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Influence of copper salts
on the physical and mechanical properties
of copper-graphite composite materials

N. D. Oglezneyv, I. I. Yakubaey, S. A. Oglezneva, S. E. Porozova

Perm National Research Polytechnic University
29 Komsomolsky Prosp., Perm 614990, Russia

&) ogleznevasa@pstu.ru

Abstract. We investigated composite materials based on electrolytic copper powder containing 1 and 5 wt. % powder of colloidal
graphite the addition of trace amounts of copper sulfate and acetate. The materials were obtained through double cold pressing
in a mold at a pressure of 600 MPa, intermediate sintering (annealing) in hydrogen at a temperature of 870 °C, and final sintering in
vacuum at the copper premelting temperature. To analyze the influence of copper salts on the density, porosity, electrical resistivity,
and strength of copper—graphite composite materials, we employed X-ray phase analysis, scanning electron microscopy, conducted
strength tests in three-point bending, and determined electrical resistivity. We established that higher graphite content results in
increased porosity and electrical resistivity of composite materials, along with decreased strength. In the materials containing copper
sulfate, copper is reduced from the salt in the form of nanodispersed particles on the surfaces and inside graphite flakes, leading
to a decrease in electrical resistivity compared to copper—graphite composites without salt additives. When copper acetate was added
to the composite material, copper is reduced from the salt mainly on the surfaces of graphite particles in the form of microdispersed
particles and their aggregations, as the copper acetate solution does not wet the graphite. In this case, the electrical resistivity was
somewhat higher than that of the composite with sulfate but lower than that of the material without salts. The bending strength of the
studied materials decreased as salts were introduced due to increased porosity and emerging defects in the crystal structure of graphite
during its intercalation with copper.

Keywords: composite material (CM), copper, graphite, copper sulfate, copper acetate, electrical resistivity, porosity, strength, intercalation

For citation: Ogleznev N.D., Yakubaev 1.I., Oglezneva S.A., Porozova S.E. Influence of copper salts on the physical and mechanical
properties of copper—graphite composite materials. Powder Metallurgy and Functional Coatings. 2024;18(2):5-13.
https://doi.org/10.17073/1997-308X-2024-2-5-13

BnuaHue coneu megu
Ha PU3NKo-MexaHUnuYeckme CBOMCTBaA
KOMMO3ULMOHHbIX MaTepuanos Meab-rpadpur

H. [I. Ornesnes, I1. I1. fIxy6aes, C. A. OrnesueBa®, C. E. Ilopo3osa

TlepMcknii HAMMOHAJIBHBIN HCCIe10BATEbCKUI MOTUTEXHNYECKUH YHHBEPCUTET
Poccus, 614990, r. [lepmb, Komcomonbeknit ip-T, 29

&) ogleznevasa@pstu.ru

AHHoTayums. VicciieJoBaHbl KOMITO3ULIMOHHBIE MAaTEePHANIbl HA OCHOBE SJIEKTPOIMTHYECKOTO MOPOIIKa MeH, coaepxanme 1 u 5 mac. %
MOPOIIKA KOJUIOUTHOTO rpaduTa, ¢ J00aBICHHEM B MUKPOKOINYECTBAX Cynbdara u arerara Meau. MaTepHaisl OIy4aid MeTOIaM1
JIBOMHOTO XOJIOTHOTO MpeccoBaHus B pecc-hopme npu aasieHnn 600 MIla, mpomeKyTodHOTO CHIeKaHUs (OT’KUTa) B BOAOPOJIE MTPU
temneparype 870 °C 1 OKOHYATEIBHOTO CIICKaHUs B BaKyyMe MPH MPEAIUIaBIIIbHON TeMreparype Mean. MetogaMu peHTreHodazo-
BOTO aHAJIU3a, CKAHUPYIOLIEH IEKTPOHHONH MUKPOCKOITMHU, UCTIBITAHUIT HA TIPOYHOCTH MPH TPEXTOYESUHOM H3THOE U ONPEAC/ICHHs
3JIEKTPOCONPOTHBIICHHS UCCIICIOBAHO BIMSHHUE COJICH MEAN Ha IUIOTHOCTb, HOPHCTOCTD, YICIBHOE SIEKTPOCOIPOTHBICHHE U POY-
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HOCTb KOMIIO3UITUOHHBIX MaT€puajioB Mem;—rpa(l)lxm yCTaHOBIIeHO, YTO C YBCIMYCHUEM COACPIKAHUSA I‘pa(l)I/ITa TMIOBBIMIAKOTCS TOPHU-
CTOCTb U YACIBHOC DJICKTPOCOIIPOTUBICHUEC KOMITO3UIIMOHHBIX MaT€pUaIoB, a MIPOYHOCTh CHUIKACTCA. B mMarepualiax, coaepikanmx
CyJ'II:»(l)aT MEaU, NPOUCXOAUT BOCCTAHOBJIICHHUC MCN U3 COJIM B BUAC HAHOAUCIICPCHBIX YaCTHUI] HAa MMOBEPXHOCTAX U BHYTPpHU rpa(bI/I-
TOBBIX YCHIYCK, YTO CHOC06CTByeT CHUIKCHHUIO YJCIIBHOI'O SJICKTPOCOHNPOTHUBIICHUSA 1O CPABHCHUIO C KOMIIO3UTaMHU MeI[b—I‘pa(bI/IT
0e3 II06aBOK COJICH. HpI/I [I06aBJ'IeHI/II/I anerara Mciu B KOMHO3I/IL[I/IOHHI)II71 Marepuajl BOCCTAaHOBJICHHUE MEAU U3 COJIM IMPOUCXOAUT
MPEUMYIIECTBCHHO HaA IMOBEPXHOCTAX YaCTHUI] rpaq)lzrra B BUAC MUKPOAUCTICPCHBIX YaCTHUI[ U UX CPOCTKOB, TaK KaK paCcTBOp al€rara
MCIW HE CMa4yuBacT l"pa(l)I/IT. VneneHOE DJIEKTPOCOIIPOTUBJICHUE IIPU STOM OBLJIO HECKOJIBKO 60.]1])1].[6, YEeM Yy KOMIIO3HUTa C CyIIBq;)aTOM,
HO MCHBIIIEC, YEM Yy MaTepuaia 0e3 coueii. HpO‘{HOCTB Ha U3ruo HCCIICAOBAHHBIX MaT€pUajoB IIpyU BBEACHUU COJICH TIOHMXKAIACh 3a
CYET IMOBLINICHUS TIOPUCTOCTU U MOSIBJICHUS Z[e(i)eKTOB KPUCTAJUINYCCKOTO CTPOCHUS Fpaq)HTa IIpH €ro UHTEPKAJIMPOBAHUN MCIIBIO.

Knirouesbie cnosa: xommnosunnonHbiii Matepuai (KM), menp, rpadur, cynbdar Meau, anerar Meau, YACIbHOE IEKTPOCOIPOTHBICHHUE,

MOPHCTOCTb, TPOYHOCTh, HHTEPKATHUPOBAHUE

Ansa untnposanms: Ornesues H.JI., SIkydaes 1.U., Oriesnena C.A., [Toposzosa C.E. Brnusinue coseit Mmeau Ha (pU3MKO-MEXaHUYECKUE
CBOWCTBA KOMIIO3UIIMOHHBIX MATCPUAIOB MeIb—TpaduT. M38ecmus 6y3086. [lopowkosas memannypeus u (hyHKYUOHATbHbLE NOKDLLINUSL.
2024;18(2):5-13. https://doi.org/10.17073/1997-308X-2024-2-5-13

Introduction

Copper—carbon composites combine the high ther-
mal and electrical conductivity of copper alongside
the low thermal expansion coefficient, specific mass,
and high melting point of carbon [1]. Consequently,
they find extensive application in electrical devices
and the semiconductor industry, serving as materials
for thermally conductive bases in the housings of high-
power rectifying and laser diodes, microwave transis-
tors, power amplifiers [2; 3], as well as in electro-ero-
sion machining of metals, heavy-duty power modules,
and optoelectronic devices such as pantograph sliders,
brushes in electric motors, and other machinery compo-
nents [4]. However, the electrical resistivity of graphite
is two orders of magnitude greater than that of copper,
leading to a decrease in the overall electrical conduc-
tivity of the composite material (CM) when graphite is
added in large quantities.

Intercalation with metal ions, including the formation
of superconducting structures, can enhance the graphite
conductive properties. For example, graphite inter-
calated with calcium exhibits superconductivity [5],
while iron enhances the thermal and electrical con-
ductivity of carbon materials [6]. Copper intercalation
into graphite [7; 8] and carbon nanotubes (CNTs) [9]
has also been reported. However, the lack of physico-
chemical interaction between the components, includ-
ing the high surface tension of the metal melt, poses
challenges to the manufacturing technologies for cop-
per—graphite and copper—CNT systems [10]. Metal
ions are introduced into graphite, CNTs, and fullerenes
using salt solutions. For instance, in [9], CNT powder
was mixed with copper acetate hydrate, and quantum
copper wires up to 50 nm long were obtained after ther-
mal treatment inside CNTs. The authors in [7; 8] uti-
lized copper chloride for graphite intercalation to pro-
duce superconducting materials [11].
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Due to the significant difference in thermal expan-
sion coefficients, conventional preparation methods
struggle to achieve effective interfacial adhesion
between the copper matrix and carbon. Even rolling at
different temperatures with high degrees of deforma-
tion [13] fails to strengthen the phase interface and
reduce electrical resistivity.

Since graphite lacks physicochemical interaction
with the copper matrix, carbide-forming elements such
as boron, chromium, etc. [14] are added to the CM
to enhance bonding between copper and carbon at
the phase interface. Additionally, the carbon surface is
oxidized with acids [15] and salts, resulting in the intro-
duction of ultra-dispersed copper into the material
pores. This process leads to reduced friction coefficient
and wear, while improving electrical conductivity and
mechanical properties [16]. In [17], preliminary chemi-
cal copper-plating of natural flake graphite is utilized
to enhance the adhesion of graphite to the copper
matrix, albeit complicating the technological process
and increasing costs.

There are documented instances of obtaining inter-
calated structures of graphite without special process-
ing. In [18], graphite was introduced into a copper
melt at 1200-1250 °C, yielding a copper alloy with
lower electrical resistivity and higher tensile strength
compared to existing ones. Authors in [19] conducted
intercalation by incubating samples of highly oriented
pyrolytic graphite (HOPG) for 20 min in a 99.99 %
pure copper melt at 1473 K in vacuum. Analysis
of the diffraction pattern of graphite containing cop-
per atoms revealed planes with atoms displaced from
their initial positions within its structure. The authors
explain these results by the formation of intermediate
complexes with copper ions in graphite. If the metal
atom leaves a pair of rings in the plane of the graphite
grid, the latter instantly establishes “diamond” bonds
with molecular networks corrugating in the area where
the metal was located.


https://powder.misis.ru/index.php/jour/search/?subject=композиционный материал (КМ)
https://powder.misis.ru/index.php/jour/search/?subject=медь
https://powder.misis.ru/index.php/jour/search/?subject=графит
https://powder.misis.ru/index.php/jour/search/?subject=сульфат меди
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https://powder.misis.ru/index.php/jour/search/?subject=удельное электросопротивление
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The powder metallurgical technique enables to con-
trol the properties of composite materials by adjust-
ing compositions and manufacturing methods across
a wide range of options. In [20], a copper—graphite
composite material was fabricated through sintering
at a pre-melting copper temperature. Additional reflec-
tions identified via X-ray phase analysis of the sintered
CM of copper and colloidal graphite corresponded
to those described in [21]. The resulting materials
exhibited low electrical resistivity and were evalu-
ated as electrodes-tools for electro-erosion machining,
benefitting from their high electrical and thermal con-
ductivity properties.

Considering the method of pretreating graphite
with acids and subjecting it to high pressure of copper
vapor, the formation of intercalated compounds with
copper appears quite feasible [21; 22].

The objective of the current study is to investi-
gate the impact of treating graphite with copper salts
on the physical and mechanical properties of copper—
graphite CMs.

Experimental and research
techniques

To produce copper—graphite samples, we utilized
PMS-1 copper powder (according to GOST 4960-75),
S-1 colloidal graphite (per TS 113-08-48-63-90), CuSO,
(according to GOST 19347-2014), or (CH,CO0),Cu
salt, which was prepared from copper powder and
glacial acetic acid. The surface of compacted graphite
powder was moistened with 7 %-aqueous solutions
of salts using the sessile drop method, with the wet-
ting angle being determined based on photographs.
In some instances, non-ionogenic surfactants were
added to the salt solutions.

We mixed S-1 graphite powder with copper salts in
amounts sufficient to achieve 10 % copper content after
reduction. Distilled water with or without the required
amounts of salts and surfactants was added, and
the powder was dispersed in an ultrasonic bath (USB)
ST-400S (Russia), then dried at room temperature
and subsequently reduced in hydrogen at tempera-
tures ranging from 750 to 1000 °C. For the production
of composite materials (CMs), copper and graphite
powders were mixed in proportions of 1 or 5 wt. %
with a non-ionogenic surfactant (with salts added in
some cases). The mixtures were dispersed in the USB
(ST-400S) with ethyl alcohol and dried. The result-
ing powders were pressed at a pressure of 600 MPa
using the P-125 press (manufactured in Russia) and
annealed in the SGV furnace (manufactured in Russia)
in a hydrogen atmosphere at 870 °C for 1 h. After
annealing, samples were additionally compacted in

the mold at a pressure of 600 MPa. Finally, the sam-
ples were sintered in a vacuum at temperatures ranging
from 1070 to 1080 °C for 2 h using the SNVE-1.3.1/16
furnace (Russia).

The X-ray phase analysis was conducted using
the XRD-6000 diffractometer (Shimadzu, Japan) with
CuK -radiation. The phase composition was identified
using the International Center for Diffractographic
Measurements files, and Crystallographica Search-
Match Version 2.0.3.1 (Oxford Cryosystems Ltd), was
employed for data processing. The shooting parameters
included an angle range from 10 to 110° with a step
0f 0.02°. The structure of copper—graphite CM samples
was examined using a Tescan Vega 3 scanning electron
microscope equipped with an EDX-analyzer (Czech
Republic).

The properties were tested on 3—10 samples per
point. The density and porosity of composite materi-
als were determined using the calculation method
according to the standard technique (GOST 18898-89).
The electrical resistivity of the CM was calculated from
the sample resistance determined by the GOM-802
device (Russia), using a method based on measuring
the potential difference across the conductor section.
The strength at three-point bending of samples without
cracks was tested using the FP 10/1 machine (Germany),
following the procedures outlined in GOST 18227-85,
with a loading speed of 2 mm/min and a distance
of 40 mm between the supports.

Results and discussion

The contact angle of wetting the graphite surface
with copper sulfate solution was significantly smaller
than that of wetting it with copper acetate solution
(Fig. 1, a, b). Upon addition of a non-ionogenic sur-
factant to the aqueous solutions of both salts, these
values decreased further: from 70 to 34° for cop-
per sulfate (Fig. 1, ¢), indicating wetting according
to the well-known Thomas Young formula, suggesting
that the solution with surfactant is close to spreading
on graphite. However, for copper acetate, the contact
angle decreased only insignificantly, from 110 to 98°,
implying nonwettability (Fig. 1, d).

