEACHBI B paMKax IIPOCKTa «Pa3pa60TKa TEXHOJIOI'MHU MOJYUCHHUS KOMIIO3UITUOHHOI'O ITOPOIIKOBOTO
Marepuajia Pb-C cerku QJICKTPOJia CBMHIIOBO-KHCIOTHOTO aKKYMYJISITOPa», p€ajin3yeMOro 1npu rnoAACpiKKe DonHpga comencTBHI HHHO-

BaLIUsIM.
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Introduction

When producing powder composite materials
(CM) based on mechanically activated mixtures, sinte-
ring, and hot compaction technologies are employed.
The mechanical properties of powder materials are
dependent on the technological parameters of mechani-
cal activation (MA) [1] of the charge in high-energy
mills. Previous studies have established a relationship
between the particle size distribution and the chemical
composition of the charge, as well as the structure and
properties of the powder material, and the results of cold
compacting (CC) and hot compacting (HC) [2].

At Platov South-Russian State Polytechnic University
(NPI), research has been conducted on the mechanical
activation [1-3] of various powder mixtures in dry and
liquid media (Fe—Al, Al-Si, Al-C, Fe—-Mn, BrAZh, and

26

D-16 shavings, as well as Pb shavings with the addi-
tion of graphite). During the MA of a powder charge,
multi-stage processes of dispersion and agglomera-
tion are observed, leading to the formation of composite
particles with structural heredity. These processes affect
the activation of compaction during sintering and the sub-
sequent hot additional compaction of workpieces [1-4].
The kinetics of dispersion and agglomeration depend
on the MA modes and the composition of the charge.
The use of liquid media and the introduction of graphite
prevent the formation of agglomerates due to the for-
mation of an interparticle interface [3—7]. Preliminary
studies [3] revealed that when graphite is introduced
into the charge in excess of 0.5 wt. % and subsequent hot
compaction of the material, cracks occur in the powder
material.
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For the production of electrodes for lead-acid batteries,
lead-based CMs with the addition of graphite, as well as
various carbon-containing additives (carbon nanotubes,
fullerene black, graphene, activated carbon, etc.) are
employed [8—20]. Pb—C composite material has also found
applications in lithium-ion batteries [20]. The conducted
studies have shown that the maximum amount of graph-
ite in CM should not exceed 1 wt. % with an optimum
content ranging from 0.2 to 0.5 wt. % [12; 14; 17; 18].
Graphite content above 1 wt. % leads to deteriora-
tion of the rheological properties of the active material
paste. The introduction of graphite improves the electri-
cal conductivity, mechanical properties, and chemical
efficiency of the Pb—C composite material. Modifying
the composition of CM with graphite, unlike other com-
ponents, is characterized by a lower cost and increased
safety [20].

The objective of this study is to perform multicriteria
optimization of the graphite content in the charge and
processing time, with the goal of achieving an improved
set of physical and mechanical properties for hot-com-
pacted Pb—C composite material.

Experimental

Lead powders PS1 (Specifications TU 48-6-123-91)
(Fig. 1) and artificial special low-ash graphite (GISM,
State Standard GOST 18191-78) were utilized as the ini-
tial materials. The two-stage technology for prepar-
ing the charge [1-4], carried out in a SAND-1 plane-
tary ball mill (Armenia), involved mixing (t=1.2 ks,
n=150s") followed by subsequent mechanical activa-

tion (t=0.6+3.6 ks, n =290 s!). The design of experi-
ments and the obtained results are presented in Table 1.
The process layout for obtaining hot-compacted samp-
les included preliminary cold compaction (500 MPa)
ofthe charge, followed by heating in a furnace (7= 473 K,
7=0.3 ks) in an ambient air and dynamic hot compac-
tion with extrusion elements (W = 36.6 MJ/m?) [4].

The particle size distribution of the activated charges
(in accordance with State Standard GOST 18318-94)
was determined both before and after manual processing

Fig. 1. SEM image of as delivered PS1 lead powder

Puc. 1. POM-u3o6pasxenue noporiuka ceunia [1C1
B COCTOSIHHH TTOCTABKH

Table 1. Design of experiments and results

Ta6nuya 1. ILian npoBeJeHus1 U Pe3yJIbTaThl IKCIIEPHMEHTA

C,,Wt.% | T,ks | dy,um | dy,pm | AGL | B, o, B, I Remark
0.15 0.6 64 41 1.56 | 0.184 | 0.54 | 0.394 | 0.442 | 0.826/0.935 *
0.85 88 47 1.87 1 0.162 | 0.52 | 0.194 | 0.576 | 0.817/0.877 *
0.15 30 127 94 1.35 | 0.615 | 0.99 | 0.013 | 1.038 | 0.941/0.939
0.85 221 141 1.57 1 0.003 | 1.11 | 0.008 | 1.072 | 0.847/0.891 *

0 L8 101 93 1.09 | 0.015 | 1.01 | 0.013 | 1.069 | 0.972/0.950 *
1.00 140 54 2.59 10.027 | 0.81 | 0.196 | 0.554 | 0.891/0.940 *
0 23 22 1.05 | 2.467 | 0.15 | 0.942 | 0.413 | 0.699/0.914
0.50 3.6 165 134 1.23 1 0.002 | 1.34 | 0.004 | 1.232 | 0.943/0.922
1.8 107 92 1.16 | 0.002 | 1.42 | 0.027 | 0.892 | 0.942/0.939
0.15 1.8 141 111 1.27 1 0.001 | 1.59 | 0.013 | 1.002 | 0.839/0.935
0.85 148 65 2.28 1 0.020 | 0.86 | 0.149 | 0.576 | 0.855/0.918 *
0.50 0.6 114 67 1.70 | 0.138 | 0.51 | 0.173 | 0.542 | 0.819/0.899 *
3.0 122 102 1.20 | 0.012 | 1.00 | 0.010 | 1.096 | 0.927/0.924 *
0 0 20 - - 10.154 | 0.88 - - 0.730/—
* Formation of cracks on external surface of a sample.
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in a mortar. This analysis was conducted using a sieve
analyzer, model 029 (OOO Litmashpribor, Usman).
Additionally, the hardness HRR (according to State
Standard GOST 24622-91) of the hot-compacted com-
posite powder material was studied using a TR 2140
device (OOO ASMA-Pribor, Svetlovodsk, Ukraine).
The shear strength (5. ) of the extruded element
(d,,=3.1 mm) was determined using a UMM-5 uni-
versal machine (OOO “ASMA-Pribor”, Svetlovodsk,
Ukraine). All measurements of physical, mechanical,
and operational properties were carried out in compari-
son with a lead-based cast sample, which had a hardness
of HRR = 60+70. Electrical conductivity measurements
were conducted in accordance with State Standards
GOST 24606.3-82 and 4668-75 (U=50 mV, /=10 mA)
using equipment developed at YuRGPU (NPI) [21], with
aload of 30 + 1 N.

To describe the particle size distribution of charge,
the Rosin-Rammler function reduced to linear form
was employed [1;22], allowing for the determina-
tion of parameters o and 3 as follows:

y=a+bx, (1

where y = In(InB™"); a = Ina; b = B; x = In.X; B represents
the content of sieved Pb—C charge, wt. %; X stands for
the particle size.

Additional grinding in a mortar was carried out
to assess the degree of agglomeration of charge particles
during the MA. This is characterized by the agglomera-
tion index (AGI) [23], calculated as the ratio of the ave-
rage particle sizes of the activated (d;) and mortar-pro-
cessed (d,) charge:

T, ks

0.6 ] ] ]
1 4, 1

0 0.2 0.4 0.6 0.8 1.0
C,, wt. %

Fig. 2. Ranges of technological parameters ensuring
the production of Pb—C material
without cracks (4) and with cracks (B)
@ — without cracks, [l — with cracks

Puc. 2. O6bnactu 3Ha4eHNT TEXHOTOTHYECKUX TTAPaMETPOB,
o0ecreunBaroIux noyyenne Marepuaina Pb—C
0e3 TpeunH (A) u ¢ TpenHamu (B)
@ — Ge3 TpemuH, [ll] — ¢ TpenMHAMU
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AGI=d/d,. 2)

The morphology and spectral analysis of Pb-C
charge particles were investigated using a “Quanta 200”
scanning electron microscope (FEI Company, USA)
at the Nanotechnologies Resource Sharing Center
of Southern Russian State Pedagogical University (NPI).
Additionally, thermogravimetric analysis in a helium atmo-
sphere was conducted using an STA 449C synchronous
thermal analyzer (NETZSCH, Germany).

Table 1 summarizes the following parameters:
C, represents the graphite content in the charge, wt. %;
T 1s the time of mechanical activation, ks; d, indicates
the average particle size of the charge after activation,
um; d, signifies the average particle size of the blend
after manual processing in a mortar, um; o, B, and a,
B, denote the parameters of the Rosin-Rammler equa-
tion for the charge, respectively, after mechanical activa-
tion and manual processing in a mortar; 77, ;> represent
the determination coefficients of the Rosin—Rammler
equation for the charge after mechanical activation and
subsequent manual processing in a mortar, respectively.

As shown in Figure 2, a range of technological
parameters has been identified that ensures the produc-
tion of Pb—C composite powder material without visible
cracks and with cracks on the edge surface of a sample.

Specifically, avoiding cracks is achieved by increas-
ing the MA time of the charge to more than 1.8 ks and
maintaining the graphite content in the charge at less
than 0.5 wt. %. This combination of parameters results
in the formation of hot-compacted material with a smooth
surface, both on the sides and edges. Additionally, achiev-
ing a similar outcome is possible with C, = 0.5 wt. % and
in the absence of MA (1 = 0 ks), i.e., when the mixture is
obtained solely through agitation.

At high graphite contents, there is an observable
increase in non-metallic inclusions, which in turn
reduces the plasticity of the material. Increasing
the duration of MA leads to a more uniform distribu-
tion of graphite throughout the entire bulk of the charge
and eliminates the occurrence of cracks during
deformation of the material.

Result and discussion

An analysis of the influence of graphite content
in the charge and the duration of mechanical activa-
tion has shown that as T increases, the average particle size
of the activated charge (d,)) increases across all studied C,
Manual processing in a mortar results in the crushing
of agglomerates, leading to agglomeration index values
(AGI) greater than 1. In this case, the maximum values
of d are observed after processing in a planetary mill
when both C, and tare increased. When the graphite con-
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Table 2. Results of multicriteria optimization of technological factors for producing Pb—C composite material

Tabamya 2. Pe3y1bTaThl MHOTOKPHTEPHAJIbHON ONTUMH3ALUU TEXHOJIO0THYeCKUX (GaKTOPOB
MOJIy4YeHHs] KOMIIO3MIIMOHHOT0 MaTepuania Pb—C

Average particle size of Physicomechanical properties L
G, wt. . ks Pb—C charge, pm of Pb—C HC CM Des1ra.1b1hty Quality level
% ’ function D
d, d, HRR | o, ..MPa| P,% | LQ'
0.15 1.8 1414 111.4 109 6.3 18.9 1.812 0.81 Excellent
' 3.0 126.9 94.3 101 3.8 13.8 0.371 0.67 Acceptable
0.50 1.8 106.8 92.1 87 15.2 24.1 0.142 0.64 Acceptable

tent in the charge is increased to 0.5 wt. % and the treat-
ment duration is extended to 1.8 ks, the dimensions of d,
stabilize (refer to Table 1). Manual processing contribu-
tes to the breakdown of agglomerates across the entire
range of studied ¢, and t. Larger average particle sizes,
constituting the agglomerates (d,), are observed when
the graphite content in the charge is 0.15 wt. %.

The addition of a higher graphite content (1 wt. %)
into the charge results in an increased agglomera-
tion index AGI, defined as the ratio of d; to d, [1; 2].
When the graphite content in the charge is 0.5 wt. %,
and the MA duration is 1.8 ks, it results in the forma-
tion of particularly resistant agglomerates (d,~d,,
AGI = 1.16).

An increase in T to 1.8 ks results an elevated coef-
ficient of determination 7; of the Rosin-Rammler equa-
tion when reduced to linear form (1). In this instance,
the calculated parameter o decreases. The function a, ()
exhibits an extreme behavior. Following manual pro-
cessing in a mortar and an extended MA time, there is
an observed increase in B, .

Multicriteria optimization
of process variables

In pursuit of multicriterial optimization (MCO) for
the technological factors governing mechanical activa-
tion (Cg, 1), with the goal of enhancing a comprehensive
set of physical and mechanical properties (ultimate shear
strength 6, ., hardness HRR, electrical conductivity L,
and porosity P) of the Pb—C composite material, a gene-
ralized desirability function D was determined [3; 24].
This function employs the following scale: D =0.75+1.0
indicating an excellent level of quality; 0.68+0.74 rep-
resenting high quality; 0.6+0.67 signifying acceptable
quality; 0.5+0.59 denoting sufficient quality; and less
than 0.5 reflecting an unacceptable level.

The results of the MCO values for C, and T, ensuring
the production of high-quality Pb—C composite material,
are presented in Table 2, ordered in descending order
of D values. Analysis of the MCO results has revealed
that an excellent level of quality (D = 0.81) is achieved

with a graphite content in the charge of 0.15 wt. % and
a processing time of 1.8 ks. The experimental results and
the optimized MA parameters pertain solely to the stud-
ied range of graphite contents and processing times
in a SAND-1 planetary ball mill.

In order to determine the optimal composi-
tion of the composite material (refer to Table 2), X-ray
phase analysis of the mechanically activated mixture
was conducted, and the morphology of its particles was
investigated (Fig. 3).

Experimental findings have confirmed the forma-
tion of agglomerates during the process of MA in a high-
energy mill. These agglomerates are subsequently bro-
ken down during grinding in a mortar (Fig. 4). During
manual processing in a mortar, a noticeable shift occurs
in the extremum of the particle size distribution func-
tion toward smaller average sizes of Pb—C composite
particles.

Reducing the charge processing time from 3.0to 1.8 ks

results in a decrease in the intensity of the PbO lines due
to a lower degree of oxidation of the powder material

Fig. 3. SEM image of the charge after mechanical activation
and manual processing (Cg =0.15wt. %, T=1.8 ks)

Puc. 3. POM-n300pakeHue IHXTHI MTOCIe Tpolecca
MEXaHHYIECKOH aKTUBALMK U PyIHOU 00paboTKH
(C.= 0,15 mac. %, T= 1,8 kc)
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Fig. 4. Particle size distribution, plotted according
to the Rosin-Rammler equation,
after MA (@) and manual processing in a mortar (b)
Y(X) — differential particle size distribution function (a);
Y, (X) — integral function (b)

Puc. 4. PactipesienieHne 4acTHIL IO pa3Mepam,
TOCTPOEHHOE N0 ypaBHEHHIO Po3una-Pammiepa,
nocne MA (a) u pyuHoii 00paboTku B cTymnke (b)

Y(X) — muddepennpansras GyHKIHs pacipeaeaeH s YaCTUIL
1o pasmepam (a); Y, (X) — unrerpanbhas dynkuus (b)

(Fig. 5). Increasing the graphite content to 0.5 wt. %
with a short processing time (t = 1.8 ks) enables a reduc-
tion in material oxidation during MA.