It is noteworthy that even after several minutes,
drops of salt solutions continued to spread on the gra-
phite surface, indicating its interaction with the salts.
The experiment involving the reduction of graphite
powder treated with salt solutions allowed us to simu-
late the mechanism of forming the structure of copper—
graphite composite material during sintering.

We examined the phase composition after the reduc-
tion of copper salts in mixtures with graphite in hydro-
gen (Table 1). It was observed that copper acetate is
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Fig. 1. Determination of the contact angle of wetting
with aqueous solutions of (CH;C0OO0),Cu and CuSO, salts

o
TeS

on the surface of pressed graphite powder
a — solution CuSO, without surfactant (6 = 70°)

b —solution (CH,CO0),Cu without surfactant (0 = 110°)

¢ —solution CuSO, with surfactant (6 = 34°)
d — solution (CH,CO0),Cu with surfactant (6 = 98°)

Puc. 1. Onpenenenne KpaeBoro yrila CMadHBaHHS
BotHbIME pacTBopamH conelt (CH,COO0),Cu u CuSO,
Ha MOBEPXHOCTHU NIPECCOBAHHOTO ITOPOIIKa rpadura

a—p-p CuSO, 6e3 I1AB (0 = 70°)

b —p-p (CH,COO0),Cu 6e3 ITAB (0 = 110°)
¢ —p-p CuSO, ¢ nobasxoii [IAB (6 = 34°)
d —p-p (CH,COO0),Cu ¢ nobaskoii [TAB (0 = 98°)

reduced to pure copper even at a temperature of 750 °C,
with a small amount of Cu,O oxidized copper formed
(Table 1). As the temperature increases to 1000 °C,
copper oxide is no longer detected, which is consis-
tent with previous data on copper reduction in hydro-
gen at temperatures ranging from 200 to 400 °C [23].
At 750 °C, copper sulfate transforms into copper sul-
fide, and as the temperature rises to 1000 °C, the sul-
fide is reduced to copper, in accordance with thermo-
dynamic calculations [24].

SEM images of graphite mixtures after reduction
with copper salts reveal that in the sample treated with
copper sulfate, copper particles are distributed both
on the surfaces and inside the graphite particles and
the distribution is quite uniform (Fig. 2, a, b). Surface
particles account for approximately 20 %, with a maxi-
mum of 50 % (Fig. 2, a, Table 1). The copper particles
reduced from sulfate measure between 0.2 and 1.0 um
in size (Fig. 2, b, Table 1).

In the graphite sample treated with an aqueous
copper acetate solution and impregnated to a shal-
low depth, the reduced copper particles are pre-
dominantly located on the surfaces of graphite par-
ticles (Fig. 2, ¢, d) in the form of large crystals, with
a concentration on the surface reaching 60 % (78 %
maximum, Table 1). The particles of copper reduced
from acetate range from 0.1 to 3.0 um in size. Given
that the average copper content in both samples was
approximately 10 wt. % relative to the graphite mass,
it is evident that the majority of copper reduced from
acetate is concentrated on the surfaces of graphite par-
ticles, while in the sample treated with copper sulfate,
copper particles are mostly situated in the interlayer
spaces of graphite flakes. These results suggest a simi-
lar reduction of copper from salts during CM sintering
after their addition.

After the final sintering of composite materials
containing 99-95 % of PMS-1 copper powder and
1-5 % of colloidal graphite powder (with and without
addition of salts), SEM images reveal that copper, in
the form of spheres of varying diameters, is uniformly
distributed within graphite inclusions (Fig. 3-5).

Table 1. Phase composition of graphite impregnated with salt after reduction

Tabnnya 1. @a30BbIi cocTaB rpauTa, NPONUTAHHOIO COJIbIO, ITOCJIE BOCCTAHOBJICHUS

Phase composition Copper concentration, wt. % Copper
. after reduction average in the on the graphite surface particle
before reduction . : . .
750 °C 1000 °C | mixture (XRF) | average/maximum (EDX analysis) | Siz€, um
Powder mix C, Cu,
C+(CH,C00),Cu |  Cu0 Cu, C 10 60/78 0.1-3.0
Powder mix C, Cu,
C+ CuSO, Cu,0, Cu,S Cu, C 10 20/50 0.2-1.0
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Fig. 2. SEM image of S-1 graphite powder after impregnation with aqueous salt solutions and reduction
a—CuS0,, size of research area § = 100 um, b — CuSO,, § = 11 um, ¢ — (CH,C0OO0),Cu, § = 80 um, d —(CH,CO0),Cu, =7 pm

Puc. 2. COM-u3o6paskenust nopoiika rpagura C-1 mocie mponuTKy BOIHBIMA PACTBOPAMH COJIEH U BOCCTAHOBIICHHUS
a — CuSO,, pasmep obnactu uccnenosanus S = 100 mxm, b — CuSO,, § = 11 MM, ¢ — (CH,COO0),Cu, S = 80 mxm, d — (CH,CO0),Cu, § =7 mxm

On the fracture surface of the sintered CM sam-
ple with 5 % graphite without the addition of salts
(Fig. 3, a), dispersed copper particles ranging in size
from 0.1 to 0.5 pm are observed in small concentra-
tions. These particles are located both inside and on
the surfaces of graphite particles (Fig. 3, b).

In the SEM images of the sintered sample contain-
ing 1 % graphite with the addition of copper sulfate
(Fig. 4), copper particles measuring 5-10 pm in size
are uniformly distributed in large quantities, appear-
ing on both the surfaces of graphite flakes and between
the layers of particles (Fig. 4, b).

Since the copper acetate solution fails to wet
the graphite and does not penetrate deeply, the copper
particles in Fig. 5, a appear as clusters and aggregates
on the surfaces of graphite particles, with limited pres-
ence between the layers (Fig. 5, b). These copper par-
ticles on graphite flakes measure about 10-20 pm in
size, notably larger than those observed in materials
without salts and after treatment with copper sulfate.

Samples containing 1% graphite exhibit lower
porosity (/1) and consequently, lower electrical resisti-
vity (p), while their bending strength (o, ;) surpasses
that of CM with 5 % graphite (Table 2). Evidently,
achieving high density and strength is challenging due
to the elastic nature of graphite and its limited inter-
action with copper; indeed, some samples with high
graphite content experienced destruction during press-
ing or after sintering.

Fig. 3. SEM images of a copper-based CM sample
with 5 % graphite without salts

a — CM fracture, b — graphite phase in CM

Puc. 3. COM-u3o6paxenus obpasia KM Ha ocHoBe Menn
¢ 5 % rpadura 6e3 no6aBKu comneit

a —n3nom KM, b — daza rpadura 8 KM
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Fig. 4. SEM images of a copper-based CM sample
with 1 % graphite and addition of copper sulfate
a — CM fracture, b — graphite phase in CM

Puc. 4. COM-u3obpaxenne obpasiia KM Ha ocHOBe Menn
¢ 1 % rpadura u nobasiaeHneM cyabdara Mean

a —wm3noM KM, b — daza rpadura B KM

The treatment of graphite with copper salts signifi-
cantly influences the structure, as well as the physical
and mechanical properties, of the investigated com-
posite materials, a trend clearly observable in samples
with 1 % graphite. In materials where graphite remains
untreated, nanodispersed copper particles form in
low concentrations, resulting in minimal disruption

Table 2. Physical and mechanical properties
of copper—graphite composite materials

Tabnmya 2. DusuKo-MexaHnuecKue CBoiicTBa
KOMIO3HIHOHHBIX MATEPHAJIOB MeIb—TPaQuT

Graphite Salt % p-107%, Cpend>
content, wt. % added ? mQ-mm MPa
1 - 2 1.94+0.15 270+ 19
5 - 8 348+0.23| 90+11
1 Copper |51y 714013 | 23020
acetate
5 Copper | ¢ 13354 020| 7529
acetate
1 Copper | o1y 69.40.13 | 20022
sulfate

10

Fig. 5. SEM images of a copper-based CM sample
with 5 % graphite and addition of copper acetate

a — CM fracture, b — graphite phase in CM
Puc. 5. COM-u3zobpaxenne obpasia KM Ha ocHoBe Menn
¢ 5 % rpadura u 100aBICHUEM alleTaTa MeIH
a —mnoM KM, b — ¢aza rpaura B KM

to the graphite crystal structure and yielding the stron-
gest CM samples.

In the structure of graphite treated with copper sul-
fate, the reduced copper particles are larger and their
concentration in the interlayer spaces of graphite flakes
is greater higher. Furthermore, after the final sinter-
ing, there is a slight increase in porosity, indicating
the thermal expansion of the graphite [24; 25]. This
may also suggest the completion of copper reduction
from sulfate. Consequently, in this material, the bonds
in the graphite crystalline lattice are disrupted, defects
are formed, and interplanar distances increase. Such
structural changes naturally result in increased porosity
and decreased strength compared to CM without salts.
However, the same material with the highest porosity
exhibits lower electrical resistivity than pure cop-
per (p=(1.75+1.80)-10® mQm'mm) due to the high
concentration of conductive copper particles inside
the graphite particles.

After treatment with copper acetate, the amount
of reduced copper particles inside the graphite par-
ticles is lower than that after sulfate treatment, leading
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to slightly higher electrical resistivity and strength.
However, compared to the material containing
untreated graphite the specific resistance of the copper
acetate-modified graphite is lower at equal porosity.
This is attributed to the presence of copper particles
inside the graphite. Additionally, the lower strength
value of these samples is a consequence of some dis-
ruption of the crystalline structure of the graphite.

Conclusions

The following conclusions were drawn from
the experimental research results.

1. An increase in the graphite content from 1 to 5 %
in copper-based composites, both with and without
salts, leads to higher porosity.

2. Copper acetate undergoes reduction at a tempera-
ture of 750 °C during heat treatment in hydrogen, while
copper sulfate is reduced at 1000 °C.

3. The copper reduced from copper acetate salt, in
the form of large particles, is predominantly observed
on the surfaces of graphite flakes.

4. During the sintering of CM, even without graph-
ite treatment with copper salts, copper vaporizes and
penetrates inside graphite particles.

5. The samples treated with copper salts, after
sintering, exhibit slightly lower strength and reduced
electrical resistivity compared to CMs without salts.
The decrease in electrical resistivity may be attributed
to possible graphite intercalation with copper, while
the reduction in strength may be due to emerging
defects in the graphite structure.
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Establishing theoretical foundations for predicting
the structural and morphological characteristics
of diffusion-welded joints
of the beryllium-copper composite

B. V. Syrnev®, O. 1. Maslennikov, O. V. Semilutskaya

East Kazakhstan Technical University named after D. Serikbayev
19 Serikbaev Str., Ust-Kamenogorsk 070004, Kazakhstan

&) izusan@mail.ru

Abstract. The paper presents the results of theoretical and experimental studies regarding the quality of diffusion welding of the beryl-
lium—copper composite. Numerical investigations of the parameters of heterodiffusion of diffusants and the thickness of the Be-Cu
pair welded joint under varying temperature-time conditions were conducted. The analytical examinations revealed that the thickness
of the diffusion weld at the Be—Cu joint varies between 26 and 345 pm, with the temperature increasing from 800 to 1000 °C and
the holding time ranging from 20 to 120 min. The calculated layer thickness during the diffusion welding of a Be—Cu pair at 800 °C
for 2 h is 65 um, with 15 um on the beryllium side and 50 pm on the copper side. Notably, a CuBe, intermetallic compound zone
can form in the diffusion weld, which should be considered an adverse factor that reduces the mechanical properties. To theoreti-
cally substantiate the modification of the structure and properties of the diffusion zone, a numerical study of welding was carried out
using a 10 um thick nickel foil spacer, which is readily soluble in beryllium. It was demonstrated that after exposure to temperature-
time conditions at 900 °C for 20 min, a 50 um wide diffusion-bonded joint is formed. Its structure includes two single-phase zones
of solid solutions based on copper and beryllium, as well as two two-phase regions consisting of solid solutions hardened with
intermetallic compounds. Since the weld lacks structural zones consisting solely of intermetallic compounds (unlike when welding
the Be—Cu diffusion pair), there are grounds to anticipate a reduction in the embrittling effect on the weld. The results obtained from
the analytical studies can serve as the foundation for a theoretical prediction method for assessing the quality of diffusion welding
of the beryllium—copper composite.

Keywords: beryllium, copper, iron, diffusion welding, heterodiffusion, diffusion rate, composite, temperature, time, phase composition,
mechanical properties, microstructure

For citation: Syrnev B.V., Maslennikov O.1., Semilutskaya O.V. Establishing theoretical foundations for predicting the structural and
morphological characteristics of diffusion-welded joints of the beryllium—copper composite. Powder Metallurgy and Functional
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OTpaboTka TeOpeTUYeCKUX OCHOB MPOrHO3UpPOBaHUSA
CTPYKTYPHO-MOPPONOrM4eCK1x XxapakTepmucTumK
P Py3sMOHHO-CBapPHbIX LUBOB KOMMNO3MTa
6epunnun-meab
b. B. Coipues “, O. V1. Macnennnkos, O. B. Cemmmynkas
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AHHoTayums. TIpencraBieHsl pe3ysIbTaThl TEOPETHYECKHX M SKCIEPUMEHTAJIBHBIX HCCICIO0BAaHUH KauyecTBa An(QY3HOHHONW CBapKH

KOMIo3uTa Oepuinii—Menp. IIpoBeeHbl YHMCICHHBIE HCCIENOBaHUS mapameTpoB rerepoanddysun nud@y3aHToB M TOIILUHBI
cBapHOro 1mBa napel Be—Cu B 3aBUCHMOCTH OT TEMIIEPaTypHO-BPEMEHHBIX PEKUMOB. B pe3ysbrare aHUIUTHYECKUX UCCISI0BaHUH
OBLIO YCTAaHOBJIEHO, 4TO TOMNIIHHA Au(dy3roHHOro miBa B cThike Be—Cu m3Mensercs ot 26 10 345 MKM MpH yBEIUYCHHU TeMIIe-
parypsi ¢ 800 1o 1000 °C u Bpemenu Boiaepkku — ot 20 1o 120 mun. PacueTnast Tonmuna cinost npu 1uddy3noHHON cBapKe mapsl
Be—Cu npu # = 800 °C B Teuenue 2 4 coctaBiseT 65 MKM: 15 MKM co cTopoHb! 6epuimust 1 50 MKM co cTopoHsl Meau. Obpamiaer
Ha ce0sl BHUMaHHE BEPOATHOCTh 00pa3oBanus B N1 (y3MOHHOM IIBE 30HBI HHTEPMETAJLIHAHOrO coemunenns CuBe,, uto Apisercs
HEOIaronpusATHBIM (paKTOPOM, CHIIKAIOLIUM MEXaHHYeCKHe CBOMCTBA. [l TEOPETHUECKOro 000CHOBAaHUS MOAU(UKALMN CTPYK-
TYpBI U CBOKMCTB I (y3MOHHOI 30HBI MPOBEJICHBI YNUCICHHBIE HCCIIENOBAHHS CBAPKU C HUCIOJIb30BAaHUEM (DOJILIOBOW MPOKIAIKH
TOJIIMHOM 10 MKM U3 MaTepuaa, XOpoIo pacTBOPUMOro B Oepuiutiu, — HUKes. [Toka3aHo, 4To MOciie TeMIIepaTypHO-BPEMEHHOI
skenoszunmu mpu ¢ =900 °C B teuenue 20 mun opmupyercs auddysnonHo-cBapHoi mos mmmpuHoit 50 Mkm. Ero crpykrypa
COCTOMT U3 2 0HO(A3HBIX 30H TBEP/IBIX PACTBOPOB HA OCHOBE MEAU M OEPUILIHS, a TAKXKE JIBYX JABYX(a3HBIX 30H, IPEICTaBISIONINX
c0o00¥1 yrpOYHEHHBIE HHTEPMETAINAAMH TBEPABIC PacTBOPBI. OTCYTCTBHE B IIBE CTPYKTYPHBIX 30H, COCTOSIIMX TOJIbKO U3 MHTEP-
METaUIMAOB (KaK 3TO UMEJIO MecTo Npu cBapke nuddy3nonHoi napsl Be-Cu), NO3BOISET 0XKUAATH CHIKEHUS. OXPYITYUBAIOLIETO
cBapHOii 0B > dekTa. [TonydeHHble pe3yabTaThl QHATUTHYECKUX UCCIEOBAHUI MOTYT CITy’KHTh OCHOBOW METOAMKH TEOpPETHYe-

CKOTO TIPOTHO3MPOBaHMs KadecTBa AU((y3HOHHON CBapKH KOMIIO3UTa OepHILIHii—Meb.

KnioueBbie cnoBa: Gepuiuii, Mesb, xene3o0, Tuddy3noHHas cBapka, retepoauddysus, CKkopocTh AU Qy3un, KOMIO3UT, TEMIIEPaTypa,
BpeMsi, (ha30BbIii COCTAB, MEXaHMYECKHE CBOMCTBA, MUKPOCTPYKTYpa

Ans untnposanus: CripaeB b.B., MacnennukoB O.1., Cemmnynkas O.B. OtpaboTka T€OpEeTHYECKHX OCHOB NMPOTHO3UPOBAHUS
CTPYKTYPHO-MOP(HOIOTHYECKUX XapaKTEePUCTUK TU((Y3NOHHO-CBAPHBIX IIIBOB KOMIIO3HMTA OepwiuIMii-Menb. Hzeecmus 6y306.
Topowxkosas memannypeus u gyuxyuonanvrvie nokpvimus. 2024;18(2):14-22. https://doi.org/10.17073/1997-308X-2024-2-14-22

Introduction

Energy issues have recently become more pressing.
The steadily increasing energy consumption has led to a
drastic surge in the prices of “carbon” fuels such as gas,
oil, and coal. Meanwhile, aspirations for “green” tech-
nologies are constrained by limitations in hydro, wind,
solar, and geothermal energy. Concurrently, scientists
have linked global warming to the use of carbon-based
fuels, making the introduction of a “carbon” tax a rea-
sonable measure.

In light of these developments, scientists are redirect-
ing their focus towards new sources of energy, particu-
larly “hydrogen” and “helium”. Overcoming the appre-
hension surrounding radioactivity, they are also consider-
ing the application and further advancement of nuclear
energy. One promising avenue in this regard is the devel-
opment of the fusion energy industry, which offers sev-
eral key advantages. The process is highly secure, as
accidental power excursions in the power reactor are vir-
tually impossible. Fuel reserves in the form of hydrogen

isotopes are nearly limitless, and the energy processes are
exceptionally eco-friendly compared to traditional ther-
mal and nuclear power plants. International collaborative
research groups are actively engaged in this field, nota-
bly in the “International Thermonuclear Experimental
Reactor” project [1; 2].

The energy generated by thermonuclear reactions
between hydrogen isotopes is released in the form
of neutron energy (14.1 MeV) and helium ions, specifi-
cally alpha particles (3.5 MeV). This energy is absorbed
by a specialized device surrounding the plasma called
the “blanket” and subsequently removed by the primary
coolant. The reactor employs deuterium and lithium
as fuel, with tritium being produced during the fusion
reaction through contact with lithium [3; 4].

In order to create a fusion reactor, an array of sci-
entific and technical challenges must be addressed.
Various components of the reactor are manufactured
from materials with exceptional physical and mechani-
cal properties across a wide range of temperatures and
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loads. These materials must also exhibit erosion and
corrosion resistance in diverse environments while
remaining unaffected by electromagnetic and electric
fields and radioactive radiation, among other factors.
Certain grades of steel, heat-resistant alloys, non-fer-
rous metals like copper, aluminum, beryllium, and tung-
sten, along with super-hard alloys and ceramic-metal
materials, meet these stringent requirements [5—10].

Notably, the inner wall of the toroidal working
chamber, a critical component, is constructed using
beryllium [11-20]. Physicists involved in the develop-
ment determined the optimal design for the blanket, a
three-layer composite consisting of beryllium, a copper
alloy, and stainless steel with an internal channel sys-
tem for water cooling (Fig. 1). The areas where the con-
stituents of the “beryllium — copper alloy — stainless
steel” composite solidify should exhibit high thermal
strength and thermal conductivity. Significant progress
has been achieved in bonding beryllium and copper
through brazing technology [18-20]. Nevertheless,
the diffusion welding technique offers certain advan-
tages [21-24] and, according to the authors, holds
potential for further enhancing the performance prop-
erties of these composites.

The research aimed to perform numerical studies
of the diffusion interaction between composite com-
ponents and to establish a theoretical framework for
predicting the morphology, composition, and structure
of diffusion-welded joints.

Experimental

The mathematical tools developed by the staff
of the Moscow Engineering Physics Institute under
the supervision of Dr. Sci. D. Skorov were used to per-
form diffusion calculations for the interaction between
beryllium and impurities [25]. Principles for shaping

the structure of contact zones in heterodiffusion [26]
were applyed, and reference data on numerical patterns
of diffusion mobility of the elements under investiga-
tion [27] were incorporated. Furthermore, correspond-
ing state diagrams [28] were analyzed to formulate an
engineering algorithm for both qualitative (structure)
and quantitative (width of diffusion and structural
zones) assessments of contact zones within a specific
beryllium—copper—iron composite.

The experimental and analytical studies were con-
ducted in two distinct stages:

1) analytical studies focused on heterodiffusion
parameters (depth and concentration) of elements in
the contact zone of diffusion pairs, with a particular
emphasis on their variation under different tempera-
ture-time conditions;

2) the prediction of the phase composition and sizes
of structural zones as a function of diffusion welding
modes.

In the analytical study of element heterodiffusion,
the concentration of the diffusing element C(z) was
calculated as a function of distance (x) from the ini-
tial boundary of contact between diffusion pairs and
time (1) using equation [25]

exp(-=) -

2
p[ Y jlj
Jrt+1 Y
1Y

V72 +1
[ 2
Jnz erfC(z) —erfC| z vl

C(z) =C(0)

Fig. 1. Model of a fragment of the International Thermonuclear Experimental Reactor first wall

Puc. 1. Maxker ¢parmenra nepsoii crenku UTOP (International Thermonuclear Experimental Reactor)

16



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(2):14-22
Syrnev B.V., Maslennikov O.1., Semilutskaya O.V. Establishing theoretical foundations for predicting ...

X T .

where z = Ex/D’E ,Y= -2 7, and 1, stand for interac-
T

tion time at constant and instantaneous diffusion

sources, respectively; C(0) represents the concentra-

tion of the diffusant element at the contact boundary.

In order to determine the value of C(0), the logic
of contact zone formation during the sintering of dis-
similar, mutually soluble materials was followed by
the researchers [26]. The Be—Cu state diagram revealed
that heterodiffusion at the junction of the diffusion pair
at a temperature of 800 °C produced an intermediate
v-phase CuBe with a variable composition. This phase
contained 11.3 wt. % of Be on the copper side and
86.7 wt. % of Cu on the beryllium side. The specified
phase, along with its corresponding chemical composi-
tion, was considered as a constant source with concentra-
tion values C(0) of the respective diffusant at the inter-
phase under the studied temperature conditions.

The temperature-dependent variation of the dif-
fusion coefficient is represented by the conventional
equation [27]

D= Doexp(—R—QT],

where D is a coefficient that varies depending on
the nature of the element; Q represents the activa-
tion energy for the process, kJ; R is the gas constant;
T denotes temperature, K.

The diffusion coefficients were calculated using
the formulas [27]

Be in Cu: D =0.66 exp[ﬂj, )
RT
Cuin Be: D = 0.084 exp (_198%) (3)

The procedure for solving equation (1) is outlined
in tabular form in [25] and was applied to compute
the concentrations of diffusants as a function of tem-
perature, time, and the distance from the point where
the components of the composite initially make contact.

Results and discussion

The thickness of the diffusion zone, or weld, was
determined as a result of heterodiffusion involving
the elements of Be—Cu model pairs, in relation to tem-
perature and welding time (Fig. 2). Analysis of the dia-
grams reveal that the thickness of the diffusion weld
at the Be—Cu joint varies from 26 to 345 pum, with
an increase in temperature from 800 to 1000 °C and
an extension of the holding time from 20 to 120 min.
Theoretical prediction of the phase composition during

diffusion welding (Fig. 3) was determined by compa-
ring the concentrations of the components (diffusant
and matrix metal) calculated using formulas (1) to (3)
with the Be—Cu state diagram.

The calculated layer thickness of the Be—Cu pair
during diffusion welding at 800 °C for 2 h measures
65 um: 15 and 50 pm on the beryllium and copper
sides, respectively. It’s worth noting that the forma-
tion of intermetallic compounds is possible in the dif-
fusion weld. Under the specified welding conditions
(800 °C for 2 h), the resulting diffusion weld exhi-
bits a multiphase structure, as shown in Fig. 3. At its
periphery, solid solutions based on beryllium (ay, ) and
copper (o, ), are expected to form, while the CuBe,
intermetallic compound zone and two-phase regions
0y, + CuBe,, B, +CuBe, a., +B., should emerge
closer to the initial contact boundary.

Cooling to 20 °C is expected to lead to a reduction
in the number of phases. The B phase will disappear,
and the regions containing copper- and beryllium-
based solid solutions will contract. At room tempera-
ture, the 65-um thick diffusion zone, which includes
CuBe, and CuBe intermetallic compounds alongside
solid solutions, will remain intact (see Fig. 3).

In order to assess the quality of diffusion bond-
ing, an experimental validation was conducted.
Cylindrical blanks, each 50 mm in height with a diam-
eter of 100 mm, were fabricated using beryllium grade
TGP-56 and M3 copper. After surface cleaning via
etching, the Be—Cu cylindrical blocks were assembled.
Diffusion welding [24] took place in a laboratory hot-
pressing furnace under vacuum conditions (1.33 Pa)
at temperatures ranging from 700 to 850 °C for 2 h,
all while subject to uniaxial compression at a pres-

[l 300-350

o 350 [ 250-300

S S0 [l 200-250

o [] 150-200
o 5 250 [ 100-150
$= 200 [ 50-100
% '% 150 120 [l 0-50
5z 100
EE 100

ks

> 50 &

= $

= 000 &

° 900 20 &8

800

Temperature, °C

Fig. 2. Dependence of the thickness of the Be—Cu
diffusion zone on temperature and time during diffusion
welding (20-120 min)

Puc. 2. 3aBucumocTh ToNUHEL Anddy3nonHoii 30u61 Be-Cu
oT Temneparypsl 1 Bpemenu (20—120 mun)
(G Qy3HOHHON CBapKU
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Fig. 3. Predicted quality parameters of Be—Cu diffusion welds at # =20 and 800 °C,
including diffusion depth, concentration of elements, phase composition, and dimensions of structural zones

Puc. 3. TIpornosupyemsle napameTps! kauectsa 1 Py3HoHHO-cBapHbIX 11BoB Be—Cu
(rnybuna nuddy3un, KOHIEHTPALHS 2JIEMEHTOB, (a30Bblii COCTAB U pa3Mepbl CTPYKTYPHBIX 30H) mpu ¢ =20 u 800 °C

sure of 10 MPa. The integrity of each blank’s joint was
evaluated based on the outcomes of mechanical ten-
sile tests performed on three samples (as depicted in
Fig. 4). The results are provided in the Table below.

The analysis of the data obtained reveals that,
in all cases, the samples were damaged at the junc-

Fig. 4. Mechanical test samples

Puc. 4. O6pa3siibl Is MEXaHUUECKUX HUCTTBITAHUN
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ture of the ingredients intended for welding, where
the CuBe, embrittling intermetallic phase was formed
during the diffusion interaction (Fig. 5). For this rea-
son, the level of joint’s mechanical properties did not
surpass 50 % of the values for the matrix metal which
is beryllium.

Be—Cu diffusion-welded bimetal samples'
mechanical test results

Pe3ysibTaTbl MeXaHUYeCKHX HCILITAHMI 00pa3LoB
u3 1u¢¢y3noHHo-cBapHoro 6umerania Be-Cu

Welding Relative s};Zr;Slilel Offset yield
temperature, °C | elongation, % MPga ’ point, MPa

The samples were destroyed during

700 manufacturing process

750 0.6 185 172
800 - 120 -
850 The samples were destroyed during

manufacturing process
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Fig. 5. Microstructure (x200) of Be—Cu weld after diffusion welding at # = 800 °C for 2 h

Puc. 5. Mukpoctpykrypa (%200) cBaproro mBa Be—Cu nociie nuddysunonnoit ceapku mpu ¢ = 800 °C, 2 4

Therefore, the underlying issue with the designed
composite lies in the fact that the Be—Cu zone, which
emerges in the weld structure, comprises grains
of the CuBe, intermetallic compound exclusively. This
can result in the embrittlement of the welded joint and
a subsequent reduction in its mechanical characteristics.

In order to address this structural flaw, further
numerical studies were carried out with an aim
to employ foil spacers made from metals that readily
dissolve in the materials of the diffusion pair. These
metals must have a melting point not lower than that
of copper and should not form structural single-phase
regions consisting solely of intermetallic compounds.
The thickness of these spacers is also a critical fac-
tor. During the process of heterodiffusion, the spacer’s
material should dissolve within the major components
(beryllium and copper).