Analysis of the diffraction pattern revealed that par-
ticles within the mechanically activated Pb—C charge
contain PbO (Fig. 5). Mechanical activation of the pow-
der charge results in the broadening of the profile
of the lines (111) and (222) of lead due to an increase
in microstresses and a reduction in the size of the mosaic
blocks. Subsequent operations involving short-term heat-

26, deg

Fig. 5. Diffraction patterns of lead powder
in the as-delivered state (a) and the charge
after mechanical activation and manual processing (b)
(Cg: 0.15 wt. %, 1= 1.8 ks)

Puc. 5. [luppaxrorpaMMbl OpOIIKa CBHHIIA
B COCTOSIHUU IOCTABKH (@) U LIMXTHI IIOCJIE IpoLecca
MEXaHUYCCKOW aKTUBAIIMU U Py4YHOIt 00paboTku (b)
(C.=0,15 mac. %, 1= 1,8 kc)

ing and HC cause a decrease in the half-width of the dif-
fraction profile of the lines (Table 3).

When substituting lead chips and GK-3 graphite
used in [3] with PS-1 and GISM lead powder, the opti-
mal graphite content decreases from 0.5 to 0.15 wt. %
at a processing time of 1.8 ks in a high-energy mill.

Figure 6 illustrates the microstructure of the hot-
compacted composite powder material (7=473 K,
1= 0.3 ks, medium: air, W= 36.6 MJ/m?) based on Pb—C

Table 3. Calculated half-widths of the diffraction profile of Pb lines
at optimal values of Cg and T

Tabnmya 3. PacueTHble 3HAYEeHHUS MOJYIIHPHHBI TU(PAKIIUOHHOTO0 podust aunuii Pb
NpH ONTHMAJIBLHBIX 3HaYeHus X C U T

Indi 20, deg Half width of diffraction profiles of lines, deg
ndices 5 .
hkl ARREEIEE After MA After HC e After MA After HC
powder powder
111 31.3048 31.3048 31.3829 0.087 0.142 0.096
222 65.2358 65.2358 65.4920 0.094 0.132 0.093
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Fig. 6. SEM image of hot-compacted composite powder material

Puc. 6. POM-u300pakeHre TOPSTIEIIPECCOBAHHOTO
KOMITO3HI[HOHHOTO TTOPOLIKOBOTO MaTeprasa

charge (C. = 0.15 wt. %) processed in a high-energy mill
(t=1.8 ks), resulting in improved physical and mechan-
ical properties, including hardness, strength, electrical
conductivity, and porosity. The Pb—C charge (0.15 wt. %)
that facilitates the production of hot-compacted mate-
rial with increased hardness and electrical conductivity
is characterized by extreme parameters of the Rosin—
Rammler equation (a, = a,, . = 0.001; B, =B, = 1.59).
Concurrently, the agglomeration index AGI=1.16
indicates the formation of intractable agglomerates
(d,~=d,). Additionally, thermal analysis of the charge
material revealed a shift (from 598 to 543 K) in the peak
of the melting onset curve of the material compared
to PS1 powder in its initial state due to the accumula-
tion of material energy during the mechanical activa-
tion process (Fig. 7).

Conclusions

The results of the studies have revealed several
important findings. Increasing the duration of mechani-
cal activation to optimal values (t = 1.8 ks) leads to a
higher degree of compliance of the charge’s particle size
distribution with the Rosin—Rammler equation. The opti-
mal parameters for mechanical activation of the charge
(t~1.8ks, C, =015 wt. %), which correspond
to the extreme parameters of the Rosin—Rammler
equation (a,=a, . =0.001; B,=B, ~=1.59), result
in improved values of the generalized desirability func-
tions for the hot-compacted composite powder material
(CPM).

Experimental evidence demonstrates that during
mechanical processing in a high-energy mill, agglo-
merates are formed, but these agglomerates are subse-

100.5
A, -007%  A-013% EXx0 1
100.0 ; | A,:-032%| 0.06
99.5 |- 004
c\o Residual mass: 99.49 % (672.56 K) S
g 990r 1002 4
= Square: —0.1531 K's/mg =
985 a
40
98.0 Peak: 597.45 K; 0 K/mg
-1 -0.02
97.5 | | | | | | | |

323 373 423 473 523 573 623 673
Temperature, K

Fig. 7. Thermogravimetric analysis of hot-compacted Pb—C
composite powder material

Puc. 7. TepMOrpaBUMETPHYECKHI aHAIN3 TOPSYEIIPECCOBAHHOTO
KOMITO3HITHOHHOTO TTOPOIIKOBOTO Martepuana Pb—C

quently broken down during manual processing in a
mortar. In this scenario, the extremum of the particle
size distribution function shifts toward smaller average
sizes of the Pb—C composite particles that constitute
the agglomerates.

When using the optimal values of technological fac-
tors (t= 1.8 ks, Cg =0.15 wt. %), the structure of hot-
compacted Pb—C CPMs is formed, leading to improved
consolidation quality of the composite material. This
is characterized by the absence of identifiable inter-
faces on the interparticle splice surfaces and enhanced
mechanical properties (HRR = 109, 6, = 6.3 MPa) and
electrical conductivity (L = 1.812 Q).
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Investigation of the properties of high-strength fibers
by methods of physico-chemical analysis

E. G. Cheblakova, B. S. Kleusov®, V. I. Sapozhnikov, V. A. Gorina,
Yu. A. Malinina, A. R. Gareev

Vyatkin R&D Institute of Graphite-Based Structural Materials (JSC “NIlIgraphit”)
2 Bld. 1, Electrodnaya Str., Moscow 111524, Russia

&3 BSKleusov@rosatom.ru

Abstract. The carbon fiber (CF) of UMT 49-12K-ER grade, manufactured by Alabuga-Volokno LLC (Umatex JSC), was the subject
of an extensive study. This investigation encompassed an analysis of its physico-chemical properties. The interplanar dimensions
and chemical composition of the CF were determined using X-ray diffraction and atomic emission spectroscopy. Surface properties
of the CF, including specific surface area and pore size distribution, were investigated through nitrogen adsorption. The BET specific
surface area was measured at 0.29 m?/g. The volume of mesopores and their size distribution were calculated using the Barrett, Joyner,
and Halenda method. Additionally, an analysis of surface functional groups was conducted through a back titration method. It was
observed that there was no presence of carboxyl, phenolic, or carbonyl groups. The diffraction patterns were processed with a two-
component profile description model. The results of atomic emission spectral analysis revealed that silicon compounds were the dominant
impurities in the chemical composition of the CF. Further investigations determined that, in an inert environment, the epoxy coupling
agent used to enhance the performance properties of this CF undergoes thermal decomposition at temperatures of 300400 °C. The CF
itself does not experience weight loss when heated up to 950 °C. It was also discovered that this CF ignites in the presence of oxygen
at temperatures exceeding 550 °C, surpassing the thresholds noted in previous publications for carbon fibers without such specialized
additives. The results of this research have suggested new methodologies for studying carbon fibers.

Keywords: carbon fiber, X-ray phase structural analysis (XPSA), synchronous thermal analysis (STA), atomic emission spectral analysis
(AESA), specific surface area, BET method, functional groups
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AnHotayums. Ilposeneno nccienosanue yrieBonokHa (YB) mapkn UMT 49-12K-EP OOO «Amnabyra-Bomokuo» (AO «FOmarekcy).
W3ydens! ero ¢puznko-xummudeckue cBoiictea. C MOMONIBIO PEHTIEHOBCKOM MH(PAKIMN M aTOMHO-OMHCCHOHHOH CIIEKTPOCKOIINU
OIIpe/IeJICHBI MEKIIOCKOCTHBIE pa3Mephl M XUMHUecKHii cocTaB Y B. Mccre1oBaHus TOBEPXHOCTHBIX CBOMCTB yIIEBOIOKHA (YASTbHOH
MIOBEPXHOCTH U PACIIPE/IeNICHHUs TT0p IO pa3MepaM) IIPOBEICHEI 110 acopOIHH a30Ta. YielIbHas IOBEPXHOCTh PACCUNTAHA ITO METOLY
BOT u cocrasuia 0,29 mM*/r. OGbeM ME30I0p M UX PACIpeieNieHue [0 pasMepaM PaccuuThIBAIM 10 MeToay Bappera, [lxoiinepa
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n XaneHasl. MeTogoM 06paTHOro THTPOBAHHMS IIPOBEICH aHAIIM3 COCP KAHMS TOBEPXHOCTHBIX (DYHKIMOHAIBHBIX Tpynm. Hammane
KapOOKCHIIBHEIX, (DCHOIBHBIX U KapOOHHUIBHBIX TPy He o0HapyxeHo. OO0paboTKy nudpakTorpaMM OCYIMIECTBISIIH HOCPEICTBOM
JIByXKOMIOHEHTHOH Mojenu onucanus npopmst. [1o pesynasrataM aTOMHO-IMHUCCHOHHOTO CIIEKTPAJIBHOTO aHAIN3a YCTAaHOBICHO,
9TO B IPUMECHOM XUMHUYECKOM COCTaBE YITIEBOJIOKHA IIPEOOIanaloT coequHEeHUs KpeMHus. [lonTBepKIeHO, YTO B HHEPTHOH cpejie
SIOKCUHBII alIpeT, KOTOPbIM IIPOIMTAHO JaHHOE YB A yimydlleHus SKCIIyaTalMOHHBIX CBOICTB, IOIBEPraeTCs TEPMUUECKOI
necTpykuuu npu temmneparypax 300400 °C, B To Bpemsl Kak caMO yIIICBOJIOKHO HE TepsieT Maccy Ipu HarpeBaHuu 1o 950 °C.
YeraHoBieHO, uTO faHHOE YB cropaer Ha Boszgyxe mpu Temneparype csbiiie 550 °C, 4To mpeBbIIIacT TEMIEPATypy, YKa3aHHYIO
B JIUTEpaType JUIsl yIIEPOJHOrO BOJIOKHA Oe3 ClenHalbHbIX 100aBok. [1o pe3ynbraram mpoBeIeHHBIX HCCIICIOBAHUH MTPEIIOKEHBI

METOAUKU UCCIIEAOBaHMS YITICBOJIOKHA.

KnroueBbie crioBa: yrieBosiokHO, peHTreHo(ha30Bblii cTpykTypHbii ananu3 (POCA), cuaxponusiii Tepmudeckuii ananus (CTA), aToMHbIIH
9MUCCHOHHBIN CIIeKTpaibHbIi aHamn3 (ADCA), yaenbHas moBepxHOCTh, MeTo bOT, QyHKIMOHANBHbIE TPYIIBI

Ans untuposanms: Ueonakosa E.I., Kieycos b.C., Canoxuuxo B.U., Topuna B.A., Manununa O.A., T'apeeB A.P. Hccnenoa-
HUSI CBOWCTB BBICOKOIIPOUYHBIX BOJIOKOH METOJaMHU (DU3MKO-XUMHUYECKOTO aHanu3a. Mzeecmus 6y306. Ilopowkosas memaniypeus
u gpynkyuonanvuvie nokpvimusi. 2023;17(4):34—40. https://doi.org/10.17073/1997-308X-2023-4-34-40

Introduction

High-strength carbon fibers (CF) find a wide range
of applications in today’s technological, transportation,
and construction industries. The development of these
sectors heavily relies on the utilization of fibrous
materials, and CFs are a key component in the produc-
tion of composite materials. They are primarily derived
from various polymer fibers, with polyacrylonitrile (PAN)
fibers being the most common choice. PAn fibers offer
exceptional properties, such as high strength, a rela-
tively high modulus of elasticity, low specific gravity,
and the ability to withstand high temperatures without
weight loss. These characteristics make CFs valuable in
various applications. Over the last few decades, a signifi-
cant body of scientific and technical literature [1-18] has
been dedicated to this subject. However, some physico-
chemical parameters’ impact on the final properties of CF
remains inadequately explored.

The objective of this research was to conduct a com-
prehensive examination of carbon fiber using a combi-
nation of analytical techniques, including X-ray phase
structural analysis (XPSA), synchronous thermal analysis
(STA), atomic emission spectral analysis (AESA), tomo-
graphic studies, and the assessment of fiber surface prop-
erties. The results obtained from these investigations have
been consolidated.

For the experimental studies, UMT 49-12K-EP fiber
from Alabuga-Volokno LLC (Umatex JSC) was selected
as the starting material.

The data derived from these physico-chemical analy-
tical studies serve as a valuable foundation for the devel-
opment and proposal of further research methodologies
for CF.

Experimental

The image of the fibers was obtained using a
“SkyScan 1272 (Bruker, Germany) high resolu-
tion microtomograph. The scanning was conducted in

filterless mode, with parameters set at 50 kV, 200 mA,
a rotation step of 0.1°, and a pixel size of 3.81 um.
The reconstruction of the sections was carried out using
“NRecon” and “CTvox” software».

For the X-ray phase structural analysis, a D8 Advance
diffractometer (Bruker, Germany), which uses Bragg-
Brentano geometry, was employed. This device uti-
lized a copper X-ray tube capable of delivering up
to 2200 W, generating CuK  radiation with a wavelength
of A = 0.15418 nm. The occurred within the angular range
of 20 = 10+90°, with an exposure time of approximately
10 min. The fibers were positioned on a silicon cuvette
designed to minimize background interference, ensuring
even distribution over its surface. Prior to each measure-
ment, the X-ray tube and detector were calibrated. A spe-
cialized program, TOPAS, was utilized for the analysis
of the diffractograms. The angular position of the diffrac-
tion maxima was measured with an absolute error not
exceeding £0.026°.

Atomic emission spectral analysis of CFs was car-
ried out using a DFS-8 (LOMO company, St. Petersburg)
in the wavelength range of 220-330 nm. The sample
weight used was 7 mg. A glass electrode (type IV) was
employed as the lower electrode, while a cone electrode
(type I) served as the upper electrode. The fibers were
placed in the lower electrode’s crater and lightly dusted
with high-purity graphite. The exposure time was set
at 10 s, and a 17 A DC arc was employed. Spectra were
recorded using a photoelectron cassette, and the analy-
sis was conducted using the SM 2008 program (MORS
LLC, Troitsk).

The CF sample also underwent simultaneous thermal
analysis using an STA 449 F1 Jupiter device (Netzsch,
Germany). The carbon fiber was analyzed under the fol-
lowing conditions:

1) in an argon environment (40 ml/min), with a
sample weight of 5 mg. The heating process was uni-
form, with a rate of 5 °C/min in the temperature range
of 25-955 °C, including a 10-min hold time at the maxi-
mum temperature,
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2) in an air environment (40 ml/min), with a sample
weight of 5 mg. Uniform heating at a rate of 5 °C/min
took place in the temperature range of 25-950 °C.

The results obtained were processed using the “Proteus
Thermal Analysis v.5.1.0” (Netzsch, Germany) software.

This data processing involved the determina-
tion of various parameters such as the beginning
of weight loss temperatures, residual weight at the final
temperature, temperature intervals corresponding to pro-
cesses with thermal effects (either exo- or endothermic),
peak temperature values for thermal effects, and more.