Hence, the decision was made to employ a 10 pm
thick nickel foil spacer, which was hypothetically posi-
tioned between the beryllium and copper materials.
Subsequently, numerical studies were conducted based
on the aforementioned algorithm. To calculate diffu-
sion coefficients [27], using the relationships (2)—(7):

CuinNi: D = 7.0exp(ﬂjj, @)
RT

Niin Cu: D=1.95ex ( 236 ij %)
RT

Niin Be: D =2. 24exp( 247 kJ), (6)
RT

Bein Ni: D =0. 02exp[ 193 ij (7
RT

heterodiffusion parameters, including depth, concen-
tration, and the thickness of diffusion zones formed
during welding within the temperature range of 800—
1000 °C for 20-120 min, were determined employing
equation (1) (Fig. 6).

Analysis of the diagrams (refer to Fig. 4 and 6)
reveals that a diffusion zone, similar in thickness
to the one achieved by Be—Cu welding (at = 800 °C
for 2 h), can be attained by welding with a nickel spacer
at =900 °C for 20 min. The predicted concentration
of elements and the structure of the weld are presented
in Fig. 7.

At a welding temperature of 900 °C, the diffu-
sion layer encompasses two zones comprising solid

I 250-300
Il 200-250
[ 150-200
[ 100-150
° g [ 50-100
g 7 Il 0-50
= B
© >
% = 120
25 100
[SERZ]
R= -§
=
=3 g

0
1000
900

T 800
Mperature, o

Fig. 6. Dependence of the thickness of the Be-Ni—Cu
diffusion zone on temperature and time during diffusion
welding (20-120 min)

Puc. 6. 3aBucumMocTb ToMIMHBL 1} (Y3HOHHON 30HEI
Be—Ni—Cu ot temneparyps! 1 Bpemenu (20—120 mun)
1 dy3noHHON cBapKH
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Fig. 7. Predicted quality parameters of Be-Ni—Cu diffusion welds at # =20 and 900 °C, including diffusion depth,
concentration of elements, phase composition, and dimensions of structural zones

Puc. 7. TIporHo3upyembie napamMeTpsbl kadectBa anddy3nonHo-cBapubix mBoB Be—Ni—Cu (miyduna nquddysum,
KOHIICHTPALIUS JJIEMEHTOB, (pa3oBBIil cOCTaB M pa3Mepbl CTPYKTYPHBIX 30H) npu ¢ =20 u 900 °C

solutions based on copper a., and beryllium oy, .
Additionally, there are two zones with structures rein-
forced by intermetallic compounds, specifically CuBe
and NiBe. However, upon cooling to room tempera-
ture, the oy, zone disappears, leaving three distinct
structural zones: o, + CuBe, o, + NiBe and a, (refer
to Fig. 7).

Notably, what stands out is that the formation
of single-phase regions consisting solely of interme-
tallic compounds is not anticipated in the structure
of the diffusion-welded joint. This outcome should
be considered a positive effect stemming from the uti-
lization of a nickel spacer in Be—Cu diffusion welding.

Conclusions

Based on the numerical studies and theoretical pre-
diction, the following conclusions can be drawn.

1. When diffusion welding the beryllium-copper
model pair at 800 °C for 2 h, a diffusion solidification
zone, 65 um in width, is expected to form. This zone
will consist of beryllium-based solid solutions o, and
copper-based solid solutions o, two-phase regions
0y, T CuBe,, a. + CuBe, and a layer of CuBe, inter-
metallic compound.

2. The presence of a single-phase region composed
of CuBe, intermetallic compound in the structure
of diffusion-welded joint should be considered a detri-

20

mental factor that makes the weld brittle and reduces
its overall quality.

3. The introduction of a 10 pm thick nickel spacer
between the welded beryllium—copper elements allows
for the modification of the studied joint by eliminating
the single-phase intermetallic region from the weld
structure.

4. Following additional experimental validation,
the results obtained from the analytical studies can serve
as the foundation for a method to theoretically predict
the structural and morphological quality of beryllium-
copper diffusion-welded joints. This prediction method
encompasses phase composition and the size of struc-
tural zones within the diffusion welds.
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Phase composition, structure and properties
of B,C-TiB, ceramics produced by hot pressing
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Abstract. Composite ceramic materials based on B,C with the addition of TiB, in amounts of 0, 10, 20, 25 and 30 mol. % have been
studied. Titanium diboride was synthesized from TiO, powder and nanofibrous carbon using the boron carbide method in an induc-
tion furnace at 1650 °C in an argon atmosphere. The samples were produced by hot pressing at 2100 °C and 25 MPa in an argon
environment. The phase composition was determined, and the apparent density and open porosity of the experimental materials
were measured. The microstructure was assessed using optical and scanning electron microscopy. The investigations revealed
that an increase in the TiB, content reduces the open porosity while concurrently enhancing the relative density of the boron
carbide ceramics. For a sample containing 30 mol. % TiB,, the open porosity and relative theoretical density were 1.6 and
99 %, respectively. Using XRD and XRS analyses established that the synthesized materials are comprised of two phases: B,C
and TiB,. The average grain size of TiB, was 0.85 + 0.02 um for the sample with 10 mol. % TiB, and 8.90 + 0.25 um for the mate-
rial with 30 mol. % TiB,. It was found that at higher TiB, concentrations, large clusters of grains are formed. The destruction
pattern of B,C grains is intragranular, while TiB, grains are characterized by intergranular destruction. For a sample containing
30 mol. % TiB,, the fracture toughness was 4.97 + 0.23 MPa-m®, and the hardness was 3320 £ 120 HV ;. Therefore, the addi-
tion of TiB, at these specified concentrations facilitated a 30 % enhancement in fracture toughness relative to single-phase B,C
while preserving a high level of hardness.

Keywords: composite ceramics, B,C, TiB,, fracture toughness, crack deflection
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®a3oBbiM COCTaB, CTPYKTypa U CBOUCTBaA
B,C-TiB,-kepaMuku, nonyyeHHOM ropsymM npeccoBaHneM

P. P. Xa6upos'®, H. 10. Yepkacosa', T. C. I'yapima’, ¥0. JI. Kpyrckmit’,
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AHHoTaywms. ViccrnenoBanbl KOMIO3UITMOHHBIE KEPAMUYECKHE MaTepUaibl Ha OCHOBE B,Cc Jno0aBiIeHneEM TiB2 B konuuectse 0, 10,

20, 25, 30 mon. %. Jlubopua TuTaHa ObLT CHHTE3MpOBaH M3 nopomika TiO, ¥ HaHOBOJNOKHHCTOTO yriepoaa KapOoua000pHBIM
METO/IOM B MHJYKLHOHHOW reun mpu temmneparype 1650 °C B motoke aprona. OOpasiibl Mogy4eHbl METOOM TOPSYero mpecco-
Banus npu Temneparype 2100 °C u gasnenun 25 MIla B atmocdepe aprona. OnpenesneH (a3oBblii cocTaB 1 U3MEPEHBI Kaxy-
mrasacsa MJIOTHOCTb U OTKPbITasd MOPUCTOCTh SKCIICPUMEHTAJIbHBIX MAaTr€puajioB. MHKpOCprKTypy OLICHUBAJIM METOAAaMH OIITHYC-
CKOM M PacTpOBOM 3NEKTPOHHOH MHKPOCKONHUHU. BhIsABIIEHO, UTO yBeMMueHHe cofepskanus TiB, cHuKaeT OTKPHITYI0 MHOPUCTOCTh
¥ yBEJIMYMBAET OTHOCHTENIbHYIO MJIOTHOCTh KEPaMHUKM Ha OCHOBE kapOuja Gopa. s obpasua, conepsxamntero 30 mon. % TiB,,
OTKpPBITasi MOPUCTOCTh U OTHOCHUTENIbHASI OT TEOPETUYECKON IIOTHOCTH cocTaBuiau 1,6 % u 99 % coorBercTBeHHO. MeTogamu
PEeHTreHo()a30BOr0 1 MUKPOPEHTICHOCIIEKTPAILHOTO aHATM30B YCTAHOBIICHO, YTO MOJyYSHHbBIC MaTePUaIIbl COCTOST U3 ABYX (a3 —
B,C u TiB,. Cpennuit pasmep 3epen TiB, cocrasun 0,85 + 0,02 MxM a5t o6pasua ¢ 10 mon. % TiB, u 8,90 = 0,25 mxm s Mate-
puana ¢ 30 mon. % TiB,. YcranosneHo, uto npu Gosee BbICOKOH KoHIeHTpaluu TiB, oOpasyroTcs KpynHbIe CKOTUIEHHS 3€PEH.
Xapaxtep paspyuienus B,C-3epen — BHyTpusepeHHslii, a 11 TiB,-3epen XapakTepHo Mexk3epeHHoe paspymenue. s odpasua,
coxepxamero 30 mon. % TiB,, TpemuHocTOlKOCTE coctaBuna 4,97 + 0,23 MITa-m™, TBepmocts — 3320 + 120 HV ;. Taxum
o0pasom, ob6aeka TiB, B TakoM KoJMYECTBE TO3BONIMIA YBEIUYUTh TPEIIMHOCTORKOCTE Ha 30 % 110 CpPaBHEHHUIO ¢ OIHO(A3ZHBIM

B,C 1 cOXpaHuTh BLICOKUH yPOBEHDL TBEPIOCTH.

Kniouessbie cniosa: komnosuuuonnas kepamuka, B,C, TiB,, TpelmMHOCTONKOCTh, OTKIOHEHHE TPENIUHEI

BnaropgapHocTy: Vccienosanus mposeaeHsl Ha obopynoBanuu LIKIT «Ctpykrypa, MexaHu4deckue u GU3u4ecKre CBOWCTBA MATEPHAIIOB

HI'TY. (Ne 13.11KI1.21.0034, 075-15-2021-698).

Ansa yntnposanms: Xadupos P.P., Uepkacosa H.1O., I'yneiva T.C., Kpyrckuit FO.J1., Macc A.B., Oruesa T.C., Ky3smun P.U., Anucu-
MoB A.I. @a3oBhIii cocTas, cTpykTypa U cBoiictBa B,C-TiB,-kepamuku, MOTy4eHHON ropsauM MpeccoBaHueM. Mzsecmus 6y306.
Topowkosas memannypeus u gyukyuonanvhvie nokpovimus. 2024;18(2):23-34. https://doi.org/10.17073/1997-308X-2024-2-23-34

Introduction

Ceramics based on B,C are garnering significant
interest from the research community due to their dis-
tinct combination of properties, including a high level
of hardness (50 GPa) and low density (2.52 g/cm?), posi-
tioning them as a promising candidate for the fabrication
of sandblasting nozzles [1-3].

Achieving a density in B,C ceramics that approxi-
mates the theoretical maximum is challenging due
to the presence of strong covalent B—C bonds, a low
self-diffusion coefficient, and substantial resistance
to grain boundary slippage. B,C also presents limita-
tions in terms of its relatively modest fracture tough-
ness (3.1-3.2 MPa'm®%) [4] and bending strength
(475-579 MPa) [5].

Suppressing the growth of B,C grains through
the establishment of a two-phase structure has been
shown to enhance sintering conditions, thereby facili-
tating the production of ceramics with a relative den-

24

sity nearing the theoretical ideal [6; 7]. Furthermore,
the development of composite materials derived from
boron carbide impacts the pattern of destruction.
Introducing dispersed particles that exhibit greater
plasticity into the B,C matrix promotes the dissipation
of crack energy within the ceramics [8], culminating in
an increase in material fracture toughness [9].

Titanium diboride is frequently utilized as an
additive that favorably influences the characteristics
of B,C ceramics. The B,C-TiB, system is character-
ized by an absence of significant mutual solubility,
with TiB, establishing a mechanical mixture alongside
B,C. A composition comprising 75-78 mol. % B,C and
22-25 mol. % TiB, aligns with a eutectic point that has
a melting temperature of 2200 °C [10; 11]. Consequently,
the sintering process for the B,C-TiB, composite mate-
rial is executed at a reduced temperature, resulting in
a structure that features isolated TiB, grains dispersed
throughout a polycrystalline B,C matrix [12]. The coef-
ficients of linear thermal expansion for titanium boride
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and boron carbide are markedly different (5.5-107° °C~!
for B,C, 7.8:10° °C™! for TiB,) [13]. In this regard, in
such materials, upon cooling after sintering, residual
stresses arise, which, according to the authors of [14],
reach 1 GPa. Therefore, upon cooling after sintering,
residual stresses emerge within the material, which, as
suggested by [14], can reach up to 1 GPa. Here, not
only the magnitude but also the distribution of these
stresses is of critical importance. Tensile stresses and
microcracks tend to form along the grain boundaries,
whereas the compressive stresses within B,C crystal-
lites act to inhibit their growth and the subsequent
development of macrocracks [15]. This stress distribu-
tion significantly contributes to the elevated fracture
toughness observed in these ceramics [16; 17].

B,C-TiB, composites produced via hot pressing (HP)
attain a relative density of 99.8 % and a fracture tough-
ness of 9.4 MPa-m°>, albeit with a slight reduction in
hardness (26 GPa) when contrasted with additive-free
B,C [5; 14; 18-21]. It has been observed that the in-
situ formation of titanium diboride within the mate-
rial — arising from the synthesis of B,C, TiB,, and car-
bon during ceramic sintering — contributes to enhanced
mechanical properties of the sintered composite relative
to composites incorporating directly added TiB, pow-
ders [5; 14; 22]. Nevertheless, the mechanisms govern-
ing the evolution of the microstructure of B,C ceramics
with varying concentrations of TiB, additive, as well as
its impact on the properties of the composites, remain
insufficiently elucidated in the literature.

In the studies reported in [6], the properties and
microstructure of B,C ceramics were analyzed in cor-
relation with the concentration of the TiB, additive.
An increase in fracture toughness was observed with
an increase in TiB, content beyond 10 %; however,
the incorporation of more than 30 mol. % TiB, resulted
in diminished hardness and bending strength, attribut-
able to the intrinsically lower strength attributes of TiB,.
Additionally, an elevated TiB, content exceeding
30 mol. % was correlated with a decrease in the com-
posite’s relative density [12; 23], potentially due to TiB,
limited sinterability [6].

In the current research, TiB, was synthesized through
the boron carbide method using B,C, TiO,, and a carbo-
naceous agent. Typically, acetylene black with a specific
surface area (Ssp) of approximately 50 m?/g is utilized
as a carbon source in the synthesis of refractory oxy-
gen-free compounds. In this instance, nanofibrous car-
bon, also with an S_ of around 50 m*/g, was employed.
The use of carbon materials with an expansive specific
surface area is known to expedite solid-phase reactions,
hence their application represents a promising avenue in
the exploration of methodologies for synthesizing com-
posite ceramics [24].

The objective of this study is to delineate the patterns
in the formation of phase composition, microstructure,
and properties of B,C composite ceramics that incorpo-
rate TiB, synthesized with the aid of nanofibrous carbon.

Materials and methods

Highly dispersed B,C powders (98.5 % purity, 2.1 um
particle size), synthesized according to the method given
in [25], TiO, (99 %, purity, 1 um particle size) and nano-
fibrous carbon (99 % purity) were utilized as the initial
components. The latter consisted of granules 0.4-8.0 mm
in size, which were composed of intertwined fibers
with an average diameter of 73 nm, and was produced
by the catalytic decomposition of natural and hydro-
carbon gases [26]. To enhance reactivity, the nanofi-
brous carbon granules were pre-milled in an AGO-2S
planetary mill for 5 min at an acceleration of 15g and
a ball-to-material weight ratio of 15:1. The drums and
milling media were made of ZrO,. The average particle
size of the nanofibrous carbon granules post-milling was
3.9 um. The proportions of the initial powders in the mix-
ture were calculated to facilitate the formation of 10, 20,
25 and 30 mol. % TiB, in the sintered ceramics. Samples
of B,C without additives were also prepared.

The composition of the powder mixtures was deter-
mined based on an analysis published data. Titanium
diboride was synthesized in a solid phase reaction using
the boron carbide method [27], according to the follow-
ing reaction [22]

(1-0.5x)B,C +xTiO, + 1.5xC =
= (1 -x)B,C +xTiB, + 2xCO,

where x is the mole fraction of TiB, in the mixture.

The mixing of boron carbide, titanium oxide, and
nanofibrous carbon powders occurred in an AGO-2S
planetary mill for 5 min at an acceleration of 20g, using
a ball-to-material weight ratio of 30:1. Only powders
that had been sieved through a 100 pm mesh were used.
The synthesis of TiB, was performed in an indirect
heating induction furnace under an argon atmosphere
at 1650 °C, with a dwell time of 20 min. The median
particle sizes (d,) for the synthesized powders contain-
ing 10, 20, 25 and 30 mol. % TiB, were 7.4, 8.3, 8.4 and
13.4 um, respectively.

The synthesized powders were employed to fabricate
samples by hot pressing (HP) at 2100 °C under a pres-
sure of 25 MPa in an argon atmosphere. The HP process
lasted for 70 min, with a dwell time at the maximum
temperature of 25 min. The dimensions of the sintered
samples were 20 mm in diameter and 4 mm in height.
The HP parameters were chosen with consideration

25
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of published findings. For instance, research detailed
in [28] indicates that a HP temperature of 2100 °C yields
the highest relative density in ceramics. Other stu-
dies [29; 30] have also conducted hot pressing of B,C
ceramics at this temperature.

Diffraction patterns were captured using an ARL
X TRA diffractometer (Thermo Scientific, Switzerland)
equipped with a 6-0 goniometer. The end surfaces
of the samples which had been cleared of any residues
from the graphite paper used as a separator during the hot
pressing process, were photographed after a meticulous
grinding process.

The phase composition was determined utiliz-
ing the corundum number method. A profile analysis
of the diffraction pattern was carried out in the Fityk
software package (Poland) to assess the integral inten-
sity of the largest phase peaks. The weight fraction
of the phases was calculated according to the formula

max
I k

RIR,

W, = ]lmax R

2 RIR,

where /;™ is the integral intensity of the largest peak
of the given phase, RIR, is the corundum number of that
phase.

The apparent density and open porosity of the cera-
mics were measured by hydrostatic weighing. The rela-
tive density was determined as the ratio of the apparent
density to the theoretical value:

P = 22100 %.

theor

The theoretical density for each composite was cal-
culated using the rule of mixtures, referencing the X-ray
density values of the components found in the literature
B,C (2.5 g/lem®) and TiB, (4.5 g/cm?) [31-33].

The average particle size of the powder was deter-
mined using a MicroSizer 201 VA Instrument laser par-
ticle size analyzer (VA Instalt, Russia). Microstructural
examination was performed on polished sections and
fracture surfaces employing EVO 50 optical and scan-
ning electron microscopes (Carl Zeiss, Germany).
To enhance the electrical conductivity of the samples
under investigation, a copper layer approximately 20 nm
in thickness was sputtered onto the polished surfaces.
The chemical composition of the samples was analyzed
through energy dispersive X-ray spectroscopy (EDX)
using the INCA X-ACT system, and maps depicting
the distribution of chemical elements were generated.

26

Hardness and fracture resistance measurements were
conducted utilizing a 402MVD hardness tester (Wolpert
Group, Germany) equipped with a diamond tetrahedral
Vickers pyramidal indenter. Hardness was measured
by the Vickers method under an indenter load of 500 g,
while fracture toughness tests were administered with
a load of 5 kg. The values of this index were initially
computed using various methods, inclusive of equations
from [34; 35]. The utilization of equations that con-
sider Young’s modulus (£) yields more accurate values
of the critical stress intensity factor (K, ), especially
when investigating composite materials with significant
discrepancies in E values. Employing simplified equa-
tions often results in overestimations that deviate sub-
stantially from actual values [36]. Consequently, most
literature concentrating on the evaluation techniques for
calculating the critical stress intensity factor use equa-
tions that include Young’s modulus [34; 35]:

-0,5 -0,4 0.5
H H a>
K]c =0. 048(1\] [ Y \J i s
a Eo 0]

where H is the hardness, GPa; [ is the crack length,
um; a is the indentation half diagonal, um; ¢ = 3 is
the constant.

The Young’s modulus of the experimental materials
was determined using the rule of mixtures:

where £, and E; are the Young’s modulus values of B,C
and TiB,, respectively, GPa; m, and m; are their weight
fractions, %.

For these calculations, the values of Young’s modu-
lus for hot-pressed B,C (450 GPa) and TiB, (530 GPa)
were taken from [31-33].

Results and discussion

Open porosity
and density of composite
ceramic materials

The study evaluated the impact of varying tita-
nium diboride concentrations on the alteration of (p,)
and open porosity (P). The findings are illustrated
in Fig. 1. In the B,C ceramics devoid of additives,
a high p_, was observed at 97.66 + 0.49 %, with
P =10.07 +£0.02 %. These figures confirm the appropri-
ateness of the selected hot pressing parameters, which
facilitated the production of low-porosity ceramics.
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Fig. 1. Relative density (@) and open porosity () of experimental
materials as a function of the amount of TiB, additive
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Nevertheless, the sample containing 10 mol. % TiB,
exhibited a lower prel and increased P.

With the escalation of TiB, content to 30 mol. %,
there was a 15 % increase in relative density and a 42 %
reduction in open porosity in comparison to the speci-
men with 10 mol. % TiB,. The resulting material’s
relative density is on par with that of composite B,C
ceramics reported in other studies [6; 7; 37].

Phase analysis

Fig. 2 presents the X-ray diffraction pattern
of a composite material consisting of boron carbide and
30 mol. % titanium diboride, which is characterized by
the highest relative density. The sample’s composition
by weight percentage is: 65B,C, 31TiB, and 4C.
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Fig. 2. XRD pattern of B,C ceramic sample with 30 mol. % TiB,

Puc. 2. PentrenoBckast udpakiioHHas KapTHHA
obpasua kepamuku B,C ¢ 30 mon. % TiB,

Graphite paper served as a barrier between the punch
and the powder during hot pressing. It is possible that
particles of the graphite penetrated into the more pro-
found pores evident on the sample’s surface. This could
account for the carbon reflection observed in the dif-
fraction pattern.

The lack of TiO, reflections in Fig. 2 suggests
the complete reaction of the starting powder materials.
Furthermore, the absence of ZrO, reflections implies
that there was no significant attrition of the milling
media during the milling process.

Microsrtructural study

The microstructure of composite ceramics with
a 30 mol. % addition of TiB, comprises a matrix (appea-
ring gray in images) interspersed with light-colored clus-
ters of varying sizes (Fig. 3, a). To elucidate the consti-
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Fig. 3. Results of EDX analysis of ceramics
containing 30 mol. % TiB,

a — general view of the investigated area, b — EDX spectrum
Puc. 3. Pesynsrarsl EDX-aHann3a KepaMuKH,
comepxameit 30 mom. % TiB,

a — o01Mii BU]] MCCIIeayeMol o0nacTu,
b — XapaKkTepuCTUYECKUIT PEHTTE€HOBCKHUN CIIEKTP
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Fig. 4. Microstructure of B,C samples with 10 mol. % () and 20 mol. % (b) TiB, additions

Puc. 4. Muxpoctpyxkrypa o6pasuos B,C ¢ no6askoii TiB, B komruectse 10 momn. % (a) u 20 mon. % (b)

tuents of the structure, maps detailing the distribution
of chemical elements were generated, and reflections
indicative of boron and titanium were observed within
these light clusters (Fig. 3, b). Consequently, these clus-
ters have been identified as the TiB, phase. The absence
of zirconium in the spectral analysis further corroborates
the lack of significant wear on the grinding media during
processing.

50

Fraction of grains, %

10

TiB, grain size, pm

Fig. 5. Histogram plot of TiB, grain size
distribution in sintered ceramics:
110 mol. % TiB,; 2 - 20 mol. % TiB,;

3 25 mol. % TiB,; 4 — 30 mol. % TiB,

Puc. 5. Y4acTOK THCTOrpaMMBbl PacIIpeaeeHus
pasmepa 3epen TiB, B cieueHHON KepamMuKe:
110 mom. % TiB,; 2 — 20 momn. % TiB,;

3 —25 mon. % TiB,; 4 — 30 mon. % TiB,
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The material with 10 mol. % TiB, exhibits a low rela-
tive density and elevated open porosity, which is attributed
to the large number of pores (Fig. 4, a). TiB, grains are
evenly dispersed throughout the B,C matrix. However, an
increase in TiB, content is associated with the emergence
of larger aggregates of this phase (Fig. 4, b).

Fig. 5 provides histograms that portray the distri-
bution of TiB, grain size across composites of varying
compositions, while an accompanying table lists their
mean size (davg) along with the d, and d,, statistics.
The grain size distribution curves for the composite
ceramics exhibit a unimodal configuration with a single
pronounced peak. A lognormal function was employed
to model the distribution curve of TiB, grain sizes in
the fabricated materials.

With an increment in TiB, content within the mate-
rial’s composition, there is a corresponding increase in
the average size of the diboride grains, as well as the for-
mation of large clusters. In the specimen containing 10
mol. % TiB,, the largest grain clusters do not exceed
4.5 um. The restricted range of size distribution in this

Average size and parameters
d,, dy, of TiB, grains
in B,C + TiB, ceramic samples
Cpennuii pazmep 1 napaMeTpsl
dg, d,, 3epen TiB, B 00pasuax
Kommnosuuuonnoi kepamuxu B,C + TiB,

TiB,, mol. % davg, pm dgy, pm | dy,, pm
10 0.85+0.02 0.72 1.37
20 2.05+0.04 1.62 3.47
25 2.40+0.09 1.40 5.26
30 8.90+0.25 1.82 35.89
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ceramic suggests a uniform growth of the second phase
inclusions. Conversely, clusters measuring up to 320 um
were identified in the sample with 30 mol. % TiB,.
The distribution function graph for the TiB, grain sizes in
this sample demonstrates an asymmetrical profile, with
a considerable presence of coarse grains, as indicated
by the elevated d,, values. Meanwhile, the d, para-
meter shows only a minor increase with the rise in TiB,
concentration. Therefore, the microstructure of the cera-
mics is characterized by a combination of uniformly
distributed fine TiB, grains and larger grains and clus-
ters. This phenomenon is likely due to the high degree
of agglomeration present in the initial powder mixtures
and the subsequent growth of these agglomerates during
the TiB, synthesis process.

Microstructural images from studies [18; 23] also
affirm that the size of grain clusters for this phase
expands as the TiB, concentration increases. Findings
by researchers in [38] demonstrate that employing finer
B,C powder aids in creating fine-grained B,C-TiB,
ceramics with a more homogeneously distributed TiB,
phase.

To mitigate the inhomogeneity of the grain structure,
it is advisable to extend the milling duration of the pow-
der mixtures prior to the synthesis of TiB, powder, and
also to perform additional milling of the synthesized
powder mixture.

Mechanical properties

The incorporation of TiB,, which possesses a lower
hardness than B,C, results in a decrease in the hardness
of the B,C-TiB, composite as depicted in Fig. 6 and
corroborated by numerous studies [7; 15]. The dimini-
shed fracture toughness observed in samples contain-
ing 10, 20, and 25 mol. % TiB, additives is attributed
to their high open porosity and low relative density.
The presence of large pores within the ceramic matrix
adversely affects its resistance to crack propagation [39].
Nevertheless, enhancing the TiB, content to 30 mol. %
yielded improvements in both hardness and fracture
toughness over materials with lesser additive amounts
and the pure B,C sample.

Research in [6] reported the fabrication of cera-
mics with 30 mol. % TiB, from commercial B,C
and TiB, powders through spark plasma sinter-
ing (P = 50 MPa, ¢ = 2000 °C). The resultant mate-
rial’s relative density was 97.91 % of theoretical, with
a hardness of 28.86 + 0.29 GPa and fracture resistance
of 4.36 + 0.1 MPa-m®3, figures that are inferior to those
achieved in the current study. The authors of [6] suggest
that the decreased performance metrics with TiB, con-
tents exceeding 5 mol. % are due to TiB,’s limited sinter-
ability. In contrast, our study demonstrates an increase in

the relative density of ceramics with rising TiB, concen-
trations, underscoring the enhanced sinterability of tita-
nium diboride synthesized via the boron carbide method
compared to that of commercial powders.

The research presented in [38] involved synthesiz-
ing ceramics using commercial powders of B,C and
30 vol. % (37.5 mol. %) TiB, by hot pressing at 2000 °C
and 35 MPa. This process produced a material with
a uniform distribution of TiB, grains, a theoretical
relative density of 100 %, and mechanical properties
(H,=3042 £ 0.79 GPa, K, = 5.16 = 0.19 MPa-m"")
comparable to those observed in the present study, likely
facilitated by intensive milling for 12 h.

Similarly, [12] describes ceramics with 30 vol. %
(37.5 mol. %) TiB, and 100 % relative density, prepared
from commercial B,C and TiB, powders subjected
to 24 h of grinding and subsequently sintered by spark
plasma sintering at 2000 °C and 60 MPa. This mate-
rial exhibited a hardness of 31 £ 0.5 GPa and a fracture
toughness of 3.75 + 0.25 MPa-m°?,

These comparative analyses indicate that the mecha-
nical properties of the experimental material developed
in this work are competitive with those of ceramics fab-
ricated from commercial TiB, powders. Hence, synthe-
sizing TiB, from relatively inexpensive starting mate-
rials such as TiO,, carbon, and B,C emerges as a viable
strategy to enhance the properties of B,C ceramics.

On the fracture surfaces of the initial B,C sintered
sample (Fig. 7) and the sample containing 10 mol. %
TiB, (Fig. 8, a), transgranular fracture of B,C was
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Fig. 6. Hardness (@) and fracture toughness (Il)
of composite ceramics as a function of amount
of TiB, additive
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Fig. 7. Fracture surface of sintered B,C without additives
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Fig. 8. Microstructure of ceramics with addition of 10 mol. % TiB,

a — fracture surface, b — crack deflection on TiB, grains and agglomerates
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observed. This indicates a significantly strong cohe-
sive strength among the intergranular bonds. According
to ceramic materials fracture theory, the dominance
of a transgranular fracture mechanism positively influ-
ences fracture toughness.