Results and discussion

Figure 1 displays the appearance of the original fiber.

The diffractograms were processed using a two-
component profile description model. Figure 2 illustrates
a diffractogram of UMT 49-12K-EP carbon fiber, which
clearly demonstrates its amorphous nature. Carbon fibers
belong to the non-graphitized materials category, mea-
ning that the crystallites are randomly arranged and rela-
tively small compared to graphitizing materials. Notably,
there is an asymmetry towards smaller angles, a feature
conventionally attributed to the presence of multiple
structural components (SCs). In this paper, a two-com-
ponent model of profile description is chosen (Fig. 3).
A component with a larger spacing is referred to as
a “kernel,” and a component with a smaller spacing is
considered a “shell.” The approximate content of these
components, as estimated by the peak areas, is 57 wt. %
for SC 1 and 47 wt. % for SC 2.

The table shows that CF has a large interplanar dis-
tance and small crystallite sizes, indicating that this fiber
belongs more to amorphous non-graphitic materials.

The absolute error of the AESA measurements was
70-0.5 ppm.

The results of atomic emission spectral analysis for
the UMT 49-12K-EP sample are displayed below, ppm:

2200

Fig. 1. UMT 49-12K-EP fiber fragment (3D reconstruction)

Puc. 1. ©parment BonokHa UMT 49-12K-EP
(3D-pexoHCTpyKIHs)

Al...41 Mg...30 Mo...17 Cd...3
B....5 Ca...230 Ti....26 Ni...7
Fe...73 Co...40 Mn...<0.1 Pb...4
Si...420 Cr...3 Cu...6 V....4
impurities 909
Data from X-ray phase analysis
of UMT 49-12K-EP carbon fiber
Jannble peHTreHo¢a30BOro aHaJau3a
yriaesosokna UMT 49-12K-EP
Structural component ), NM L., nm
SC 1 0.3523 2.2
SC2 0.3894 1.4

to the layer).

Note.d,,—interplanar distance; L —crystallite size (perpendicular

The measurement error for d, was 0.05 % and for L it was 4.1 %.
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Fig. 2. Carbon fiber diffraction pattern

Puc. 2. Tudpakrorpamma yrieBoIOKHA
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The content of impurities in carbon fiber was deter-
mined in accordance with MI00200851-323-2009
(a procedure by JSC “Nllgraphite”). Silicon was iden-
tified as the primary contributor to the total impurity
content. The presence of silicon is attributed to the addi-
tion of an organic compound containing silicon during
the precursor’s production phase for subsequent catalytic
graphitization of hydrocarbons. Further details regard-
ing the presence of Si in high-strength carbon fibers are
elaborated upon in reference [19].

The results of thermal analysis of CFs are presented
in the form of graphs displaying TG and DSC signals
versus temperature (Fig. 4).

In an inert environment, as depicted in Figure 4, a,
the CF sample initiates weight loss at temperatures
exceeding 100 °C. At around 300 °C, a 0.3 % weight
loss occurs, attributed to the gradual removal of residual
moisture and volatile substances. Subsequently, the weight
loss rate escalates significantly as a result of the thermal
degradation of the epoxy sizing agent applied to the car-
bon fiber. This sizing agent serves to enhance the wetta-

100
300°C. 99.72 % Exo 1 allb
200 °C, 99.92 % 410
99 ’ o0
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o) 98 I Jdo =
= 400 °C, 98.24 % %
—-0.5
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] ] ] ] 1 T =
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bility and adhesion of polymer binders to the CF surface
when producing composite materials. The drop in weight,
about 1.5 % in the temperature range of 300+400 °C
aligns with the sizing agent’s manufacturer-declared con-
tent in hydrocarbons (1.2—-1.7 wt. %). Upon further heat-
ing in argon, weight loss essentially ceases (<0.1 wt. %
at 400+955 °C). The residual weight of CF at the final
temperature is 98.15 wt. %, consistent with published
data suggesting that, in an inert environment, carbon fiber
can withstand heating above 1000 °C without altering its
mechanical properties [3]. This high thermal resistance is
achieved through the rigorous temperature treatment dur-
ing the production of carbon fiber.

In the presence of atmospheric oxygen, when the tem-
perature reaches 550 °C, the CF sample experiences a loss
of over 5 % of its weight. As the temperature continues
to rise, active oxidation (combustion) of the sample takes
place, marked by a significant exothermic effect (a peak
on the DSC curve at 781.5 °C). In previous studies [1; 3],
it has been noted that in an air environment, the maxi-
mum operational temperature for carbon fiber without

100 0
!Exol _q
99 550 °C, 94.51 %
H—2 &0
o 98 £
X S 3
O 98 )
__4 &
o A
- 950 °C,
7 0.09% =5
96 - H1-6
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t,°C

Fig. 4. Results of simultaneous thermal analysis of UMT 49-12K-EP carbon fiber
in an inert environment (argon) («) and in air (b)

Puc. 4. Pe3ynbrarhl CHHXPOHHOTO TePMHUUECKOro aHanu3a yriaeBoiokana UMT 49-12K-EP
B MHEPTHOU cpene (aproH) (a) u Ha Bo3ayxe (b)
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additives, before thermal oxidation initiates, ranges from
300-370 °C. Given that the residual weight at 950 °C is
approximately 0.09 wt. % (equivalent to 900 ppm), in
line with the earlier AES results Cimpurities = 209 ppm),
it can be inferred that the unburned residue comprises
impurities such as silicon compounds, calcium, and
other elements present in small quantities within the car-
bon fiber composition. These compounds appear to con-
tribute to increasing the thermal oxidative stability of CF
in the presence of air.

The surface properties of UMT49-12K-EP fiber
were examined using nitrogen adsorption with an ASAP
2020 device (Micromeritics, USA). The specific sur-
face area was determined using the BET method, while
the volume of mesopores (diameter <900 A) and their
size distribution were calculated using the Barrett,
Joyner, and Halenda (BJH) method across a pressure
range of 0.35-0.95 p/p_.

The CF surface properties are as follows:

Sep> m¥g. ... 0.29
V.,em¥g.......... 0.0002
p
b Ao 255

where S| is the specific surface area, v, is the relative
volume of mesopores, D is their average diameter.

Figure 5 displays the mesopore size distribution.
The graph of relative pore volume against their diameter
exhibits distinct peaks, indicating the presence of groups
of pores of similar size.

Figure 6 depicts the isotherm of the carbon sample
under study. It falls into the 4" type of isotherms, follo-
wing the BDDT international classification, which is char-
acteristic of non-porous materials, specifically PAN fiber.
On the adsorption branch, there’s a consistent increase in
specific sorption (V) as the relative index p/p , rises,
followed by a sharp increase at around p/p_= 1. The iso-
therm exhibits an extended and irreversible hysteresis.

The determination of surface functional group
content in the carbon fiber was conducted following
the MI-00200851-331-2010 procedure (JSC Nllgraphfit).
The analysis revealed the absence of carboxyl, phenolic,
and carbonyl groups.

Based on the data acquired, we can deduce
that the fiber’s surface lacks activation and doesn’t pos-
sess acid-base centers. In terms of its surface properties,
the fiber aligns with the class of carbon fibers derived
from PAN precursor [20-22]. It exhibits adsorption and
chemical inactivity, which could further delineate its
potential application.

Conclusions

1. The structural characteristics of carbon fiber have
been thoroughly examined, and its chemical composi-
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Fig. 6. Nitrogen adsorption-desorption isotherm

Puc. 6. zotepma ascopOumm-aecopounn a3ora

tion has been detailed. It has been conclusively deter-
mined that carbon fiber possesses an underdeveloped
surface and does not contain surface carboxyl, phenolic,
and carbonyl groups.

2. The predominant impurities in the chemical
composition of carbon fiber have been identified as
silicon compounds.

3. Precise temperatures for the thermal degrada-
tion of the carbon fiber sizing agent in an inert envi-
ronment (300400 °C) have been ascertained. The car-
bon fiber itself demonstrates exceptional heat resistance,
enduring temperatures up to 950 °C without any loss
of weight.

4. It has been established that the presence of elemen-
tal organic compounds in the composition of CF con-
tributes significantly to an increase in thermal oxidative
stability. Oxidation (combustion) commences at tem-
peratures exceeding 550 °C, in contrast to the 350 °C
threshold for CF without additives.

5. This research suggests new physico-chemical
methods for investigating carbon fiber.
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In situ study of mechanical properties
and structural transformations during heating

of WC-TaC-Co cemented carbides
in a transmission electron microscope column
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4 Bld. 1 Leninskiy Prosp., Moscow 119049, Russia
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Abstract. This study investigated the hardness of lamella with varying thickness, obtained from a massive, fine-grained cemented carbide
comprising WC—-6 %Co-0.2 %TaC, characterized by an average grain size of approximately 5 um. The picoindentation method was
employed for this analysis. Picoindentation was carried out using a Berkovich diamond indenter with a radius of curvature around
50 nm, and the experimental data were analyzed using the Oliver—Pharr model. The results revealed a significant correlation between
hardness and lamella thickness. The hardness of the electron transparent section (thickness less than 100 nm) of the lamella measured
11.3+2.8 GPa, while the electron nontransparent section (thickness more than 200 nm) exhibited a hardness of 20.8+1.2 GPa. The lower
hardness in electron transparent objects (thickness ~100 nm) is likely attributed to a combination of factors, including the potential
bending of thin cobalt layers, the presence of edge effect, and closely spaced structural defect dislocations on the lamella surface. In situ
TEM studies were conducted to examine structural transformations during the heating of WC—6 %Co0-0.2 %TaC lamella, including in
the presence of oxide phases (WO ). Oxide phases on the lamella’s surface were generated by oxidizing the lamella at 200 °C in an air
atmosphere. The results indicated that heating up to 500 °C did not bring about significant changes in the structure. However, at 600 °C,
there was a notable thinning of cobalt layers due to intense surface diffusion of cobalt. Simultaneously, the formation of nanosized
particles of the Co,W,C phase, ranging in size from 5 to 20 nm, was observed in the binder. These particles resulted from a shift in
the equilibrium phase composition of the carbide, changing from a two phase region (WC + v) to a three phase region (WC + y + Co,W,C)
as a consequence of the lamella’s oxidation.

Keywords: hardmetals, in situ testing, picoindentation, hardness, deformation, tantalum carbide, oxidation of hardmetals
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In situ uccnepoBaHne MexaHM4Ye€CKUX CBOUCTB
N CTPYKTYPHbIX NPEeBpaLLEeHU NPU Harpese
TBepabix cnnasos WC-TaC-Co B KonoHHe
NPOCBEUYMBaIOLLErO 3JIEKTPOHHOIO MUKPOCKONa
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AHHOTayms. MeTosioM NHKOMHASHTUPOBAHUS M3ydeHa TBEPAOCTh JIaMeId HEePEeMEHHOH TOJNIIMHBI, BBIPE3aHHONH M3 MaCCHBHOIO

Meliko3epHucToro tepaoro craa WC—6 %Co—0,2 %TaC c pazmepom 3epna okosio 0,5 Mxm. [TuKkouHI€HTHPOBaHKHE IPOBOANUIOCH
aNMa3HbIM MHJIEHTOpoM bepkoBuua ¢ paauycom 3akpyrieHus okono 50 HM, a 00paboTKa SKCIIEPUMEHTAIBHBIX KPUBBIX BHIIIOIHEHA
no mozenu Onusepa—Dappa. [lokazaHo, 4T0 3HaUCHUS TBEPAOCTH, MOTyYaeMble IPU MUKOUHICHTUPOBAHUY JIAMEIIH, CYLIECTBEHHO
3aBUCHT OT €€ TOIIIMHBL. TBepLOCTh 3MEKTPOHHO-IIPO3payHOro yuactka (TonmuHa Mmesee 100 um) tamenu cocrasisier 11,3 + 2,8 I'Tla,
a 3JeKTPOHHO-Henpo3padnoro (tosmmaa 6omee 200 um) — 20,8 + 1,2 ['Tla. [ToHMwKeHHbIC 3HAYCHUS TBEPAOCTH B BICKTPOHHO-
npo3padHbiXx 00bekTax (tommuua ~100 HM) MPEAnoIoKUTEIbHO CBI3aHBI ¢ KOMOMHAIMEH HECKOIBKUX (DAKTOPOB: BO3MOXKHBIM
M3ruOOM TOHKHX KOOAJIBTOBBIX MPOCIOEK, HATMYUEM KpaeBoro a(pdexra u OInM3Ko pacroioKeHHBIX CTOKOB Ae(EKTOB CTPYKTYpBHI,
B POJIM KOTOPBIX BBICTYIIAET IOBEPXHOCTH JIaMenu. BoinonHensl in situ II9M-uccnenoBanus cTpyKTypHBIX IPEBPaILCHUIN IPU HarpeBe
namenn WC—6 %Co-0,2 %TaC, B Tom unciie B npucyTcTBUM OKcHAHBIX (a3 (WO, ). Okcuanble $pasbl Ha HOBEPXHOCTH JIaMEIIH
OBUTH HOJTyYEHBI B pe3ybTaTe OKUCIeHus tamenu rpu temmeparype 200 °C B Bo3aymHoii armocdepe. [TokasaHo, 4to npu Harpese
10 500 °C cymuiecTBEeHHBIX M3MEHEHHUIl CTPYKTYphl He HaOmomaeTcs, a npu Temneparype 600 °C HauuHaeTcsi ObICTPOE yTOHEHHE
KOOQJIBTOBBIX MPOCJIOEK 33 CUeT MHTCHCHBHOW IOBEPXHOCTHOH Muy3un kobansra. OZHOBPEMEHHO C ITUM 3a(UKCHPOBAHO
00pa3oBaHue B CBsA3Ke HaHOpasMepHbIX YacTull (azbl Co,W,C aucnepcHoCTbio OT 5 10 20 HM, KOTOPbIE HOSIBISIOTCS 10 MPUIUHE
CMeEIIEHHUs PaBHOBECHOTO (ha30BOTO COCTaBa TBEPOTO CIUlaBa U3 AByxdasHoii oonactu WC + v B Tpexdasznyro WC +y + Co,W,C

B pE3yJIbTaTC OKUCIICHUS JIaMEJIN.

KnroueBbie cnoBa: TBEPAbLIC CILIABbI, in situ UCIIbITaHUs, TUKOMHACHTHPOBAHUE, TBEPAOCTD, /:[e(bopMaumI, Kap61/1/1 TaHTalla, OKUCJICHUC

TBEPABIX CIIJIAaBOB

BnaropgapHocTy: Pabora BhinoIHeHA TIpU NoIepkke MUHHCTEPCTBA HAyKH U BbICLIEro oopazoBanus PD B paMkax rocyIapcTBEHHOIO

3aganus (mpoekt Ne 0718-2020-0034).