In certain TiB, grains, a variation in the frac-
ture pattern within the intergranular regions is noted
(Fig. 8, b). Similar observations were made in pre-
vious studies [15; 22], especially when a crack transi-
tions from B,C to TiB,. Such variations could stem
from alterations in the crack’s path as it approaches
grains possessing a fracture toughness superior to that
of the B,C matrix. This crack deflection process is likely
to facilitate the dissipation of energy, thereby enhancing
the mechanical properties of the composite ceramics [6].
In the examined material, such crack deflection was dis-
tinctly visible upon interaction with TiB, grains (refer
to Fig. 8, b), accounting for the observed increase in
fracture toughness in the composite with 30 mol. % TiB,
in comparison to the additive-free B,C.

Conclusions

The investigation has established clear trends in
the alterations to the microstructure and properties
of B,C-based composite ceramics as a function of their
composition.

1. X-ray phase analysis has verified that the sintered
composite materials are composed of boron carbide and
titanium diboride. The absence of TiO, reflections in
the X-ray diffraction patterns substantiates the complete
synthesis of TiB,.

2. An increment in the TiB, content results in
an enlarged average grain size of the diboride, with
the formation of substantial clusters ranging between
100320 pum. This phenomenon may contribute
to increased anisotropy in the properties of the ceramics.

3. The prevalent fracture mechanism in B,C is
observed to be transgranular, while TiB, exhibits inter-
granular failure. This distinction underscores a modu-
lation in the trajectory of cracks when encountering
TiB, particles, where crack deviation is associated with
the dissipation of energy, thereby enhancing the com-
posite’s fracture toughness.

4. The material incorporating 30 mol. % TiB, exhi-
bits a synergy of high fracture toughness and hardness.
This composition is distinguished by its elevated relative
density, diminished open porosity, and a robust cohesive
strength among grains.
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Removal of heavy metal ions from industrial (mining)
wastewater using electromagnetically activated
carbonaceous sorbent
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Abstract. Mining wastewater, characterized by elevated salt levels, necessitates effective treatment to prevent contamination of under-
ground and surface water. Traditional methods for treating large volumes of mining wastewater with high total dissolved solids
are expensive, and cost-effective alternatives are limited. In this study, we propose a solution to this challenge: the sorption
of dissolved substances using a carbonaceous sorbent derived from waste, specifically rice husk biochar. To enhance the sorbent’s
efficiency, we subjected it to electromagnetic activation, resulting in increased carbon content (from 43.3 to 78.5 % compared
to the initial biochar), reduced impurities, and particle size reduction to the nanoscale (1-50 nm) with the formation of mesopores
(mean diameter from the adsorption isotherm is 167 A) and micropores (4.92 A). This process contributes to improved composi-
tional homogeneity. The effectiveness of the proposed sorbent was validated through the treatment of wastewater from Kirov Mine
(Novoshakhtinsk, Rostov Region) under laboratory conditions. The removal rates for dissolved heavy metal ions (iron, zinc, manga-
nese) were found to be 89, 84 and 26 %, respectively. A recommended two-stage sorption treatment involves: (1) static sorption using
electromagnetically treated rice husk biochar at a concentration of 0.5 g/dm?; (2) subsequent reagent treatment of the suspension
(SKiF-180 reagent, 1.0 mg/dm?), addition of potassium permanganate for manganese removal, settling for 30 min, and non-pressure
filtration with a rice husk biochar filter.

Keywords: mining wastewater, water pollution, static sorption, dynamic sorption, industrial waste, rice husk, electromagnetic treatment,
activator
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W3BECTUA BY30B

OumncTka NPOU3BOACTBEHHbIX CTOUYHbIX BOJ,
OT NOHOB TSXKeJ1bIX METaINIOB YrNiepoAHbIM copbeHTOM
C 3J1IeKTpOMarHuTHoun obpaboTkomn
(Ha npuMepe WwaxTHbIX BOA)

A. C. Cmonsaanuenko %, E. B. fIkoBieBa

JIoHCKOIi rocy1apcTBEeHHbIH TeXHUYECKHI YHUBEPCUTET
Poccust, 344003, PocroBckast 0011., . PoctoB-Ha-/lony, m. [arapuna, 1
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AHHOTayms. 3arps3HEHHAs [IaXTHas BOAa C OONBIIAM KOJMYECTBOM COJIeW [ellaeT HEHPHIOMHBIMU JUIS XO3SHCTBEHHO-TIUTHEBBIX

HYX]] TIOA3€MHBIE ¥ TIOBEPXHOCTHBIC HCTOUHHKN BOABL. B CBS3M ¢ HEOOXOANMOCTBIO OTPOMHBIX 3aTPAT HAa OYHUCTKY BBICOKOMUHE-
PaTM30BaHHBIX BOJ M HEAOCTATOYHOH Pa3pabOTaHHOCTBIO AEIIEBHIX TEXHOJIOTHI 00e3BPEKUBAHUS KPYIHBIX 00BEMOB MOIBITKH
OYHCTUTH COpAchIBAEMBbIE MM CTEKAIOIIHE HIAXTHBIE BOIBI 10 OE30IACHOTO YPOBHS OKA3bIBAIOTCSI MPAKTHUECKH Oe3pe3ynbrar-
HBIMU. B naHHO# paboTe npeanokeHo 0HO U3 PeIIeHHH 3TOH mpobaeMbl — COpOIHs paCTBOPEHHBIX B BOJE BEIIECTB Ha YIIIEPO.I-
coziepxKaiieM copOeHTe, TTOMyIeHHOM H3 OTXOI0B MPOM3BOACTB. B KauecTBe COpOLMOHHOTO yIIEpOAHOTO MaTeprana MPHMEHEH
OHOyToJb U3 IUIONOBBIX 000JI0YEK 3epeH puca (pucoBoii comomsl). s Hambonee 3¢(eKTHBHOTO NeiCcTBUsA copOeHTa BBIOpaH
CIOCO0 eT0 MOATOTOBKHU MMEKTPOMArHUTHBIM METO/IOM B YCTaHOBKE aKTUBALIUH TIPOIECCOB, YTO TMTO3BOJIMIIO ITOBBICUTH COJEPIKAaHNE
yraepona B copbente ¢ 43,3 1o 78,5 % 1o cpaBHEHHIO C HCXOAHBIM OHOYTIEM, CHI3UTh KOHIICHTPAIIUN B HEM IIPUMeCeii, a Takxke
M3MENBIUTH ero 0 1-50 HM ¢ 06pa3oBaHHeM Me3omop (CpeHmii guamerp mo gecopbuun — 167 A) u mukpomnop (4,92 A), Tem
CcaMBbIM YIy4IIUB OXHOPOAHOCTH cocTaBa. [loaTBeprkaeHa 3(h(HEeKTHBHOCTD MOTYYEHHOTO cOpOEHTa MpHu 00pabOTKE UM CTOYHBIX
Box maxTel M. Kuposa (r. HoBomaxtuuck, PoctoBckast 0011.) B 1a00paTOPHBIX YCIOBHUSX, B YACTHOCTH JOCTUTHYTO CHIDKCHHE
KOJIMYECTBA PACTBOPEHHBIX HOHOB TSDKEIIBIX METAJUIOB — JKelle3a, [IMHKa, Mapranna, Ha 89, 84 u 26 % coorBeTcTBeHHO. PexomMeH0-
BaHa JIBYXCTyINeHYaras copOIroHHas 00padoTka maxTHO# BoabL: (1) cCOpOIHs B CTATHYECKHUX YCIOBHX C IPUMEHEHHEM OUOYTIIS
U3 IUIO0BBIX 000IOYEK 3EPEH PHCa C HIEKTPOMATHUTHOM 06paboTkoi no3oi 0,5 r/mam?; (2) mocnemyromas peareHTHas 06paboTka
nonydennoit cycnensun CKu®-180 mnosoii 1,0 Mr/am?, BBOJ mepMaHraHaTa Kajius C HETbI0 yIaJeHns: CONEPIKALIErOCs Maprania,
3aTeM OTcTanBaHUE B TeueHHe 30 MUH B OTCTOWHBIX COOPYKEHHSAX W JOOYHCTKA (DUIBTPOBaHUEM yepe3 Oe3HANmOpHBIH (GUiIbTp,
3arpyKeHHBI OMOYTIIEM U3 PUCOBOM COTOMBI.

KnioueBble csi0Ba: 1maxTHbIE CTOYHBIE BO/IbI, 3arpsA3HEHHUE BOJOEMOB, COp6HPI$[ B CTaTUYCCKUX YCIIOBUSAX, COpGHI/IH B JTUHAMHYCCKUX

YCJIOBUAX, OTXOAbI MPOU3BOACTB, IIOAOBLIE 000J104KH 3€pEH puca (pI/ICOBaH COJ'IOMa), SJICKTpOMarHuTHas 06p3.60TKa, YCTaHOBKa
AKTHUBallUU MPOLECCOB

BbnarogapHocTy: Viccnenosanns nposezieHs! 3a cueT cpeacts Gonpa conetictsus nanoBanmsiM (P®). Beipakaem GrmarogapHOCTh pyKo-

BOACTBY (DOHI[a 3a q)HHaHCOByIO TIOAJACPIKKY HAYyUIHBIX HM3BICKAaHUI U BO3MOJKHOCTH l'[y6JII/IKaLII/II/I TIOJTYYCHHBIX PE3YyJIbTaTOB.

Ana untupoBanmsa: Cvonsanuerko A.C., SIkosneBa E.B. Ouncrka nmpon3BoJCTBEHHBIX CTOYHBIX BOJ OT HOHOB TSDKEJIBIX METAJIOB

YIJIEPOJHBIM COPOSHTOM C 3IEKTPOMArHUTHOW 00paboTKOM (Ha mpuUMepe LIaXTHBIX BOM). M36ecmus 8y3086. [lopowikosas memaniyp-
eus u QhyHkyuonanvuvie nokpvimus. 2024;18(2):35-44. https://doi.org/10.17073/1997-308X-2024-2-35-44

tion, filtration, and the separation of solid particles
through centrifugal forces. Subsequent stages encom-
pass chemical processes (coagulation, flocculation,

Introduction

Discharge of highly concentrated mining waste-

water into the environment poses a significant hazard
due its elevated levels of heavy metal ions, including
iron, manganese, zinc, nickel and others, as well as high
total dissolved solids (5.0-15.0 g/dm?) [1; 2].

Groundwater contamination by heavy metal ions,
such as soluble Fe?* and Mn(Il) compounds, further
exacerbates the environmental impact. Russian envi-
ronmental standards specify maximum allowable con-
centrations (MAC) for iron (0.3 mg/dm?) and manga-
nese (0.1 mg/dm?) in drinking water [3; 4].

It is essential to recognize that the treatment of mine
wastewater is a multifaceted process. The initial stage
involves mechanical treatment, including -clarifica-

36

sorption, neutralization, decontamination), physi-
cal treatments (ultrasonic, UV, magnetic exposure),
and biological treatments [5; 6]. A mandatory step in
the treatment of mine and quarry wastewater involves
decontamination through chemical methods (ozo-
nation) and physical methods (UV) before discharge
into the environment [7-9].

This study proposes a sorption process for removing
heavy metal ions dissolved in wastewater. The process
utilizes a carbonaceous sorbent derived from agro-
industrial waste and subjected to electromagnetic treat-
ment. The suggested solution can be applied in mining
wastewater treatment plants.
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Fig. 1. The activator

a — general view, b — body

Puc. 1. YcTaHOBKA aKTHBAIMU TPOIIECCOB

a — obmwuii Buz, b — pabounii kopmyc

Materials and methods

We utilized biochar derived from rice husks (rice
straw) as the carbonaceous sorbent. This biochar was
produced by carbonizing pre-washed rice husks in a
muffle furnace at 600 °C for 30 min, followed by treat-
ment in an activator (Fig. 1). A portion of the biochar
was then mixed in distilled water, transferred to a non-
magnetic cylinder containing ferromagnetic particles
with a weight of m =200 g, and subjected to a rotat-

ing electromagnetic field for 30 s within the activator.
Subsequently, it was dried in a desiccator for 4 h at
t =105 °C (Fig. 2).

The rotation of ferromagnetic particles in the elec-
tromagnetic field induces a magnetostrictive effect,
leading to the reduction of oxides on the particle sur-
face. This process results in an increase in the carbon
content of the sorbent from 43.3 to 78.5 %, as compared
to the initial biochar, and a reduction in impurities,
including silicon, from 8.2 to 2.1 % (refer to Table 1).

Fig. 2. The sorbent at each stage of preparation

a — after carbonization of the initial fruit shells of rice grains in a muffle furnace at # = 600 °C;
b — after processing in the PAU; ¢ — after drying in an oven at 7 = 105 °C

Puc. 2. Baetnwuii Buj COpOEHTa HA Pa3HBIX CTAIUSIX MOATOTOBKH

a — nocie KapOOHU3ALMK UCXO/IHBIX TUIOIOBBIX 000JI04EK 3epeH puca B MyhenbHo neun npu ¢ = 600 °C;
b — mocne 06pabotku B YAIL; ¢ — mocie mpocyIiBanus B CyIIHIbHOM mikady mpu ¢ = 105 °C

Table 1. Chemical composition of rice husk biochar samples with and without electromagnetic activation

Ta6numya 1. XuMH4YeCKHI cOCTaB MOJIyYeHHbIX 00pa310B OHOYIVIsI U3 IJIOI0BLIX 000/1049€K 3epeH puca
€ 2JIEKTPOMATHUTHOH 00padoTKOH U 0e3 Hee

Content, wt. %
Sorbent sample
C (0] K Ca | Mg | Na Cl Fe Al
Original biochar 433 1425 | 82 | 1.0 | 1.1 09 | 04 | 0.1 - 2.7
After electromagnetic activation | 78.5 | 18.5 | 2.1 0.5 0.1 0.1 0.1 - 0.1 -
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The alterations in the chemical composition of bio-
char stem from various processes occurring within
the activator. The increase in carbon content can be attri-
buted to the disruption of intermolecular bonds [10].
Additionally, the interaction of SiO, with ferromagnetic
particles leads to the formation of chemical compounds
on their surface layer, resulting in a reduction in silicon
content [11]. The activation process not only pulverizes
the sorbent into the nanoscale range (1-50 nm) but also
generates mesopores (with a mean diameter of 167 A)
and micropores (4.92 A) while enhancing the homo-
geneity of the composition. Following the preparation
of the carbonaceous sorbent as described above, we
assessed its effectiveness for mining wastewater treat-
ment under laboratory conditions.

Table 1 presents the properties of the initial bio-
char derived from rice husks and the biochar following
electromagnetic activation /.

We conducted thermogravimetric analysis (TGA)
of the sorbent, and the summarized results are provided
below:

Ashcontent,% ..................... 35.8
Moisture content, % . .. ........... ... Not found
Specific surface area, m*/g . ........... 7.45
The relative volume of pores

up to 900 A in dia.,cm?/g.......... ... 0.034
Average mesopore diameter

from the adsorption isotherm, A . ... ... 196
Micropore volume, cm/g . ........... 0.0026
Average micropore diameter, A . ... .. .. 4.08
Iodine adsorption, % . .. .............. 24
Methylene blue adsorption, % .. ....... None

The sorbent sample, post-activation, underwent cal-
cination at £ =450 °C for 3 h. During this process, its
color transitioned from black to brown, and there was
a slight reduction in volume. The observed 0.7 % loss
upon heating to 450 °C suggests the potential pres-
ence of a minimal amount of moisture absorbed during
sample preparation. Given the requirement for a very
small sample size (less than 20 mg) in thermal analy-
sis, even a minor influence from ambient air moisture
during sample preparation could impact the results.
Upon heating to 500 °C, the calcined sample experi-
enced almost negligible weight loss. In the temperature
range of 500 to 688 °C, a weight loss of approximately
3.3 % occurred, as indicated by the endothermic effect
in the DSC curve (Fig. 3).

The observed process is likely analogous to trans-
formations occurring at ¢=620+685 °C, involving
the release of chemically bound moisture and some
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Fig. 3. TGA derivatogram of the sorbent sample /

Puc. 3. JlepuBatorpamMmma TepMOrpPaBUMETPUUECKOTO aHAIM3a
o06pasiia / npUroToBICHHOTO copOeHTa

organic volatiles. Continued heating to 950 °C led
to a gradual decline in the rate of weight loss. The resi-
dual weight at 950 °C was determined to be 95.76 %.
Notably, the TGA curve does not reach a plateau, indi-
cating ongoing decomposition of the sample.

In this study, the wastewater sourced from the
Kirov mine (Novoshakhtinsk, Rostov Region) was
employed. The mine generates an estimated daily
volume of approximately 40,000 m® of wastewater,
which is pumped from the mine and directed to the pri-
mary settling basin for the removal of suspended solids.
Despite undergoing clarification, the treated wastewa-
ter remains unsuitable for discharge into the environ-
ment, leading to the imposition of environmental pol-
lution penalties.

An illustration of the mine wastewater composition
post-treatment at the existing treatment plant is provided
in Table 2. Notably, this composition does not adhere
to the stipulated environmental requirements [12; 13].

Our investigation encompassed both the steady-
state and dynamic reduction of dissolved heavy metal
ion concentrations, specifically iron, manganese, cop-
per, and zinc, under laboratory conditions. In static
conditions, a fluid element remains stationary rela-
tive to the sorbent particle, indicating that they move
together. Conversely, in dynamic conditions, the fluid
element moves relative to the sorbent particle, with
the absorbed substance present in a mobile liquid phase
that is filtered through the sorbent layer.

Condlition 1. Static sorption conditions:

— introduction of rice husk biochar, subjected
to electromagnetic treatment, into the original mine
wastewater at various amounts (0.1; 0.3; 0.5; 0.7
and 1.0 g/dm®), followed by mixing in a flocculator
at 45 rpm for 30 min;
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Table 2. Composition of mine wastewater before and after treatment at the existing water treatment plant

Ta6nuya 2. CocTaB HIAXTHBIX BOJ /10 U MOCJI€ CYLIeCTBYIOLIElH BOT0OYHCTKH

Concentration of contaminants, mg/dm?
. Total
Mine . . Petro- H | hard
wastewater | Suspen- | Dissolved | Chloride | Sulfate | Total | Ca*" | Mg(Il) b BICHESS,
. . . . . . BOD, | leum me ea/L
ded solids | oxygen ions ions iron ions ions 9 &¢q
products
Original 52 11.58 443 2805 3.5 386 320 17.5 0.06 7.7 40.1
After 28 10.63 252 2641 095 | 362 | 309 | 25 | 004 | 79 40.1
treatment
Environ-
mental 0.75 4.0 350 500 03 | 35| 20 | 20 | 03 |6585 -
require-
ments”
* Standard values for recreational water and water bodies in populated areas [12; 13].

—treatment of the resulting suspension with
the SKiF-180 reagent, consisting of aluminum poly-
oxychloride as the coagulant and polydiallyldimethyl-
ammonium chloride (PolyDADMAC) as the cationic
flocculant, at a dosage of 1.0 mg/dm?. This treatment
involves stirring for 2 min at 200 rpm and an additional
10 min at 45 rpm;

— allowing the wastewater to settle for 30 min
to facilitate coagulation;

— filtration through a quartzite pressure filter.

Condition 2. Dynamic sorption conditions (filt-
ration):

— treatment of the initial wastewater with the
SKiF-180 reagent (1.0 mg/dm?) through stirring for
2 min at 200 rpm and an additional 10 min at 45 rpm;

— settling the wastewater for 30 min to induce
coagulation;

— filtration through a non-pressure filter containing
rice husk biochar particles sized 1-3 mm.

Results and discussion

All mine drainage samples collected during testing
were analyzed by a certified laboratory, following stan-
dardtestprocedures fortotaliron (PNDF 14.1:2:4.50-96),
manganese (PND F 14.1:2:61-96), copper (PND F
14.1:2:4.48-96), and zinc (PND F 14.1:2:4.60-96).
The laboratory employed a UNICO 1201 spectropho-
tometer (UNITED PRODUCTS & INSTRUMENTS,
USA).

Table 3 presents the concentrations of the men-
tioned chemical elements in mining wastewater after
static sorption using rice husk biochar (condition 7).
A notable reduction in iron ion concentration, ranging
from 44 to 89 % compared to the initial concentra-
tion, was observed. The optimal treatment efficiency

was achieved at a sorbent concentration of 0.5 g/dm?>.
The largest decrease in zinc ion content, by 84 %,
resulted in a concentration of 0.059 mg/dm?. A mar-
ginal drop (4-26 %) in manganese ion concentration
occurred when 0.3, 0.7 and 1.0 g/dm? of the sorbent
were added, while in other cases, the concentration
increased. Therefore, it is recommended to oxidize
manganese using potassium permanganate. To remove
1.0 mg of Mn(Il), 1.88 mg of KMnO, is required.
As the initial copper ion concentration in the waste-
water is below the rated threshold, evaluating copper
removal efficiency is not feasible.

Fig. 4 depicts concentration curves illustrating
the variation of controlled chemical elements (iron,
manganese, zinc, and copper) in relation to the amount
of sorbent (rice husk biochar after electromagnetic
treatment).

Throughout the tests, we monitored the following
parameters:

— redox potential, serving as an indicator of the sub-
stance’s ability to accept or donate electrons (oxidation-
reduction capability);

—total dissolved solids, quantifying the amount
of salts dissolved in water, measured using a TDS-3
meter, and pH levels.

The summarized results of these measurements are
presented in Table 4 and visually represented in Fig. 5.

It is established that when a certain critical thresh-
old of the hydrogen ion concentration (pH) is reached,
doubly and triply charged simple and hydrolyzed cati-
ons react to form practically or poorly soluble metal
hydroxides [14]. However, the measured pH values fall
within the range of 6.15 to 6.39, indicating a neutral
environment. The total dissolved solids (TDS) range
from 258 to 271 mg/dm?, which falls within the category
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Table 3. Results of mining wastewater treatment under Condition 7/

Ta6bnuya 3. Pe3yabTaThbl HCIBITAHUI 00PA00TKH IIAXTHBIX CTOUHBIX BOJ B pexkume /

il min Wastewater after sorbent treatment, g/dm?
Property Ilz)lvt;:tervr&ig}clelig (Removal efficiency, %)
0 0.1 0.3 0.5 0.7 1.0
Totaliron, | 5 ., 5 | 22.82£2.28 | 2034+2.03 | 1888189 | 3.99+0.60 | 17.92=1.79 | 1146 1.715
mg/dm? : ' (37 %) (44 %) (48 %) (98 %) (51 %) (69 %)
Niﬁﬁa' 56194 1 1og 32885 10587356+ 1471 4.150+0.83 | 6.047 + 1209 4.321 +0.864 5.386 £ 1.077
mg /dr;13 ) ’ (6 %) ) (26 %) ) (23 %) 4 %)
Copper, | o 0124 0,002 ©-007 £ 0.002 | 0.008 % 0.002 | 0.023 £ 0.005 | 0.016 % 0.003 | 0.011 £0.002 | 0.012  0.002
mg/dm’ ’ ’ (42 %) (33 %) ) ) (8 %) )
zine, | 376 1og)| 0177%0.060 | 0.064 +0.022 0185+ 0.063 | 0.059%0.02 | 0.147+0.05 | 0.153 +0.052
mg/dm? | : (53 %) (83 %) (51 %) (84 %) (61 %) (59 %)

of low TDS, resembling potable water conditions [15].
Notably, these TDS values exhibit independence from
the amount of sorbent used. Given these findings, it can
be inferred that a broader range of values for pH and
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Fig. 4. Concentrations of iron and manganese (a),
zinc and copper (b) ions vs. sorbent amount

1—-Fe,2—-Mn,3-Cu, 4-Z7Zn

Puc. 4. 3aBUCUMOCTH KOHIICHTPAIIMK HOHOB Kelie3a
n Mapratua (a), unHka u Meau (b) ot xonudecTsa
BBCJICHHOTO COpOcHTa

1-Fe,2—Mn,3-Cu,4—7Zn

TDS may be necessary to establish a relationship with
the amount of sorbent.

Upon introducing the coagulant (SKiF-180 reagent
with pH = 0.5+3.0), the redox potential shifts from neg-
ative to positive, signifying a transition from reducing
to oxidizing water properties. With an increase in sor-
bent quantity, the water’s oxidizing properties intensify.
However, at a biochar dose of 0.5 mg/dm’, the redox
potential decreases from +108 to +50 mV. This reduc-
tion is attributed to the decline in iron concentration at
this specific sorbent quantity (Fig. 5).

140
o 120
g 100
=
£ 80
8
2 60
5
< 40
~

20

1 1 1 1

0 0.2 0.4 0.6 0.8 1.0
Sorbent concentration, g/dm3

Fig. 5. Redox potential of water vs. sorbent amount

Puc. 5. 3aBucumocts OBII 06pabarsiBaeMoii BOIbI
OT KOJIMYECTBA BBEACHHOTO COPOCHTA

Table 4. Results of mining wastewater treatment under Condition

Tabnnya 4. Pe3yabTaThl KOHTPOJISI IAPAMETPOB cpe/bl Mocje 00padoTKu B pe:kume 1

Initial mining Wastewater after sorbent treatment, g/dm?
Property
wastewater 0 0.1 0.3 0.5 0.7 1.0
pH 6.76 6.35 6.39 6.30 6.35 6.15 6.20
TDS, mg/dm? 267 278 258 262 271 266 262
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Using iron as an example, we calculated its removal
efficiency (E, %) and the sorption capacity of the sor-
bent (4, mg/g) using the following formulas:

L_G-ar
m b

(1)

where C, and C are the initial and equivalent concentra-
tions of iron, mg/dm?; V is the volume of the adsorbate
volume, dm?; m is the weight of the sorbent, g;

Nee

0

E

100 %, ©)

where C, and C are the iron concentrations in the initial
and treated wastewater, mg/dm?>.

The results of these calculations are presented in
Table 5.

Based on these computations, we generated curves
illustrating the sorption capacity and iron removal effi-
ciency as functions of the amount of sorbent (Fig. 6).

The results from tests conducted under Condition 2
are presented in Table 6. The most effective removal was
observed for divalent iron, with an efficiency of 98 %,
leading to a residual concentration of 0.6 mg/dm?. While
this slightly exceeds the maximum allowable concen-
tration, it suggests that a two-stage sorption process
may be advisable. Manganese removal efficiency from
the initial mining wastewater reached 52.07 %, meeting
the maximum allowable concentration of 5.619 mg/dm?
(actual concentration: 2.693 mg/dm’). As the cop-
per concentration in the initial wastewater is below
the threshold, evaluating copper removal efficiency is
not feasible.

Analyzing the obtained data, the following observa-
tions can be made. After coagulating the initial waste-
water with the acidic SKiF-180 reagent (pH = 0.5+3.0),
the redox potential of the solution changes its sign

Table 5. Sorption capacity and iron
removal efficiency vs. sorbent amount

Tabnunya 5. OnpenesieHne cOpOLMOHHON eMKOCTH
1 G (PEeKTHBHOCTH yAaJICHHS Kejie3a
B 32aBHCHMOCTH OT KOJIHY€CTBAa BBEJICHHOI0 COPOEeHTa

Sorbent concentration, g/dm?3
Property
01 | 03 | 05 | 07 | 1.0
Sorption capacity, | | ¢) 3| 563 | 64.96 | 17.92 | 11.46
mg/g
Removal 4423 | 48.23 | 89.06 | 50.87 | 68.58
efficiency, %

from “—"to “+”, indicating oxidizing properties. The pH
value of the water experiences a slight change from 6.76
to 6.35, remaining within the rated range. Following fil-
tration, the redox potential further increases from +73
to +215, along with a rise in the pH value (8.47), cor-
responding to a slightly alkaline environment.

As previously mentioned, the optimal sorbent
amount for iron and zinc removal is 0.5 mg/dm?.

180 100
s 160 90
s X
g 140 80 .
- | 70 2
B 120 g
g 100 F 60 2
=3 50 %
S 80 5)
o 40 =
1) 60 >
= 30 o
2 40 20 g
2 ~

©“ 20 10

0

0 0.2 0.4 0.6 0.8 1.0

Sorbent concentration, g/ dm’

Fig. 6. Sorption capacity (1) and iron
removal efficiency (2) vs. sorbent amount

Puc. 6. 3aBucumoctu copbrronHoit emxocT (1)
u 3¢ dexTrBHOCTH ynaneHus (2) xeneza
OT KOJIMYECTBA BBEJICHHOTO COpPOCHTA

Table 6. Results of mining wastewater treatment under Condition 2

Tabnuya 6. Pe3yabTaThl HCNBITAHUIT 00Pa00TKH INAXTHBIX CTOYHBIX BOJ B pe:kume 2

Rated Coagulation
Initial mining . (SKiF-180 Filtration through the Removal
Property concentrations, 2 Q
wastewater me/dm? reagent) sorbent efficiency, %
& D= 1.0 mg/dm?
Total iron, mg/dm? 36.47 +£3.65 0.3 22.82+2.28 0.60 + 0.09 98.35
Manganese, mg/dm? 5.619+1.124 0.1 5.288 +1.058 2.693 +0.539 52.07
Copper, mg/dm? 0.012 +0.002 1.0 0.007 +0.002 0.020 £ 0.004 -
Zinc, mg/dm? 0.376 £0.128 5.0 0.177 £ 0.060 0.181 +0.062 50.68
Redox potential -0.07 - +073 +215 -
pH 6.76 - 6.35 8.47 -
TDS, mg/dm? 267 - 278 262 -
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However, when increased to 0.7 mg/dm?, the efficiency
of biochar sharply decreases. Iron removal efficiency
drops from 89.06 to 50.86 % (Fig. 4, a and Fig. 6), and
zinc removal efficiency drops from 84.31 to 60.9 %
(Fig. 4, b). A similar drop in zinc removal efficiency
is observed with increasing sorbent dose in the 0.1
to 0.3 mg/dm? range. This phenomenon might be attri-
buted to a reduction in the effective specific surface area
accessible to metal ions due to overlapping or aggrega-
tion of adsorption centers, thereby increasing the diffu-
sion path length for these ions [16]. This aggregation
tends to increase with the weight of the sorbent. Another
plausible explanation is that a higher quantity of sorbent
provides more active adsorption centers, causing them
to remain unsaturated after adsorption [17-19].