Ansa untnposanus: 3aiies A.A., Jlorunos I[1.A., Jleamos E.A. In situ uccnenoBaHre MEXaHUYECKUX CBOWCTB M CTPYKTYPHBIX MPEB-
pateHuii npu Harpese TBepabix criaBoB WC—TaC—Co B KoJIOHHE IPOCBEUUBAIOLIETO MIEKTPOHHOIO MUKPOCKONA. M36ecmiis 8y306.
Topowkosas memannypeus u gyuxyuonanvhvie nokpvimus. 2023;17(4):41-50. https://doi.org/10.17073/1997-308X-2023-4-41-50

Introduction

Cemented carbides, often referred to as hardmetals,
represent a class of metal composites characterized
by a hard carbide skeleton embedded within a ductile
metallic binder predominantly composed on iron-group
metals. Due to their exeptional performance characte-
ristics, carbide tools are widely used in the metalworking
and mining industries, as well as in construction and
mechanical engineering.

In the metalworking and mining sectors, the most
significant cost savings are often achieved by increa-
sing metal cutting speeds and rock drilling. This results
in higher tool loads and elevated temperatures, which
can reach 1000 °C or more on the tool surface. High
contact stresses can lead to substantial plastic deforma-
tion of carbide cutting edges, and it is often this plastic
deformation that determines the tool’s lifespan. Research
into the plastic deformation of hardmetals at elevated
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temperatures [1] has revealed that the carbide skele-
ton is destroyed during high-temperature deformation.
This, in turn, results in the formation of cohesive phase
interlayers between WC grains, facilitating the of grain-
boundary sliding process.

In recent years, efforts have been made to enhance
the plastic deformation resistance of hardmetals
through the addition of refractory metal carbides [2—5].
Various works have employed Mo,C [6-11], TiC, and
TaC [12-19] additives. It has been found that even
small additions of TaC significantly improve the plastic
deformation resistance of cemented carbides at higher
temperatures. It is hypothesized that tantalum affects
the interfacial energy at the WC/Co and WC/WC inter-
faces, resulting in the reinforcement of the carbide ske-
leton [18]. Nevertheless, the mechanism of tantalum car-
bide’s influence on the mechanical and high-temperature
properties of hardmetals remains inadequately studied, as
indicated by the data in [20].
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Over the last few decades, new approaches to study-
ing mechanical properties and structural characteristics
of materials have been intensively developed. These
approaches include micromechanical testing [21;22],
as well as the investigation of structural transforma-
tions during the heating of electron-transparent objects
directly within the transmission electron microscope
(TEM) column [23-25]. Such studies yield substantial
fundamental insights, enabling a deeper comprehen-
sion of the deformation and fracture mechanisms of bulk
materials, as well as the prediction of their performance
characteristics.

The objective of this study was to examine the
mechanical properties at room temperature and structural
transformations at elevated temperatures of hardmetals
containing TaC additives. The investigations were con-
ducted in situ within a transmission electron microscope
column at both ambient and higher temperatures.

Experimental

The subject of investigation in this study was a fine-
grained WC—6 %Co0—0.2 %TaC hard metal, which was
derived from a mixture of WC, Co, and TaC powders.
A lamella was cut out from a solid carbide sample using
the focused ion beam method on the FEI Quanta 200 3D
(FEI Company, USA) for the picoindentation experi-
ment and then soldered to a special holder, as depicted
in Figure 1.

Picoindentation [26] was carried out in situ within
aPEM columnusing a “Hysitron P195 TEM Picoindenter”
holder (Bruker, USA) designed for mechanical testing and
equipped with a Berkovich diamond indenter. The inden-
tation process was recorded in situ in a JEM-2100 TEM
column (JEOL Ltd., Japan). The lamella had a length
of about 11 um and consisted of two sections with vary-

ing thickness: one of them was electron-transparent (with
a thickness ranging from 70 to 120 nm), while the other
was nontransparent to the electron beam (with a thick-
ness exceeding 200 nm).

According to the well-known Oliver—Pharr
model [27], which is applicable for interpreting picoin-
dentation results, hardness is determined by the follow-
ing equation:

H=F,_ /A, (1)

where I/ represents the maximum load, N; A4 is the sur-
face area of the indenter’s contact with the sample, m?.

The contact area, accounting for the radius of curva-
ture of a real Berkovich indenter (approximately 50 nm),
was determined as follows:

A=24.5n> +1.65-10,. )

The depth of contact between the indenter and
the sample (4, m) was calculated using the equation:

e = e —0.75F, (ﬁj , 3)
dF ),

max

where A is the maximum depth of indenter penetra-
tion, m.

The lamella was heated using a “Gatan heating
holder 652” (Gatan, USA) by passing an electric current
through a ring-shaped tantalum heater that surrounded
the lamella. The heating rate was set at 50+5 K/min.
In order to examine the alloy’s structure, temperatures
of 300, 400, 500 and 600 °C were selected. In situ imag-
ing of the structure was performed within a JEM-2100
TEM column (JEOL Ltd., Japan) at these specific tempe-
ratures. The samples were allowed to stabilize for several

2 pm
—

Fig. 1. Appearance of the lamella before picoindentation tests

Puc. 1. BHewnuii BUJ TaMesH Tepejl HauyaaoM UCIIBITAHUN 110 MMKOUHICHTHPOBAHUIO
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minutes to eliminate temperature gradients, which could
cause sample drift. The recording duration ranged from
15 to 20 min before activating the heating process.

Results and discussion

The average grain size of the examined hard metal,
composed of WC—6 %Co—-0.2 %TaC, measured approxi-
mately 0.5 pm (Fig. 2). The thickness of the cobalt inter-
layers fell within the range of 100 to 200 nm. As a result,
the size relationship between the indenter and the struc-
tural elements of the alloy leads us to conclude that dur-
ing picoindentation, multiple grains of the carbide phase
and cobalt interlayers were concurrently deformed.
The resultant picohardness characterizes the hardness
of the entire composite, rather than individual structural
components.

1 pm
—

1 um
—

Fig. 2. EDS maps of electron-transparent part
of the WC—-6 %Co0-0.2 %TaC lamella
a — STEM image; b—e — W, Ta, Co and C EDS maps, respectively

Puc. 2. Kaptsl pactpeesieHus 2IeMEHTOB
B JIEKTPOHHO-IIPO3paYHOMN YaCTH JJaMEJIU TBEPIOTO CILIaBa
WC-6 %Co0-0,2 %TaC
a — n3o0paxkenue, noiayueHHoe B pexume CTOM;
b—e — n300paskeHusl, TOJyYEHHbIE B XapaKTEPUCTUYECKOM
uznydernu W, Ta, Co, C, cOOTBETCTBEHHO
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Figure 3 displays two characteristic curves obtained
during picoindentation of a hard metal. A series of 12
individual tests were conducted in different areas
of the lamella, with a maximum test load of 900 uN, and
the exposure time at maximum load was 5 s. The result-
ing curves can be categorized based on the maximum
indenter penetration depth (4_, ). The first group com-
prises tests with a penetration depth ranging from 100
to 115 nm, while the second group covers tests with
a depth of 50 to 60 nm. Notably, all tests in the first
group were executed on a thin (electron-transparent) sec-
tion of the lamella, whereas those in the second group
were performed on a thicker section. Figure 3 illlustrates
that at the maximum load, there is a slight displace-
ment (drift) of the testing system, ranging from 1 nm
(Fig. 3, a) to 2 nm (Fig. 3, b). This corresponds from 2
to 4 % of the maximum indenter penetration depth.
Consequently, the displacement of the testing system has
minimal impact on the shape of the displacement-load
curve. The drift rate fluctuates between 0.2 to 0.4 nm/s
at a load of 900 uN. However, since the relationship
between drift speed and load is unknown, no adjustments
were made to the experimental data.

Figure 4 presents a videogram depicting the indenta-
tion of a thin section of the lamella. Clearly, during the test,

1000
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100 -
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I I I I I I
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F, uN

0 20 40 60 80 100 120

h, nm

Fig. 3. Typical indentation curves
in “load—displacement” coordinates
a — electron-nontransparent part of the lamella
b — electron-transparent part of the lamella

Puc. 3. XapakTepHble KPUBBIC HHICHTUPOBAHHS
B KOOpJIMHATAX «HArpy3Ka—IIepeMeILCHHUE)
a — JUIs OJIEKTPOHHO-HETIPO3PAYHOr'o yJacTKa JaMelIn
b— JUISL DJIEKTPOHHO-IIPO3PAYHOI0 yHacTKa JIaMeIn
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the indenter made contact with multiple WC grains
and the cobalt layers that separate them. Importantly,
no cracks or defects were observed after the indenta-
tion of the electron-transparent portion of the lamella
(Fig. 4, d).

The picoindentation results were analyzed using
the Oliver—Pharr model [22], and the calculated hardness
values are summarized in Table.

The hardness of the electron-transparent sec-
tion of the lamella measured 11.3+£2.8 GPa, while
the electron non-transparent section records a hardness
of 20.8+1.2 GPa. Indentation of the electron-transparent
part of the lamella is associated with significantly greater
deformations, resulting in an underestimation of hard-
ness and greater result dispersion. This reduction in hard-
ness is likely attributed to edge effects and the proximity
of structural defects, which are often located on the sur-
face of the sample. The proximity of structural defects
also accounts for the higher plasticity observed in
nanoscale objects during in situ micromechanical tests.
Another possible factor that could distort the picoinden-
tation results is the bending of cobalt layers. It’s probable
that during picoindentation, there is a transition from
purely compressive to mixed bending-compressive loads.

The hardness obtained from the electron nontrans-
parent region correlates well with published data,
which suggests that for massive samples of fine-grained
WC-6 %Co alloys, hardness typically falls within
the range of 18 to 20 GPa [28].

Picoindentation curve results analized
using the Oliver—Pharr model

Pe3ynbTarhl 00padoTKH KPUBBIX MHKONHAEHTHPOBAHUS
no moaeau Onusepa—®appa

RGNS Indentation point | H., GPa | H, GPa
ment No. !
1 13.2
2 6.7
3 R 8.9
Electron-transparent 113428
4 part of the lamella 133
3 12.4
6 13.0
7 19.6
8 22.1
9 Electron non- 193
transparent part 20.8+1.2
10 of the lamella 213
11 20.8
12 21.9

As previously mentioned, during the opera-
tion of hardmetals in cutting metals and mining minerals,
local temperature increases of up to 1000 °C or more are
observed. This rise in the temperature of the air-exposed
surface layers of the tool results in the formation of oxides
due to interaction with atmospheric oxygen, contribu-
ting to abrasive (or hydro-abrasive) corrosion-abrasive

Fig. 4. Videogram of the picoindentation of electron-transparent section of the lamella
F, uN: 0 (a, before indentation); 450 (b); 900 (¢); 0 (d after indentation, the indenter is pulled back)

Puc. 4. Buseorpamma mporecca MMKOHHACHTUPOBAHMUS HICKTPOHHO-TIPO3PAYHON YACTH JIAMEIH
F, MxH: 0 (a, 1o Hauana unnentupoBanust); 450 (b); 900 (c); 0 (d, nocie MHASHTUPOBAHUS, HHICHTOP OTBEICH)
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wear. Therefore, the study of structural transformations
of carbide surface layers during heating in an oxidizing
atmosphere is crucial for understanding the dynamic pro-
cesses occurring in hardmetals tool during operations.

In order to investigate the characteristics of structural
transformations in lamellas when heated within a trans-
mission electron microscope column in the presence
of oxide phases, a lamella was created from a fine-grained
hard metal WC-6 %Co-0.2 %TaC. The TEM column
is maintained under deep vacuum (less than 107 Pa),
making it impossible to create even a very rarefied
oxidizing atmosphere. As a result, the lamella was sub-
jected to oxidation at a temperature of 200 °C for 4 h in
an air atmosphere. These mild oxidation conditions led
to the development of an oxidized layer on the lamella’s
surface, which was intended to serve as a source of oxy-
gen with further temperature increases.

TEM images of the lamella structure after oxida-
tion are depicted in Figure 5. The sample exhibited
a typical hard metal structure with faceted WC grains
ranging in size from 0.2 to 0.6 um, embedded within
a y phase binder (cobalt-based solid solution), with
interlayer thicknesses spanning from 50 to 250 nm. As
seen in Figure 5, b, the binding y phase contains needle-
shaped particles measuring about 5nm in diameter,
the composition of which can presumably be described
by the formula: W Ta Co C, . The surface of WC grains
is uniformly covered with nanoparticles ranging in size
from 5 to 30 nm, which, according to electron probe
microanalysis (EPMA), are tungsten oxides WO_ with
variable stoichiometry.

It’s worth noting that the presence of copper, as indi-
cated by EPMA data (Fig. 5, e), is an artifact attributed
to the soldering of the lamella to the copper holder.
No oxide particles were detected in the cobalt phase,
which confirms the greater affinity of tungsten for oxy-
gen compared to cobalt.

In order to investigate the behavior of the oxidized
hard metal after heating, the lamella was subjected
to temperature increases within the TEM column,
reaching 400, 500 and 600 °C. The images illustrating
the alloy’s structure after heating phase are presented in
Figures 6, 7 and 8, respectively.

Up to a temperature of 500 °C, no significant altera-
tions in the lamella’s structure are observed. Some thin-
ning of the cobalt layers was detected, which enhances
the contrast of the W Ta Co C, phase. At a temperature
of 600 °C, rapid thinning of the cobalt interlayers com-
mences, leading to the formation of voids (Fig. 8, b).
The redistribution of cobalt across the sample’s surface,
including the surface of tungsten carbide grains, appears
to occur through a mechanism of surface diffusion. This
effect was previously established when heating a lamella
composed of a hard metal that has not undergone oxida-
tion [29]. In the case of grains coated with WO _nanopar-

46

ticles, no droplet accumulations of the cobalt phase are
formed, which is explained by the limited wettability
of oxide particles by cobalt.

Another phenomenon observed in the y phase
at a temperature of 600 °C is the development of equiaxed
nanoparticles with sizes ranging from 5 to 20 nm, as
clearly depicted in Figure 8, d. Based on the results
of microdiffraction analysis (see the inset in Figure 8, ¢),
the following interplanar distances were identified within
this phase, measured in nm: 0.239, 0.205 and 0.1846.
These correspond to reflections from crystallographic
planes with indices (422), (440) and (620) of Co,W,C
phase, with reference interplanar distances of 0.2269,
0.1965, and 0.1758 nm, respectively. The noticeable dis-
crepancy between the experimental and reference inter-
planar distances can be attributed to the temperature-
induced expansion of the crystal lattice. Without account-

e SpeCtI'um 4 Element | wt. % (XRA, reg. 4)

5 % 4 W 83

é :m o 15

3 & i C 2

= =] 2 Cu Excluded

— .=

ocu Y . oV W w
0 5 10 15
Energy, keV

Fig. 5. TEM images of the fine-grained WC—6 %Co-0.2 %TaC
lamella after oxidation
a — general view of the lamella; b — y-phase structure
with of W Ta Co, C, nanoparticles; ¢, d — lamella areas with clearly
visible nanoparticles of the oxide phase on the surface of WC grains;
e — EDS spectrum from the region depicted in Fig. 5, ¢

Puc. 5. IIDM-nu300paskeHUSI TaMeIH U3 METKO3EPHUCTOTO
tBepaoro criaBa WC—6 %Co—-0,2 %TaC mocie okucieHus
a — oOmmuii Bux namenu; b — CTpykTypa y-ha3sl ¢ HAHOYACTUIIAMH,
COCTOSILIIUMH U3 WXTayCOZCM; ¢, d — y4acTKH JIaMeJH C XOPOIIO
BUIMMBIMU HaHOYACTHIIAMU OKCHAHOHU a3kl Ha moBepxHOCTH 3epeH WC;
e — criektp DJ/IC ¢ obnactu, nokasaHHOit Ha puc. 5, ¢
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Fig. 6. TEM images of the WC—-6 %Co-0.2 %TaC lamella after heating to 400 °C

Puc. 6. [I1OM-u3obpaxenus namenu u3 TBepaoro cmiasa WC—6 %Co—0,2 %TaC nmocne narpesa no 400 °C

Fig. 7. TEM images of the WC—6 %Co0-0.2 %TaC lamella after heating to 500 °C

Puc. 7. TIDM-u3o0paxenus amenu u3 tBepaoro ciasa WC—6 %Co-0,2 %TaC nocne Harpesa g0 500 °C

ing for the anisotropy of the linear expansion coeffi-
cient of the Co,W,C phase (approximately 9-10°K™)
at600 °C, the reference lattice periods increase to 0.23212,
0.20172, and 0.18102 nm, aligning more closely with
the experimental data. The formation of the Co,W,C

phase arises as a consequence of a shift in the carbon bal-
ance due to the lamella’s oxidation, leading to an altera-
tion in the equilibrium phase composition of the carbide
from a two-phase region (WC+vy) to a three-phase
region WC+y+ Co,W,C. In addition to the sur-
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Fig. 8. TEM images of the WC—6 %Co-0.2 %TaC lamella after heating to 600 °C

Puc. 8. [I1DM-u3obpaxenus gamenu u3 tBepaoro ciiaBa WC—6 %Co—0,2 %TaC mocne narpesa mo 600 °C

face diffusion of cobalt and the formation of Co,W,C
phase, the appearance of WO _ particles along the edges
of the lamella was observed. Some of these particles
took the form of nanofibers with a diameter of roughly
30 nm and a length of approximately 0.8 um. Electron-
probe microanalyzer (EPMA) was employed to deter-
mine the composition of these particles, as illustrated in
Figure 9, which corresponds to tungsten oxide with stoi-
chiometry closely resembling WO, .

Conclusions

The study examined the hardness of the lamella with
varying thickness, composed of WC—-6 %Co0-0.2 %TaC
alloy, using picoindentation. The results clearly illustrate
that the hardness values obtained via picoindentation are

0.12

0.10
0.08
0.06
0.04
0.02

Intensity,
imp./s/eV

notably influenced by the lamella’s thickness. The hard-
ness of the electron-transparent segment of the lamella
measures 11.3+2.8 GPa, while the electron-opaque por-
tion records a hardness of 20.8+1.2 GPa. The lower hard-
ness observed in electron transparent regions (thickness
~100 nm) is likely due to a combination of various fac-
tors, including potential bending of thin cobalt layers,
the presence of edge effects, and the proximity of closely
spaced structural defect sites along the lamella’s surface.

In situ studies were conducted to investigate structural
transformations during heating of WC—-6 %Co—-0.2 %TaC
alloy, including in the presence of oxide phases. The fin-
dings revealed that up to a temperature of 500 °C, no
significant structural changes were observed. However,
at 600 °C, a rapid thinning of cobalt layers com-
menced, due to intensive surface diffusion of cobalt.

SpeCtrum 5 Element | wt. % (XRA, reg. 5)
W 83.5+2.5
W 0 16525

Oxide stoichiometry: =<WO,

Energy, keV

Fig. 9. EPMA results of oxide particles formed at the edge of the WC—6 %Co0-0.2 %TaC lamella after heating to 600 °C

Puc. 9. Peaynsrarst MPCA OKCHIHBIX 9acTHII, CPOPMUPOBABIIUXCS HA KPASIX JTAMEIH
n3 tBepaoro crmasa WC—6 %Co-0,2 %TaC nocne Harpesa 10 600 °C

48



,9 POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(4):41-50
ST PMeFC Zaitsev A.A., Loginov PA., Levashov E.A. In situ study of mechanical properties and structural ...
Simultaneously, the formation of nanosized par- studied by internal friction measurements. Journal de

ticles of the Co,W,C phase, with sizes ranging from 5
to 20 nm, was documented within the binder. This for-
mation can be attributed to a shift in the equilibrium
phase composition of the carbide, shifting it from a two-
phase region to a three-phase region as a consequence
of the lamella’s oxidation.

10.
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DNeKTPOUCKPOBOE OCaxaeHue
nokpbiTu Fe-Cr-Cu Ha ctanb C13

A. A. Bypkos “, M. A. Kymux

HucTuTyT MaTepuajioBeleHnsi XadapoBcKoro ¢eaepajibHOT0 UCCIeI0BATEHLCKOTO IIEHTPa
JlanbHeBOCTOYHOrO OoTAeaeHHsn PAH
Poccust, 680042, 1. Xabaposck, yi. Tuxookeanckas, 153

B3 burkovalex@mail.ru

AHHOTayms. VI3BeCTHO, YTO XpOM B COCTaBE METAUIMYECKUX KOMIIO3MIMH (OPMHpPYET IUIOTHBIE IACCHBHPYIOIIME IUICHKH,
3amemyustronye kopposuto. HoBoe Fe—Cr—Cu-nokpbiTue ocaxieHo Ha ctaib CT3 3J1eKTpOUCKPOBOil 00paboTKOI B aHOAHOM cMecH,
COCTOSIIEH M3 MEIHBIX U TUTAHOBBIX I'PaHys ¢ JOOABIEHHMEM IIOPOLIKA XpoMa B kosndecTBe oT 4,85 no 13,26 mac. %. Ilpusec
KaTo/a yBEJIMYMBAJICS OYTH JABYKPATHO C POCTOM JJOOABKHU IOPOIIKA XpOMa B aHOHYIO cMech. CTPYKTYpy MOKPBITHIT HCCIIE10BaAIN
METOJJAMH PEHTTeHO(A30BOr0 aHalM3a, CKAHMPYIOIIEH 3JIEKTPOHHONH MHKPOCKOIMH M 3HEPrOAUCIIEPCHOHHONH CIIEKTPOMETpPHH.
@a30BbIi COCTaB MOKPBITHIL MpeacTaBieH (HeppoxpoMoM U Menbio. [1oka3aHo, YTO MPEMIoKEHHAs METOAUKA 3JIEKTPOUCKPOBOH
00pabotku no3sossier nonydarb Fe—Cr—Cu-nokpbITHs co cpetHeil KoHeHTpanueit xpoma ot 55 1o 83 at. %. Cpennee conepxanue
ME/IU B IPUTOTOBIICHHBIX OKPBITHAX HAXOAMWIOCH B JiMama3oHe oT 5 10 16 ar. %. HauGonbias KoHIEHTpaLus XpoMa Habo1anach
B ITOKPBITHH, IPUTOTOBIEHHOM C 100aBKo# 13,26 mac. % Cr B aHOHYI0 cMech. KOppO3HOHHOE MOBE/ICHHE OKPBITHI HCCIIE10BaIN
METOJAMH TTOTEHIIMOJMHAMUYECKOM MONAPH3ALMH U UMIIEIAHCHOM crieKTpockonuu B 3,5 %-noM pactBope NaCl. [TonsipusannoHHbie
WCTIBITaHUS TMOKa3anu, 4Tto HaHeceHue Fe—Cr—Cu-nokpbITuii Ha cTtaigb CT3 MO3BOMSET MOBBICUTH €€ KOPPO3UOHHBIN MOTEHIMA
or 12 1o 19 % u cHu3HTH TOK Koppo3uu oT 1,5 no 3,4 paza. MHKpOTBEpAOCTh MOBEPXHOCTH MOKPBITHI cocTapisiaa oT 3,08
no 4,37 'Tla, a xoapuuuent tpenus — ot 0,75 mo 0,91. MaxkcumanbHasi TBEpJOCTh U HAUMEHBUIMH KO3(DPUIMEHT TpeHHs
HaOIOAINCh Y TOKPBITHSA ¢ HAaHOOJMBLIMM cofepkaHueM xpoma. ITokazano, 4to Fe—Cr—Cu-mOKphITHS MO3BOJSIOT YJIyYIIHUTh
H3HOCOCTOMKOCTh MmoBepxHocTH ctanu Ct3 ot 1,5 1o 3,8 pas.

Kniouessie cnosa: nokpritust Fe—Cr—Cu, a1eKTponckpoBoe Jiernposanue, ctainb CT3, IIIOTHOCTh TOKa KOPPO3HH, KOI(QOHUIIHEHT TPeHNs,
TBEPAOCTh, U3HOC

BnarogapHocTy: Pabora BINONHEHA B paMKaX TOCYIapCTBEHHOTO 3a1aHusi MUHHCTepPCTBA HAyKU M BBICIIEro obpasoBaHus Poccuiickoit
Deneparu Ne 075-01108-23-02 (tema Ne 123020700174-7 «Co3nanue U HCCIECIOBAHME HOBBIX METAJUIMUECKHUX, KEPAMHYECKHUX,
MHTEPMETAUTHHBIX, KOMIO3HI[HOHHBIX MaT€PHAIOB U HAHOCTPYKTYPHBIX MOKPBHITUI C BEICOKUMH (DH3UKO-XHMHUYECKIMH U 9KCIITya-
TaIMOHHBIMHU CBOMCTBAMI»).
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Abstract. It is well-known that chromium in metallic compositions forms dense passivating films that slow down corrosion. The new
Fe—Cr—Cu coating was applied on St3 steel through electrospark deposition in an anode mixture consisting of copper and titanium
granules, with the addition of chromium powder ranging from 4.85 to 13.26 wt. %. The weight gain of the cathode increased
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nearly twofold with the addition of chromium powder to the anode mixture. The structure of the coatings was analyzed through
X-ray phase analysis, scanning electron microscopy, and energy dispersive spectrometry. The phase composition of the coatings
consists of ferrochrome and copper. It is demonstrated that the proposed method of electrospark processing allows for the creation
of Fe-Cr—Cu coatings with an average chromium concentration ranging from 55 to 83 at. %. The average copper content in
the prepared coatings varied from 5 to 16 at. %. The highest concentration of chromium was observed in the coating prepared with
the addition of 13.26 wt. % Cr to the anodic mixture. The corrosion behavior of the coatings was investigated using potentiodynamic
polarization and impedance spectroscopy in a 3.5 % NaCl solution. Polarization tests have shown that applying Fe-Cr—Cu coatings
to St3 steel can increase its corrosion potential by 12 to 19 % and reduce the corrosion current by 1.5 to 3.4 times. The microhardness
of the coating surface ranged from 3.08 to 4.37 GPa, and the coefficient of friction ranged from 0.75 to 0.91. The maximum hardness
and the lowest coefficient of friction were observed in the coating with the highest chromium content. It has been demonstrated that Fe—

Cr—Cu coatings can enhance the wear resistance of the surface of St3 steel by 1.5 to 3.8 times.

Keywords: Fe—Cr—Cu coatings, electrospark deposition, St3 steel, corrosion current density, coefficient of friction, hardness, wear
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Introduction

The economic damage caused by corrosion is esti-
mated at approximately USS 2.5 trillion, which is equi-
valent to 3.4 % of the world’s gross domestic product [1].
This figure does not include indirect losses associated
with negative environmental impacts and the poten-
tial for emergency incidents [2]. As of 2014, China’s
total spending on anti-corrosion measures reached
USS$ 152 billion, with the majority allocated to coat-
ings (66.15 %) and surface treatment (13.24 %) [3]. In
the Russian Federation, the annual loss of metals due
to corrosion amounts to up to 12 % of the total mass
of the metal stock, which corresponds to a loss of up
to 30 % of the metal produced annually [4; 5].

It is well-known that the corrosion resistance of steels
can be significantly improved by applying protective
coatings [6]. Currently, the most widely used methods
involve electroplating with chromium or nickel-chro-
mium compositions. However, electroplated coatings
exhibit poor adhesion and are susceptible to damage
under harsh operating conditions, often resulting in
local peeling of the chromium coating at the interface
with the substrate [7]. Moreover, hexavalent chromium,
which is used in electroplating, is classified as a hazard-
ous substance. Air pollution from hexavalent chromium
can lead to fatal diseases among plant employees, and
severe wastewater contamination poses environmental
risks, prompting several governments to restrict the use
of electroplating [8].

Widespread magnetron sputtering methods are not
well-suited for use with ferromagnetic materials due
to poor plasma stability. In contrast to electroplating,
electrospark deposition (ESD) offers superior adhe-
sion of coatings because of the metallurgical bond-
ing between the deposited material and the substrate.
Chromium is commonly used to coat steels because it
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forms a passive Cr,0, oxide on its surface, contribu-
ting to corrosion resistance [9; 10]. Moreover, Cr-Ti
composite coatings show higher corrosion resistance
compared to pure chromium or titanium coatings [11].
Furthermore, Cr—Ti composite coatings exhibit enhanced
corrosion resistance when compared to pure chromium
or titanium coatings [11]. However, it is known that even
corrosion-resistant chromium alloys can experience
localized corrosion due to bacteria-induces ennoble-
ment [12]. On the other hand, the addition of more
than 5 wt. % Cu to the alloy has been found to confer
sustained antibacterial properties [13]. Consequently,
adding copper to the Cr—Ti composite should provide
it with antimicrobial capabilities and reduce the risk
of corrosion caused by microbially induced ennoble-
ment. Previously, we developed an automated ESD
technique using a nonlocalized electrode, potentially
matching the performance and energy efficiency of chro-
mium plating [14; 15].

The objective of this study was to assess the suitabi-
lity of ESD with a nonlocalized electrode for applying
protective Fe—Cr—Cu coatings to St3 steel. Additionally,
we aimed to investigate the impact of the con-
centration of chromium powder in the anode mixture
on the structure, corrosion resistance, and tribological
characteristics of the coatings.

Experimental

Copper and titanium granules were used in a molar
ratio of 3:2 (Cuy Ti,,) along with chromium powder
with a purity of 98.5%, as the anode mixture. Cu, Ti,,
granules was chosen as the sources of copper and tita-
nium. These granules were created by cutting copper
(MO0) and titanium (VT-00) wires with a 4 mm diameter
into pieces that were 4 £ 0.5 mm long. The chromium
powder was pre-ground using a Retsch PM400 plane-
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tary mill (Retsch GmbH, Germany) in alcohol and
an argon atmosphere at a speed of 250 min~! for 80 min.
The average size of chromium particles after grinding
was 1.90 £ 0.98 um. The amount of chromium added
to the anode mixture varied from 4.85 to 13.26 wt. %
(Table 1). The substrate (cathode) was made of St3 steel
in the shape of a cylinder with a diameter of 12 mm and
a height of 10 mm. The facility for depositing coatings
using a nonlocalized anode with the addition of Cr,C,
powder is described in detail in [16]. The IMES-40 dis-
charge pulse generator (Institute of Materials Science,
Khabarovsk) generated rectangular current pulses with
an amplitude of 110 A, 100 us, 1000 Hz, and 40 V.
To prevent oxidation of the sample surfaces, argon was
supplied to the working volume of the container at a rate
of 5 /min.

The kinetics of mass transfer were studied by alter-
nately weighing the cathode every 2 min using ESA
on a Vibra HT120 analytical balance (Shinko Denshi,
Japan) with an accuracy of 0.1 mg. The total processing
time for one sample was 8 min. To ensure reproducibi-
lity of the results, the cathode weight gain was studied
for three samples from each series.

The phase composition of the prepared coatings
was analyzed using a DRON-7 X-ray diffractometer
(NPP “Burevestnik”, St. Petersburg) with CuK  radia-
tion in the angle range 20 = 20+90°. The microstructure
of the coatings was examined using a Vega 3 LMH
scanning electron microscope (SEM) (Tescan, Czech
Republic) equipped with an X-max 80 energy disper-
sive spectrometer (EDS) (Oxford Instruments, UK).

The roughness of the coatings was measured using
a TR 200 profilometer (TIME GROUP Inc., China).

Polarization tests were conducted in a three-elect-
rode cell using a 3.5 % NacCl solution. A P-2X galva-
nostat (Electro Chemical Instruments, Chernogolovka)
with a scanning speed of 4 mV/s was employed. A stan-
dard silver chloride electrode served as the reference
electrode, and a paired platinum electrode ETP-02 was
utilized as the counter electrode. Before recording,
the samples were allowed to stabilize in the open circuit
current for 30 min. The corrosion current density was
determined from the plots using the Tafel extrapola-

Table 1. The composition of the anode mixture
and the designation of coatings

Tabnuya 1. CocTaB aHOIHOI cMecH
U 0003HAYeHHE MOKPBHITHI

Ratio of metallic granules, Powdered
Designation at.% chrome,
Cu Ti wt. %
Cr5 4.85
Cr9 60 40 9.25
Crl3 13.26

tion method. Impedance studies were carried out using
a Z2000 device (Elins LLC, Moscow) within a fre-
quency range of 100,000 to 1 Hz.

The hardness of the coatings was measured
using a PMT-3M microhardness tester (JSC LOMO,
St. Petersburg) with a load of 0.5 N, employing the
Vickers method. The wear resistance and coefficient
of friction of the samples were assessed following
the ASTM G99-17 procedure, involving dry sliding
friction at a speed of 0.47 m/s under a load of 25 N.
The testing time was set at 10 min, and high-speed steel
M45 disks with a hardness of 60 HRC were employed
as the counterbodies. Wear was evaluated gravimetri-
cally, with each sample type subjected to at least
three times.

Results and discussion

As the electrospark treatment time increased,
the St3 steel cathode continuously gained weight, and
the rate of weight gain significantly increased with
the content of chromium powder in the anode mixture
ranging from 4.85 t0 9.25 wt. % (Fig. 1, a). With a larger
quantity of Cr powder (from 9.25 to 13.26 wt. %),
the weight gain of the substrates increased slightly, con-
sidering the margin of error. This observation suggests
that the chromium powder content in the anode mixture
is approaching an optimal value. In general, the cathode
weight gain indicates that chromium powder can be suc-
cessfully deposited on St3 steel using the ESD method
with a Cu,,Ti,, anode mixture.

X-ray diffraction patterns of the prepared coatings
are displayed in Fig. 1, b. Reflections of ferrochrome
Fe—Cr (#34-396 PDWin base) and copper (#4-836)
are evident in the X-ray spectra of the coatings. Based
on the intensities of the reflections, it is evident
that the composition of the coatings was predominantly
ferrochrome, which is a solid solution of chromium
substituting for iron. This finding aligns with data
from [17], where M50 steel was treated with the ESD
method using a chromium electrode. The relative inten-
sity of copper reflections in the X-ray spectra decreased
with an increasing addition of chromium to the anode
mixture, indicating a reduction in the copper concentra-
tion within the coatings.

The average thickness of the coatings increased
within the range of 38.1 to 48.6 um with an increasing
addition of chromium to the anode mixture (Table 2).
Figure 2, a displays an electron image of the cross-
section of the Cr5 coating in the back-reflected elect-
ron mode. Within the coating’s microstructure, there
are light inclusions rich in copper (Fig. 2, b). These
inclusions are likely the ones identified in the X-ray dif-
fraction pattern. The coating exhibits a dense structure
with a minimal number of small pores and inclusions
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Fig. 1. The kinetics of cathode weight gain during the electrospark deposition of coatings (a)
and X-ray diffraction patterns of the deposited coatings (b)

Puc. 1. Knunetrka npuBeca KaToJia IIpH 2JIeKTPOUCKPOBOM HAHECEHHUH TTOKPBITHH (a)
U PEHTTEHOBCKHE TU(PPAKTOrPaMMbI OCKICHHBIX MOKPHITHI (b)

of copper oxides. The presence of copper oxides is
a result of copper’s high affinity for oxygen, even with
the supply of argon to the container containing the gra-
nules. A significant accumulation of copper was found
at the interface between the coating and the substrate
(as shown in Fig. 2, ¢). This accumulation likely formed
when a discharge occurred between the substrate and
the copper granule at the outset of the ESD process.

The average chromium concentration in the coating
composition ranged from 55 to 83 at. %. As the chro-
mium content in the anodic mixture increased, its
concentration in the coating exhibited a non-mono-
tonic trend, with a minimum for the Cr9 sample and
a maximum for the Cr13 sample (Fig. 3). Consequently,
the average copper concentration in the coatings
decreased from 16 to 5 at. %, reaching its maximum in
the Cr9 sample.

The discrepancy between the data from X-ray phase
analysis and energy dispersive analysis regarding
the trend of changes in copper content with the addi-
tion of chromium to the anode mixture can be attri-
buted to the fact that the concentration of chromium in
the ferrochrome phase can vary widely. Additionally,
the results obtained through the EDS method are gener-
ally considered more accurate compared to X-ray phase
analysis. The average titanium content in the coatings
ranged from 0.6 to 4 at. %. A comparison of copper and
titanium data reveals that copper from the granules is

Table 2. Characteristics of coatings

Tabnuya 2. XapaKkTepUCTUKU NOKPBITHIA

Thickness, | Roughness R , | Microhardness,
Sample @
pm pm GPa
Cr5 38.1+12.2 3.82+0.79 3.46 +0.44
Cr9 479+6.0 4.63+0.85 3.08 +£0.26
Crl3 48.6 £54 4.04+1.24 437 +0.46
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Fig. 2. The SEM images of the Cr5 coating sample
cross-section (@), its microstructure (b),
and the EDS spectrum of a light inclusion (c)
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Fig. 3. The EDS analysis of elemental distribution along the coating cross-sections
of samples Cr5 (a), Cr9 (b), and Cr13 (c)
1-Cr,2-Fe,3-Ti,4-Cu

Puc. 3. TunudHoe pacrpeiesieHie 2JIEMEHTOB T10 [ONIEPEYHOMY CEUCHUFO
nokpeituii Cr5 (a), Cr9 (b), Crl3 (c) cornacuo DJIC-ananuzy
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much more actively transferred into the coating during
ESD than titanium. This can be attributed to the higher
melting point of titanium (1660 °C) when compared
to copper (1083 °C).

An increase in the corrosion potential of St3 steel
after coating indicates a reduction in its suscepti-
bility to spontaneous corrosion (Fig. 4, a). To pro-
vide a detailed description of the corrosion behavior
of the samples, the corrosion current density 7, was
calculated. The values of 7 are in the range from
43.7 to 101.1 A/cm?, as shown in Table 3. The corro-
sion current density varied inversely with the chromium
concentration in the coatings, with a minimum for
the Cr9 sample and a maximum for the Crl13 sample,

Corrosion current density (log/), Alem’

a

_6 I I I I
-1.2 -1.0 -0.8 -0.6 -0.4

Potential vs. Ag/AgCl

mirroring the trend observed in the corrosion poten-
tial. The corrosion current density of the coatings was
1.47 to 3.39 times lower than that of St3 steel, despite
the coatings’ higher actual metal-to-electrolyte interface
formed by the roughness of the coatings (see Table 2) in
comparison to steel.

The electrical impedance spectra in a 3.5 % NaCl
solution at room temperature are presented in Fig. 4, b.
In this representation, the Im and Re axes represent
the imaginary and real components of electrical imped-
ance, respectively. The Nyquist diagrams for all coa-
tings feature similar semicircular capacitive contours
in the high-frequency region. Typically, a larger radius
of the capacitive arc indicates higher corrosion resis-
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Fig. 4. The potentiodynamic polarization curves (a) and Nyquist plot (b) of Fe-Cr—Cu coatings and St3 steel
1 —steel St3,2 - Cr5,3-Cr9,4—-Crl3

Puc. 4. [loTenunoanHaMuyeckre NoJIipU3alHOHHbIC KPUBBIE (@) U UMIIEIaHCHBIE TPadUKH
B koopannatax Haiiksucra (b) Fe—Cr—Cu-nokpeituii u cranu Ct3
1—crams C13,2—-Cr5,3-Cr9,4—-Crl3
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Table 3. Corrosion potential
and corrosion current density of coatings

Tabamya 3. Koppo3noHHbIii MOTeHIIHAT
H TOK KOPPO3HH MOKPBITHIL

Sample E_ .V I ., pnA/cm?
St3 —-0.80 148.3
Cr5 —0.69 64.9
Cr9 —-0.65 43.7

Crl3 -0.70 101.1

tance of the material [18]. The radius of the capaci-
tive circuit for all coatings was relatively close, but
there was a tendency for it to increase with the addi-
tion of more chromium to the anode mixture. This
implies that the corrosion resistance of Fe—Cr—Cu coa-
tings improved with higher chromium concentrations.
The radius of the capacitive circuit for St3 steel was
notably smaller than that of the coatings, aligning with
the potentiodynamic polarization data.

The microhardness measured at the surface
of the coatings was consistent among all samples,
ranging from 3.08 to 4.37 GPa (as shown in Table 2).
As it is well-known, the microhardness of a coating
is influenced by the phase composition and the distri-
bution of residual stresses [19]. Chromium is known
for its greater hardness compared to iron or cop-
per. Consequently, the Cr9 coating with a low chro-
mium concentration exhibited the lowest hardness,
while the Crl3 coating with the highest chromium
content displayed the highest hardness (see Fig. 3).
Additionally, the increased hardness of the coatings
was influenced by the refinement of the structure due
to high cooling rates of the material after the ESD
discharge completion [20]. Given that the hardness
of St3 steel was 1.09 = 0.2 GPa, the electrospark depo-
sition of chromium can enhance the surface hardness
by up to four times.

The average values of the coefficient of friction (COF)
for the coatings ranged from 0.75 to 0.91 (Fig. 5, ).
These higher COF values are in line with data from Fe—Cr
coatings prepared through induction surfacing, where
COF = 0.9 [21]. The coefficient of friction for the coa-
tings was higher than that of St3 steel (COF = 0.63).
Despite the relatively elevated COF level, the wear rate
of the Fe—Cr—Cu coatings was 1.5 to 3.8 times lower
than that of uncoated steel (Fig. 5, b). With an increas-
ing chromium concentration in the anodic mixture,
the wear of the electrospark coatings steadily increased
from 1.88:107 to 4.61-10° mm?’/(N-m). This is likely
due to the embrittlement of coatings as they become
enriched with chromium, resulting in increased fluc-
tuations in the friction force in the coefficient of fric-
tion curves for the Cr6 sample (Fig. 5, a).
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Fig. 5. The coefficient of friction (a) and wear (b) of coatings
in comparison with St3 steel at a load of 25 N
1-Cr2,2-Cr4, 3—Cr6, 4 — steel St3
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Conclusions

The method for depositing Fe—-Cr—Cu coatings
on St3 steel through electrospark treatment with a non-
localized electrode in an anode mixture has been pro-
posed. The anode mixture, consisting of copper and
titanium granules supplemented with chromium powder
ranging from 4.85 to 13.26 wt. %, allows for the produc-
tion of coatings with chromium concentrations between
55 and 83 at. %. The coating with the highest chromium
content was obtained when 13 wt. % of chromium was
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added to the anode mixture. The average copper content in
the coatings varied from 5 to 16 at. %. Polarization tests
revealed that applying Fe—Cr—Cu coatings to St3 steel
can increase its corrosion potential by 12 to 19 %
and reduce the corrosion current by 1.5 to 3.4 times.
The microhardness of the coating surface ranged from
3.08 to 4.37 GPa, while the coefficient of friction fell
within the range of 0.75 to 0.91. The highest hardness
and the lowest coefficient of friction were observed in
the coating with the highest chromium content. It’s worth
noting that wear of the coatings increased with the addi-
tion of chromium powder to the anode mixture.
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Transformation of the nickel aluminide alloy structure
through the application of a heat-resistant coating
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Abstract. This study considers the formation of an alloyed nickel aluminide structure through automatic electric arc surfacing employing
an oscillating electrode composed of composite wire. The arc transversely traverses the weld pool surface at a frequency denoted as f.
In comparison to conventional surfacing techniques, this process either displaces the crystallization front alongside the weld pool
(at f'= 1.3 Hz) or stabilizes it (at /> 2 Hz) throughout the cross-sectional area of the coating layer. We have conducted an investig
ation into the evolution of alloy structures resulting from surfacing. Notably, we have observed that the regions with concentrations
of eutectic nickel-aluminum are particularly susceptible to structural alterations. The formation of particle clusters, which is contingent
upon heat dissipation conditions near the crystallization front, leads to the development of layered texture regions. Our findings reveal
that following 50 thermal cycles (heating to 1100 °C, cooling to 25 °C), the alloy's hardness becomes independent of subsequent
thermal cycles, consistently maintaining a level 34-35 HRC. The highest resistance of the surfaced metal to thermal fatigue cracks
is achieved when its structure exhibits an optimal y-solid solution (relatively ductile) to nickel-aluminum cooling martensite ratio,
corresponding to the Ni,Al phase. The thermal conditions necessary for producing such a structure are elucidated by the gradual cooling
of the crystallized metal from elevated temperatures when f'> 2.8 Hz. An analysis of changes in oxidative wear, estimated by mass
loss, during thermal fatigue tests conducted at a metal heating temperature of 1100 °C revealed the superiority of the studied alloy over
industrial alloys based on nickel and cobalt.

Keywords: clectric arc surfacing, oscillating electrode, nickel aluminide, thermal cycle, metal structure, thermal fatigue,
oxidation resistance
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TpaHchopMauumsa CTPYKTypbl cnnasa
Ha OCHOBE aJIloMUHUAA HUKeNS
B NpoLecce HannaBKu KoNnebniowmnMcs aneKTpoaomM
TEPMOCTOMKOIO NOKPbITUS

U. B. 3opun ©, B. I. JIpicak, B. O. Xapnamos, C. A. ®actoB

Boarorpaackuii rocyiapcTBeHHbIH TeXHHUECKUI YHUBEPCUTET
Poccust, 400005, . Bonrorpan, np. um. B.1. Jlenuna, 28
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AHHOTauMﬂ. Pabora MOCBiILICHA HWCCICI0BAHUIO (I)OpMI/IpOBaHI/IH CTPYKTYpPbl JICTUPOBAHHOI'O QJIIOMUHHJA HHUKEISL B HPOLECCE

ABTOMATH3UPOBAHHOM 2JIEKTPOYTOBOM HAILIABKY KOJICOIIOMINMCS JIEKTPOIOM (ITUIaBsiIeiicss KOMIIO3UIIMOHHOM ITPOBOJIOKOM), IIPH
KOTOPOM JIyTa COBEpLIAeT HOIepeuHbIe IePeMEIeHHs ¢ YaCTOTOH f 110 MOBEPXHOCTH paciulaBa CBAPOYHOH BaHHBI. Vcronb3oBaHne
TAKOro MpHeMa B CPAaBHEHHHU C TPaJULMOHHON TEXHOJOIMeH HaIUIaBKM II03BOJISIET IIePEeMeIlaTh BMECTE C PacIUIaBOM CBAPOYHOU
BaHHBI PppoHT KpucTayum3anuu (npu f = 1,3 T'n) nnm crabunmsnposars ero (npu f > 2 ') B HonepeyHOM CEYeHHN HAILIABISIEMOTO
MeTania. 3ydeHa 9BOJIIOIHMS CTPYKTYPhI HAIUIABJICHHBIX CIIABOB. YCTAHOBIICHO, 4TO HaHOOJIee CTPYKTYPHO 4yBCTBUTENBHOH (ha3oit
SIBJISIIOTCSL Y9ACTKU COCPEIOTOUCHUSI HUKEIIb-ATIOMUHUEBOIN IBTEKTUKH, CKOIUICHUS YaCTUL] KOTOPOi, B 3aBUCUMOCTH OT YCJIOBHH
TEIJIO0TBOJA BOJNIM3H (POHTA KPUCTAIUIM3ALUH, 00pa3yloT y4acTKHM CIOMCTOH TekcTypbl. IlokazaHo, uto mocie 50 TerocMeH
(marpes g0 1100 °C, oxnaxnaenue 10 25 °C) TBEpIOCTb UCCIIENYEMOT0 CILIaBa ePeCcTaeT 3aBUCETh OT MOCIIEAYIOLIETrO TEPMUYECKOTO
LUKIIMPOBAHMS U COXpaHsETCsl Hen3MeHHoi Ha yposHe 34-35 HRC. Hauboubiast CTOMKOCTh HAIIABICHHOTO METaJljIa K ITOSIBIICHUIO
TPEIIMH TEPMUUECKON YCTAIOCTH 00eCIeunBaeTCs IpH (POPMHUPOBAHMHU B €r0 CTPYKTYpe OIN3KOro K ONTHMAILHOMY COOTHOLICHHS
OTHOCHTEJIBHO BSI3KOTO, JITHPOBAHHOIO JKEJIE30M W JPYTMMH DJIEMEHTAMH Y-TBEpPIOTO PAcTBOpPAa M HUKEIb-aJIOMHHHUEBOTO
MapTEHCHTa, COCTaB KOTOPOro coorsercTByeT NijAl-(pase. Tepmuueckue yclOBHs TOMyYCHUs TaKOH CTPYKTYpBI 0OYCIIOBJICHBI
3aMeJUICHHBIM OXJIXKIACHHEM 3aKpHCTAJUIM30BABIICIOCS METalla ¢ BBICOKHX TEMIleparyp Npu AocTwkenuu f > 2,8 ['u. Anamu3
N3MEHEHUsI COITyTCTBYIOIIETO TEPMOYCTAIOCTHBIM HCIIBITAaHUSIM OKUCIHTEIBHOTO W3HAIINBAHHS (OLIEHNBAEMOIO IIOTEpei Macchl)
npu temneparype HarpeBa Meraiia 1100 °C mokazan npeuMyliecTBa UCCIEAyeMOro cIjiaBa Haj MPOMBIIUICEHHBIMU CIUIaBaMH

Ha OCHOBE HUKEJISI ¥ KoOaJibTa.

KnioueBbie csioBa: >1eKTpoAyroBas HalIaBKa, KOJICOIIOIIMICS JIICKTPOA, ATIOMHUHHI HHKENs, TEPMHUYECCKHH IUKI, CTPYKTYpa,

TEpMHYCCKas yCTaJIOCThb, CTOMKOCTh K OKHUCIICHUIO
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Introduction

Developed during the mid-20" century, weld overlay
represents an efficient technique for extending the ope-
rational lifespan of products exposed to temperatures as
high as 1000 °C. To enhance the resistance of the clad-
ding layer against high-temperature wear, iron, nickel,
and cobalt alloys are commonly employed [1-3]. These
alloys have undergone extensive research. Conversely,
nickel aluminide-based heat-resistant alloys for surfac-
ing have garnered substantial practical interest. Among
these, Ni;Al and NiAl intermetallics are particularly
promising [4; 5].

Both domestic and international nickel aluminide
casting alloys exhibit improved thermal stability [4; 6],
elevated high-temperature and fatigue strength [7; 8],
and resistance to high-temperature oxidation [4; 9].

60

Despite the significant potential of these alloys, their
application in cladding is constrained due to the high
sensitivity of nickel aluminide to heating and cool-
ing rates, primarily owing to the elevated y'-Ni Al
phase content, which diminishes plasticity and hin-
ders stress relief during welding [10]. Consequently,
it is imperative to maintain a low-temperature gradient
at the crystallization front in the weld pool. Meng
Zhang et al. [11] have reported achieving a similar
outcome by constructing a vertical “wall” of Ni Al
alloy via a multilayer weld overlay technique under
argon shielding, incorporating multiple reheating
cycles by subsequent layers, and controlling the cool-
ing rate (1-2 °C/s).

In contrast to the “gentle” thermal deforma-
tion cycle of argon arc surfacing using a non-consu-
mable electrode, semi- or fully automated weld over-
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lay employing a consumable electrode significantly
enhances both productivity and the quality of the sur-
facing layer. However, as highlighted by Sorokin L.
et al. [12], the conditions for metal structure forma-
tion become more complex due to the higher heat input
and the larger melt pool volume, resulting in increased
weld stress [12].

Various methods are currently employed to control
heat input during welding processes. These methods
encompass the use of pulse [13] and modulated [14]
weld current, high-frequency oscillations of the elect-
rode [15], or, as the most common and cost-effective
approach, adjusting the specific welding energy.
The control of specific energy can influence the size and
shape of the weld pool and, consequently, the properties
of the surfacing metal in the clad alloy. However, this
control is effective only within specific ranges of wel-
ding arc power and weld deposit rates [16], which are
contingent on the particular alloying system [17; 18].
For Ni-Cr cladding, a relatively wide range of weld
overlay rates can be applied to manage phase composi-
tion and structure size while ensuring a defect-free sur-
facing layer. Nevertheless, for high-carbon and boron-
containing wear-resistant alloys, the applicable range
of rates is considerably narrower.

Several strategies have been devised to mini-
mize the conversion of weld energy into heat input
at the crystallization front. Wu Dongting et al. [19]
suggested excluding the workpiece from the welding
circuit. Another method involves employing transverse
oscillations of the weld arc across the weld pool sur-
face. This latter approach to heat input control offers
greater flexibility and was originally investigated
by G.G. Chernyshev, B.N. Kushnirenko, and M.M.
Shtrikman in the 1960s and 1970s. Today, it finds
application in multilayer wear-resistant surfacing [20].
Pre-eutectic and eutectic wear-resistant alloys with
high chromium and carbon content exhibit more favo-
rable responses to transverse electrode oscillations with
specific frequencies and amplitudes [17; 21; 22]. In
certain instances, repeated thermal effects are applied
to the crystallizing metal as the weld arc moves, poten-
tially altering the carbide phase morphology and grain
size [23]. It has been postulated that utilizing an oscil-
lating electrode for cladding an alloy containing eutec-
tic phases of nickel aluminide is a preferred approach
for controlling the thermal conditions of structure
formation, thereby enhancing the thermal resistance
of the surfacing layer.

The primary objective of this study is to characte-
rize the structure of the nickel aluminide alloy formed
during surfacing under the influence of repeated ther-
mal effects on the cladding layer.

Materials and Methods

We employed electrodes crafted from composite
wire (CW) with a diameter of 3 mm. This wire was
manufactured through a 6-pass drawing process using
a carbide die. The wire sheath consists of a nickel strip,
while the wire filler comprises aluminum, tungsten,
molybdenum, powdered tantalum, and chromium.
This composite wire design (Fig. 1) ensures a uni-
form distribution of filler components along the length
of the wire. In the case of powder wires, achieving such
uniformity typically requires a layer-by-layer arrange-
ment of filler components possessing similar physical
and mechanical properties. The inherent inhomogeneity
in thermophysical properties across the cross-section is
a common characteristic of composite structures, yet
this is mitigated by effective electrical contact between
the surfaces of the composite wire components, facili-
tating rapid heating. Taking into account the loss
of filler elements due to oxidation within the weld
pool, the theoretical composition of the composite wire
corresponds to a stoichiometric nickel-to-aluminum
mass ratio ~6.5. The inclusion of refractory alloying
elements such as tungsten, molybdenum, and tantalum

Composite v,
wire

AN
w
\}_}_/{?(powdir_s_)_

substrate

W

Bead overlapping areas F

Fig. 1. Cladding process
f— frequency of the transverse arc oscillations over the weld pool;
V,, — electrode transverse oscillation velocity; V, — surfacing rate;
h — surfacing increment; b — electrode amplitude; e — weld bead width;
g — weld bead height; /7 — area of the surfaced part of the bead

Puc. 1. Cxema (hopMUPOBaHHUS HATUIABICHHOTO TTOKPBITUS
f— gacToTa IONepevHbIX NepeMEeIeHHUI TyTH [0 IOBEPXHOCTH
CBAPOYHOM BaHHBI; V, — CKOPOCTH KoJleOaHuii deKTposia;

V. — CKOpOCTb HAaIUIABKH; /i — LIAr HATIaBKK; b — pasmax KojneOaHui
9JIEKTPOJIa; e — IIHPUHA BAJINKA; g — BEICOTA BAJIUKA;

F - TIomanb HaIUTaBJICHHOW YaCTH BaJlMKa

s
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in the filler material strengthens the y’-solid solid solu-
tion and enhances the stability of the y’-phase at tem-
peratures up to 1100 °C. Additionally, the surfacing
layer contains a minimum of 4 wt. % chromium, which,
when combined with aluminum, imparts robust resis-
tance to high-temperature oxidation. As a substrate, we
utilized plates measuring 12x80x170 mm, composed
of the 5CrNiMn steel grade.

The resulting chemical composition (wt. %) of the
nickel aluminide alloy is as follows:

Ni........ Basemetal W......... 3.3-3.6
C......... 0.2-0.3 Mo........ 2.6-3.1
Al........ 8.2-8.5 Ta......... 2.3-2.5
Cro........ 4.0-4.2 Fe......... 12-15

Equally spaced VP 5/20 tungsten alloy thermo-
couples were installed within the steel substrate
at depth of 1.5 mm below the surface. These thermo-
couples are designed to gauge the temperature
at the base of the weld pool and in close proximity
to the crystallization front as the base metal under-
goes melting. The thermocouples were constructed
using 0.6 mm diameter wire. In order to process
the thermocouple signals, we utilized an LA-20USB
multichannel ADC converter from Rudnev—Shilyaev,
Moscow, and subsequently transferred the data to a PC.
The PowerGraph™ software was employed to record
the signals and generate temperature vs. time curves.

The melting point of the alloy, as determined by dif-
ferential scanning calorimetry, is ~1386 °C. In order
to further investigate the structure and elemental
composition of the alloy, we employed an electron-
ion microscope (FEI Versa 3D, USA).

In order to assess the cladding layer’s resistance
to thermal fatigue cracking, we conducted cyclic hea-
ting tests and monitored the number of heating-cooling
cycles until the first fatigue cracks became evident.
The samples, measuring 15x15%4 mm, consisted
of single-layer cladding metal. Additionally, we fab-
ricated test samples using Stoodite 6 and Hastelloy C
clad alloys. These samples were then positioned
within a furnace that was heated to a temperature
of t=1100 °C, held at this temperature for 6 min, and
subsequently cooled down to =25 °C in 7-9 s. This
testing protocol encompassed a total of 240 thermal
cycles. In order to evaluate the oxidation resistance
of the samples, we measured the mass loss of each
sample after every 30 thermal cycles. These measure-
ments were carried out using a VIBRA HT-124RCE
analytical balance (Shinko Denshi Co. LTD, Japan)
with a readability of 0.1 mg.

62

Surfacing Process

We employed an A2 Mini Master welding machine
(ESAB, Sweden), which includes an electrode oscil-
lation drive. The electrode oscillates transversely
to the direction of the cladding. The oscillation drive
converts the rotation of the gearmotor shaft into a recip-
rocating rectilinear motion of the lever connected
to the electrode wire feeder. The velocity of the trans-
verse oscillations of the electrode ¥,  spans from 16
to 50 mm/s. This velocity decreases to approximately
0.1 times V,_ at the extremities of the electrode’s oscil-
lation amplitude ().

The transverse oscillation velocity is synchronized
with the linear surfacing velocity (V). Consequently,
the surfacing increment (%) is automatically cho-
sen by the welding machine to maintain the speci-
fied ¥ value. An increase in V, to ~50 mm/s results
in a decrease in surfacing increment, causing the arc
to reach the end of its transverse path within 1s,
and the oscillation frequency (f) approaches 3 Hz.
Conversely, when V_ is reduced to 16 mm/s, the sur-
facing increment increases, and f shifts to its minimum

value of ~1 Hz (see Fig. 1).

We introduced the weld bead shape factor (u,),
defined as the ratio of the cross-sectional area
of the bead to the area of a rectangle with dimensions
equal to the bead width (¢) and bead height (g) (see
Fig. 1). For single-layer coatings, the bead-to-bead
overlap varied in the range of 30-50 %, depend-
ing on pb. The steel substrate comprises 16-20 %
of the surfacing layer.

In order to ensure superior weld bead quality,
the surfacing velocity was set at 19 cm/min. Exceeding
this value adversely affects the weld beads, resulting
in inconsistencies in their shape, length, and width. As
the surfacing velocity decreases (<10 m/h), the retrac-
tion of molten material into the tail of the weld
pool is significantly reduced, leading to an expan-
sion of the weld pool volume beneath the arc. This
results in a shorter arc and disrupts the wire melting
process. Arc stability (preventing short circuits in
the arc gap with the refractory wire filler) is achieved
at U =27 V. A welding current of 7, =280+ 15A
was selected to provide the arc thermal power sufficient
to melt the refractory filler in the wire while prevent-
ing overheating of the drop at the wire end. Initially,
the heat needed to keep the filler components in a
molten state is supplied by the anode spot at the end
of the refractory tungsten-molybdenum filler. When
the melt entirely covers the refractory filler, the anode
spot shifts to the end surface of the resulting drop.
The drop separates as it descends along the surface
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of the partially molten filler. Following this, a new mol-
ten filler drop begins to form around it [24].

The welding current source (DC, reversed polarity)
utilized was an LAF 1001 thyristor rectifier (ESAB,
Sweden). The primary surfacing process variables
include:

Welding current (1), A................. 280+ 15
Arcvoltage (U), V................. ... 27+ 1
Oscillation amplitude (), mm . .......... 10
Frequency of arc transverse

oscillations (f),Hz . ................ ... 1.3; 2.0, 2.8
Surfacing velocity (V,), cm/min . ... ... .. 19+1
Shielding gas (argon) flow rate, I/min . . . . . 25-30

Results and discussion

The analysis of the metal’s heating and cooling pro-
file during arc cladding without transverse composite
wire oscillations reveals a thermal cycle with a single
peak (Fig. 2, a). This peak corresponds to the maxi-
mum temperature reached when the melt contacts
the thermocouple junction. During the cooling stage
near the crystallization temperature, the cooling rate is
relatively high (~100 °C/s). Subsequently, starting from
1300 °C, the temperature decrease gradually slows
down to ~20 °C/s. The resulting structure of the clad-
ding layer, formed under such non-equilibrium condi-
tions (Fig. 3, a), comprises two regions with roughly
equal volume fractions. One of these regions consists
of the alloyed y-solid solution, characterized by pri-
mary crystallizable dendrites. The other region con-
tains dispersed lamellar particles of the y'-phase. As
per the established concept of the Ni Al alloy structure
and phase state, based on the work of Kolobov Yu.
et al. [4], these particles are formed through
the L < y + v’ eutectic reaction.

Further analysis of the eutectic concentration areas
reveals significant non-uniformity in the distribu-
tion of iron and aluminum between the two primary
phases. The eutectic nickel-aluminum areas exhibit
the highest concentrations of aluminum and nickel
(Fig. 4, a, b). Given that iron can form a continuous
solid solution with nickel, it is primarily dissolved in
the y-phase. The presence of iron in the y'-phase can be
attributed to its ability to substitute for both nickel and
aluminum in Ni,AlL

The transverse oscillations of the electrode (at a
frequency of f=1.3Hz) lead to the appearance
of multiple peaks on the cooling curve (see Fig. 2, b).
These peaks correspond to short-term temperature
fluctuations caused by reheating of the cooled metal
by the arc. The pattern of the peaks for 7/, 2 and 3
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Fig. 2. Thermal cycles of the surfacing process
without (a) and with electrode oscillations (b—d)
at f=1.3 Hz (b), 2 Hz (¢), and 2.8 Hz (d)
1, 2, 3 are the temperature curves as recorded by the thermocouple
junctions within the base metal

Puc. 2. Tepmuteckue UKL IPOIEcca HATUIABKH
0e3 KoneOaHui aMeKTpoaa (@) U ¢ MepeMeIeHUSIMA TyTH
10 IOBEPXHOCTH CBAPOYHOH BaHHBI (b—d)
c gacroroit f= 1,3 I'u (b), 2 I'x (c), 2,8 ' (d)
1, 2, 3 — KpUBBIC U3MEHEHHUS TEMIIEPATYPbl, COOTBETCTBYIOIHE MECTaM
PacnojioKCHUA CIIacB TEPMOIIap B OCHOBHOM METAJLIIC
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thermal cycles indicate that the crystallizing metal
experiences elevated temperatures for a limited dura-
tion. This phenomenon arises due to the cyclic redis-
tribution of hot and cold areas within the weld pool
as the pool moves in response to the transverse oscil-
lations of the weld arc. However, when the weld pool
tracks the heat source (the arc), it remelts the previously
cooled metal, and crystallization recommences. This
cyclic process results in a chaotic orientation of crys-
tallite growth and the interweaving of crystallites, as
observed in the lower and partially middle sections
of the beads. The structure of the upper (working) bead
(Fig. 3, b) displays a high degree of dispersion within
the regions containing the eutectic y'-phase. The size
of such regions does not exceed 20 um. The y-solid
solution areas contain small fractions of segregations,
likely consisting of topologically close-packed (TCP)
phases.

The morphological alterations within the y’-phase
induce a transformation from lamellar and sharply-
angular particle clusters (typically found in alloys
produced without electrode oscillations, Figs. 3, a
and 4, a) into layered texture regions when oscil-

lations occur at f=1.3 Hz. Each layer within these
regions exhibits a distinct crystallographic orientation.
The weld bead created with an oscillating electrode
is notably wider, ranging from 150 % to 170 % wider
(as shown in Fig. 2, b), yet its u, value (0.72 <0.88)
is lower in comparison to the bead produced without
oscillations.

Increasing frequency fto 2 Hz results in the antici-
pated reduction of both the weld pool and crystalliza-
tion front lengths. This is corroborated by more similar
heating and cooling curves observed at the thermocou-
ple locations. The cooling rate decelerates, and the tem-
perature peaks resulting from repeated heating due
to arc oscillations become less pronounced (Fig. 2, c).
These changes lead to the predominance of the y-solid
solution in the structure, with these regions interspersed
by areas containing fragmented eutectic nickel-alumi-
num (Fig. 3, ¢ and Fig. 4, ¢). The nickel-to-aluminum
ratio in these regions falls below the stoichiometric
ratio required for the formation of the y'-Ni,Al-phase
(Fig. 4, ¢). The weld bead formed at /=2 Hz exhibits
a slightly higher weld bead shape factor (0.75) while
maintaining a comparable width.

Fig. 3. Structures of the alloys surfaced without (a) and with electrode oscillations (b—d) at f'= 1.3 Hz (b), 2 Hz (c), and 2.8 Hz (d)

Puc. 3. CTpyKTypsl CIUIaBOB, HAILIABICHHBIX 0€3 KojeOaHuii a1eKTpoyia (a) U ¢ epeMeIleHUsIMA TyTH
T10 TIOBEPXHOCTH CBapo4yHOU BaHHEI (b—d) ¢ wactorol /= 1,3 ' (b), 2 T'x (¢), 2,8 T (d)
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Fig. 4. Structure and elemental composition of the eutectic concentration areas after ion “etching”
in the alloys surfaced without (@) and with electrode oscillations (b—d) at f=1.3 Hz (b), 2 Hz (¢), and 2.8 Hz (d)

Puc. 4. CtpoeHue ¥ 3JIEMEHTHBIN aHAIIH3 Y4aCTKOB COCPEIOTOUCHHUSI SBTEKTHKH MTOCIIC HOHHOTO «TPABJICHHS» B CILIABAX,
HAIUTaBJICHHBIX 0e3 KosieOaHuii 3IeKTPo/Ia (@) U ¢ MEPEMEILICHHUSMHU yTH [0 IOBEPXHOCTH CBApOYHOI BaHHBI (h—d)
cyacroroid f= 1,3 I'u (9), 2 T'x (¢), 2,8 T (d)

Further increase of the arc oscillation frequency
to f=2.8 Hz results in the smoothing of the tempera-
ture peaks caused by reheating in the cooling curves
(as observed in Fig. 2, d) and shortens the time inter-
vals between these peak temperatures. This phenome-
nonsuggests amore uniform temperature gradientacross
the width of the weld pool. Simultaneously, the weld
pool length decreases, while its volume increases
due to the rapid transverse oscillations of the arc
at approximately ~44 mm/s. Consequently, the weld
bead becomes even wider (p, = 0.82) (Fig. 2, d), in
comparison to beads produced at at lower f.

At an oscillation frequency of /= 2.8 Hz, the condi-
tions governing heat input to the crystallization front
change, resulting in an extended period during which
the crystallizing metal is at the nickel aluminide
melting point (Fig. 3, d). In such conditions, the for-
mation of the structure initiates with the emergence
of alloyed y-solid solution dendrites and concludes with
the appearance of nickel-aluminum martensite (L1 lat-

tice) in the phase diagram region situated between
the y’-phase and the B-(NiAl)-phase. The primary rea-
son for this martensite formation is the relatively slow
cooling rate of the nickel-aluminum alloy from tem-
peratures below 1200 °C, in contrast to the cooling rate
typical of lower frequencies in non-oscillatory surfa-
cing. A similar hypothesis was put forth by Kositsyn S.
et al. [25]. Prolonged exposure of the metal to elevated
temperatures results in annealing. Prior to the forma-
tionofcoolingmartensite, thealloy’s compositionunder-
goes modification: it becomes enriched with aluminum
atoms, which, as indicated by Kablov D. et al. [26],
exhibit the highest diffusion coefficient in nickel (in
the context of the alloying system under consideration)
at temperatures exceeding 900 °C. This shift in com-
position moves the alloy towards the region where
the B-phase is stable. Examination of the martensitic
region following surface ion etching reveals the pre-
sence of relatively thin plates (measuring 300-600 nm)
with twinning orientation relative to each other (as
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depicted in Fig. 4, d). The atomic mass ratio of nickel
to aluminum corresponds to that of the Ni,Al phase.

The alteration in the metal’s structure due to trans-
verse weld arc oscillations has an impact on its hard-
ness, which varies within the range of 27 to 35 HRC
depending on the oscillation frequency. It’s worth
noting that after ~50 thermal cycles (Fig. 5), the hard-
ness of the alloy deposited at f=2.8 Hz no longer
depends on subsequent thermal cycles. It remains cons-
tant, which can be attributed to the overall high thermal
stability of the alloy structure.

The alloy surfaced at f'= 2.8 Hz exhibits the highest
hardness value (~35 HRC), whereas the lowest hard-
ness (27 HRC) is observed in the surfacing conducted
without transverse arc oscillations (see Fig. 5). Under
identical test conditions, the hardness of the commer-
cially available Ni alloy Hastelloy C steadily decreases
due to its progressive softening and loss of thermal
stability.

The cobalt-based alloy Stoodite 6, characterized
by a slightly higher initial hardness of 42 HRC, demon-
strates robust resistance to softening. It retains its hard-
ness almost consistently for up to 100 thermal cycles.
With a further increase in the number of thermal cycles,
the hardness gradually decreases and approaches
the level of approximately 35 HRC, which is similar
to the hardness of the alloy manufactured at /= 2.8 Hz.

The results of thermal fatigue tests indicate
that the alloy produced at 2.8 Hz exhibits the highest
durability, enduring for up to 200 cycles (Fig. 5). This
durability can be attributed to the attainment of an opti-
mal ratio between the y-solid solution and nickel-alu-
minum cooling martensite within the structure of a
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relatively ductile metal. This metal is highly alloyed,
containing up to 18 wt. % of iron and other elements.
AuY. et al. [27] reported that such an alloy is suscep-
tible to thermoelastic transformations. During the tests,
reheating of the martensite restored the reversibility
of the martensite transformation. However, subsequent
multiple thermal cycles lead to the dispersive decompo-
sition of the metastable Ni,Al-phase into Ni Al,-phase
particles and a decrease in the critical temperatures
of the martensitic transformation. The tungsten and
tantalum contents in the examined alloy do not signifi-
cantly differ, whereas chromium and molybdenum are
primarily dissolved in the y-solid solution.

The assessment of oxidative wear resulting from
thermal fatigue tests indicates that the studied alloy,
manufactured at f'= 2.8 Hz, exhibits superior properties
compared to other available heat-resistant materials after
125 thermal cycles (Fig. 6). This difference is particu-
larly pronounced when compared to Hastelloy C, which
displays lower oxidation resistance. The diminished
oxidation resistance of Hastelloy C can be attributed
to the increased diffusion of oxygen from the oxidizing
atmosphere through the Cr,0O, oxide layer. In contrast,
the elevated chromium content in the alloy forms a bar-
rier that initially hinders oxygen diffusion during the test.
This barrier thickens over the course of 100—110 ther-
mal cycles (Fig. 6). Subsequently, the protective layer
experiences partial degradation.

The mass loss due to oxidation (Am) consistently
decreases in the alloy surfaced without arc oscilla-
tions. However, in the case of the alloy surfaced with
arc oscillations, the mass loss remains relatively stable
after 120 thermal cycles. This stability is attributed
to the formation of an oxide layer on the substrate, cons-
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Fig. 5. Alloy hardness vs. number of thermal cycles
O — indicates the formation of the first thermal fatigue cracks

Puc. 5. 3aBucumocTs TBEPAOCTU UCCIEAYEMBIX CIIJIaBOB OT KOJIMYECTBA TCIIJIOCMEH
O — obo3HaueHue MOMEHTa, COOTBETCTBYIOIIECTO O6pa3OBaHI/IIO TIEPBBIX TPCIIUH TepMI/I‘IeCKOﬁ ycTaiaocCTtu
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Fig. 6. Weld metal oxidation resistance vs. the number of thermal cycles

Puc. 6. 3aBUCHMOCTD CTOWKOCTH HAIJIaBIIEHHOTO MeTaJlia K OKUCJIUTEIIBHOMY U3HOCY OT KOJIMYCCTBA TCIJIOCMEH

tituting not less than 70 vol. % Al,O,, along with traces
of Cr,0, and 5 vol. % NiO. The cobalt alloy Stoodite 6
demonstrates reasonably high oxidation resistance due
to the formation of the CoCr,O, oxide. It only becomes
less effective than the studied alloy after 125 thermal
cycles when oxidation microcracks intensively develop
in the regions susceptible to oxidation of Cr,C, [28].
Within the margin of measurement error, it can be
inferred that the oxidation resistance of the studied
alloy is comparable to that of Stoodite 6.

The surfacing process involving weld arc oscilla-
tion effectively regulates the heat input to the crystal-
lization front, thereby establishing favorable conditions
for the development of coatings with exceptional resis-
tance to thermal fatigue cracks.

Conclusion

1. Transverse arc oscillations applied to the weld
pool surface change the configuration of the crystal-
lization front and the thermal conditions governing
the formation of the alloyed nickel aluminide structure.
At a low electrode oscillation frequency (f= 1.3 Hz),
astructure is generated in which the clusters of y'-Ni, Al-
phase lamellar and sharp-angular particles transform
into layered regions. This transformation enhances
the resistance to thermal fatigue cracking compared
to the alloy surfaced without electrode oscillations.

2. In order to achieve the utmost resistance to ther-
mal fatigue cracking, the thermal conditions (at 2.8 Hz)
should promote gradual cooling of the nickel-alumi-
num alloy and the developement of a balanced structure
comprising the y'-solid solution, heavily alloyed (up
to 18 wt. %) with iron and other elements, as well as
nickel-aluminum martensite. The composition of this
martensite corresponds to the metastable Ni, Al phase,
and reheating it does not render the alloy more brittle.

3. The weld pool temperature gradient stabi-
lizes at f=2.8 Hz, concurrently leading to a reduc-
tion in the length of the weld pool and the attainment
of the highest weld bead shape factor (n, =0.83).
Consequently, the extent of bead-to-bead overlap can be
decreased to 20-30 %, thereby reducing the consump-
tion of relatively expensive surfacing material.
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