Using equation (2), we estimated the removal effi-
ciency for iron, manganese, copper, and zinc under
static conditions using rice husk biochar as the sorbent
in a range of concentrations, followed by electromag-
netic treatment in condition / and filtration in condi-
tion 2 (Fig. 7).

120
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60

40

Removal efficiency, %

20

Zinc

Total
iron

Manganese  Copper

Fig. 7. Removal efficiency at different stages of mining
wastewater treatment in two treatment conditions

1 - coagulation of SKiF 1.0 mg/dm? (condition 2);
2 — dynamic sorption (condition 2);
3 — static sorption, D = 0.1 mg/dm? (condition 7);
4 — static sorption, D = 0.3 mg/dm? (condition 7);
5 — static sorption, D = 0.5 mg/dm? (condition 7);
6 — static sorption, D = 0.7 mg/dm? (condition /);
7 — static sorption, D = 1.0 mg/dm? (condition /)

Puc. 7. DpdexTrBHOCTD yaaaeHuss XUMUYSCKHUX IIEMEHTOB
Ha pa3HbIX dTanax 0OpadOTKH HIAXTHBIX BOL
B 2 pexXHUMax O4YHUCTKH

1 — xoarynsiuus CKu® 1,0 mr/am?® (pexum 2);
2 — nuHAMHUYecKas copomus (pexum 2);
3 — crarnaeckas copouus, J1 = 0,1 mr/am? (pesxum 1);
4 — crarnaeckas copouus, J1 = 0,3 mr/am? (pesxum 1);
5 — craruueckas copouus, 1 = 0,5 mr/am? (pexum 1);
6 — craruueckas copbuus, [l = 0,7 mr/am® (pexum 1);
7 — crarnaeckas copouus, JI = 1,0 mr/am? (pexum 1)
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Conclusions

In summary, the following conclusions can be drawn.

1. The proposed electromagnetic activation of rice
husk biochar [20] demonstrates efficiency in treating
mining wastewater under laboratory conditions.

2. The sorbent exhibits a chemical composition that
is comparable to activated carbon, widely utilized in
water treatment, affirming the applicability of the sor-
bent in water treatment plants.

3. To optimize the efficiency of mining wastewater
treatment, we recommend a two-stage sorption process:
static sorption utilizing electromagnetically treated rice
husk biochar at a concentration of 0.5 g/dm? (Table 3)
(Stage 1), followed by reagent treatment of the suspen-
sion (SCiF-180 reagent, 1.0 mg/dm3), addition of potas-
sium permanganate for manganese removal, settling for
30 min, and non-pressure filtration with a rice husk bio-
char filter (dynamic sorption, Stage 2).

4. Implementation of this process in mining waste-
water treatment facilities is anticipated to reduce
the concentrations of dissolved heavy metal ions, par-
ticularly iron, zinc, and manganese, below the maxi-
mum allowable concentrations, enabling the discharge
of treated water into the environment.
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Modification of Surface Including Charged Particle Beams
and Photon and Plasma Fluxes

MO}J,VI(I)MLI,MPOBaHVIe noBepXHOCTU, B TOM YUCNIe NYYKaMU
3apAaXeHHbIX YacTul, NnOTOKaMun d)OTOHOB U nna3mbl

UDC 621.793.184 Research article
https://doi.org/10.17073/1997-308X-2024-2-45-52 Hayunas cmames

Effects of ion-plasma treatment temperature
of the aluminium coating on the structure
and phase composition of the VT6 titanium alloy

A. A. Nikolaev®, A. Yu. Nazarov, [E. L. Vardanyan|, V. R. Mukhamadeev

Ufa University of Science and Technology
32 Zaki Validi Str., Ufa 450076, Russia

&) alex.nkv8@gmail.com

Abstract. In this study, we studied the effects of aluminum coating treatment temperature on the microstructure and phase composition
when applied to a VT6 titanium alloy substrate within a low-pressure arc discharge plasma environment. The ion-plasma treatment was
conducted at 450 and 500 °C, employing argon shielding, while the aluminum coating was deposited using the vacuum-arc process,
resulting in a coating thickness of ~3 pm. Microstructural analysis was performed using a scanning electron microscope, and the struc-
tural and phase composition were examined using X-ray diffraction (XRD) imaging in symmetric imaging mode with CuK radiation.
Our findings demonstrate that the application of the aluminum coating initiates the formation of a near-surface o-stabilized layer,
extending up to 2.5 pm in thickness due to the heat generated during the ion cleaning process. Subsequent ion-plasma treatment further
results in the development of a TiAl, intermetallide site, reaching thicknesses of up to 1.5 pm, while the o-stabilized region expands
to 5.5 um. Higher temperatures during the treatment process contribute to an increase in the thickness of these aforementioned layers
and also lead to the emergence of an intermediate TiAl intermetallic layer.

Keywords: ion-plasma treatment, intermetallide coatings, gradient coatings, titanium alloys
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BnuvaHue TeMnepaTypbl MIOHHO-NIa3MeHHOM 06paboTKK
aNioOMUHUEBOIO MOKPLITUA Ha MUKPOCTPYKTYPY
n $pasoBbIM cOCTaB TUTaHOBOIro cnnasa BT6

A. A. Hukomaes®, A. 10. Hasapos, |9. JI. Bapganss |, B. P. Myxamageen

Ydumcknii yHuBepcUTET HAYKH U TEXHOJIOTHii
Poccus, 450076, . Yda, yn. 3aku Bamumu, 32

&3 alex.nkv8@gmail.com

AHHoTauyums. TIpeicTaBiaeHbl Pe3y/IbTaThl HCCICOBAHMS BIHSAHUS TEMIICPaTypbl 00pabOTKH TOBEPXHOCTH aJIOMUHUEBOTO TTIOKPHITHS Ha
TUTaHOBOM ciutaBe BT6 B mrazme ayroBoro paspsija HU3KOTO IaBICHUSI HA MUKPOCTPYKTYpHBIC H (ha30BbIe n3MeHeHus. VloHHo-1as3-
MEHHYI0O 00pab0TKy NMPOBOJMIN B IIa3Me JYTOBOTO pa3psia HU3KOTO JaBieHUs mpu Temreparypax 450 u 500 °C B cpene aprona.
ANIOMMHUH HaHOCHJIM BaKyyMHO-IYTOBBIM METOJIOM, TOJIIMHA ITOKPBITHS COCTAaBILUIA ~3 MKM. MHUKPOCTPYKTypHbIE M3MEHEHHS
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WCCIICIOBAIA C TIOMOIIBIO PAaCTPOBOW 3JIEKTPOHHOW MHKpocKomuu. CTpYKTYpHO-(Da30BBIi COCTaB OMPENEIsUI MO Pe3ysbTaram
pacuppoBKH TU(PAKTOrpamMM, MOTyIECHHBIX TIPH CUMMETPHYHON chemke B Cuk -usmydennu. [Tokasano, 4To mocie HaHECEHHUs
AITFOMUHHEBOTO TIOKPBITHS B PE3yNIbTaTe HATPEeBa MPU HOHHON OYHCTKE (OpMHpPYETCsl IPUIIOBEPXHOCTHBIN 0-CTAOWIN3UPOBAHHBII
cioit toimuHOM 1o 2,5 mMxMm. [locnenyromnas HOHHO-TDIa3MEHHAss 00pa0oTKa MPUBOAMUT K (POPMUPOBAHUIO HHTEPMETAJLIHIHON
obactu TiAl3 TOJNIIUHOM 110 1,5 MKM, 0-CTaOWIM3HpOBaHHAS OOJIACTh YBEIMYHMBACTCSA 10 5,5 MKM. BBISBICHO, YTO MOBBIIICHHUE
TeMIIepaTypbl 00pabOTKU MPUBOIMT KaK K YBEIIMYCHUIO TONIINHBI YKa3aHHBIX BBIIIC 00JIACTEH, TaK M K MOSBICHHUIO IIPOMEKYTOTHOU

HMHTEpMeTaJUTHIHOH 30HBI TiAl

KnioueBbie c/1oBa: HOHHO-IUIA3MEHHAs! 00pabOTKa, HHTEPMETAUIHIHbIC TOKPBITHS, IPAJAUCHTHBIC TOKPBITHS, THTAHOBBIC CILIABbI

BnarogapHocTu: PaGora BeinonHeHa mpu nojanepskke Poccuiickoro HayuHoro gonaa B pamkax rpanta Ne 22-29-01463, https:/rscf.ru/

project/22-29-01463/.

Ans unTuposaHuna: Hukonaes A.A., Hazapos A.1O., Bapnansu D.J1., Myxamanees B.P. Bnusaue teMmnepatypbl HOHHO-TIa3MEHHOM
00paboTKH aTIOMUHHEBOTO MOKPHITHS Ha MEKPOCTPYKTYPY U (ha30BEIi cocTaB TUTaHoBOTO crutaBa BT6. M3eecmus 6y306. [lopow-
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Introduction

Titanium and its alloys fnd extensive application in
the aerospace industry and medicine [1-3]. However,
their wear resistance is low, with most titanium friction
parts being susceptible to diffusion interaction between
the contact surfaces and subsequent wear [4; 5]. There
is a demand to enhance the wear resistance of titanium
alloys.

One efficient approach to achieve this enhance-
ment is through ion nitriding [6-8] and alloy-
ing [9; 10] of the surface layer, as well as applying
coatings [11-13]. In the case of titanium alloys, ion
nitriding requires high temperatures and extended
holding periods [14; 15], while the low-temperature
process [16; 17] proves to be less efficient. The appli-
cation of coatings enables to create super-hard films
on surfaces based on nitrides, carbides, and oxides
of transition metal [18-20]. However, these coat-
ings may experience delamination when subjected
to impacts [21; 22], inevitably leading to accelerated
surface wear, intensified by detached coating particles.

Gradient coatings made from alloys with high
impact resistance and resistance to aggressive media
show better performance due to the absence of a distinct
substrate-coating interface. In steel products, a combi-
nation of nitriding and coating (Duplex Treatment) is
commonly employed [23; 24]. However, the applica-
tion of duplex treatment to titanium alloys does not
improve performance. In this scenario, the nitrided
layer exhibits significantly lower hardness and depth
compared to the same treatment time and temperature.

Titanium forms intermetallic compounds with
various metals, and these compounds typically have
enhanced physical and mechanical properties compared
to pure titanium and its non-hardened alloys. Ti—Al inter-
metallides have a low specific gravity (3.3-4.2 g/cm?)
and show high hardness, heat resistance, oxidation
resistance, and corrosion resistance. Some aerospace

46

applications of this material have been reported by
Lazurenko D. et al. [25]. Nevertheless, due to the high
brittleness, particularly the TiAl, phase, intermetallides
are unsuitable for manufacturing solid parts. Zhang Y.
et al. [26], Liu Y. [27], and Parlikar C. [28] have inves-
tigated the application processes and resulting inter-
metallide coatings, reporting a significant increase in
strength (up to 20 %) and wear resistance for coating
thicknesses less than 16 um.

Currently, primary Ti—Al intermetallic coating tech-
nologies include aluminizing [29], magnetron [30],
and vacuum-arc [31] sputtering, as well as laser [32]
and electron-beam [33] surfacing, ion implanta-
tion [34], often combined with subsequent heat treat-
ment [35-37]. It is, however, challenging to control
the phase composition of the resulting layers during
coating deposition and ion implantation. When alumi-
num and/or Ti—Al coatings are deposited, followed by
heat treatment at the aging temperature of the titanium
alloy, the final coating consists only of the TiAl, phase.
Subsequent ion-plasma treatment can intensify the for-
mation of the TiAl and Ti,Al intermetallides, which are
more ductile compared to TiAl,.

Our study focuses on a combination of vacuum-arc
deposition used to create pure aluminum coatings, fol-
lowed by plasma treatment with low-pressure non-self-
powered arc discharges. The objective of this study
is to analyze the effects of the ion-plasma treatment
temperature on the aluminum coating on the structure
and phase changes of the VT6 titanium alloy surface
layers.

Materials and methods

We prepared samples in the form of 20 mm diame-
ter disks, each measuring 4 mm in thickness, obtained
from a titanium bar (VT6 alloy). The combined treat-
ment involved two stages. In the initial stage, we depo-
sited a pure aluminum layer, approximately 3 um thick,
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onto the surface of the titanium disk using vacuum arc
deposition. The sample surface underwent an initial ion
cleaning process in an Ar plasma (40 A discharge cur-
rent, 800 V bias voltage) for 30 min, raising the surface
temperature to 450 °C. Then it was exposed to Al plasma
for 1 min, generated by a 60 A arc evaporator current.
We monitored the surface temperature using a chromel-
copel thermocouple and an AST250+ IR pyrometer
(Accurate Sensors Technologies, India). In the second
stage, the surface was treated in a PINK plasmatron
with an incandescent cathode (ISE, Russia) [38] for 1 h
under argon shielding. The bias voltage varied depen-
ding on the temperature, but the discharge current was
always 50 A. We processed the samples at both 450
and 500 °C. Then the samples were vacuum-cooled in
argon atmosphere at 1 Pa.

Following the treatment, we examined polished
section structure of the samples using a Mira scan-
ning electron microscope (Tescan, Czech Republic)
operating in the secondary electron mode. For X-ray

4" Recrystallized

diffraction analysis (XRD), we used an Ultima IV dif-
fractometer (Rigaku, Japan) with CuK -radiation in
the symmetrical imaging mode.

Results and discussion

To investigate the interaction between the alu-
minum coating and the VT6 titanium substrate, we
examined how the ion-plasma treatment temperature
influenced changes in the structure and phase compo-
sition of the surface layers. Following the deposition
of the aluminum coating onto the rough substrate sur-
face (Fig. 1, a, b), an a-stabilized region I, approxi-
mately 2.5+ 0.5 um deep, is formed within the near-sur-
face layer of the substrate. This formation results from
the diffusion of the coating elements during the initial
stage of deposition when the surface of the titanium
alloy is still heated to 450—470 °C. The a-stabilized
region can be distinguished from the substrate due
to the dissolution of small recrystallized B-particles

Fig. 1. Polished section structures of the aluminum-coated titanium samples
a, b — initial coating; c—f— after ion-plasma treatment at 450 (¢, d) and 500 °C (e, f)

Puc. 1. I300paskeHus: CTPYKTYpbI IONEPEYHOTO CEUeHHs 00pa31ioB TUTAHA C OKPBITHEM U3 aTIOMUHUS

a, b — ucxoHOE MOKPEITHE; ¢—f — IOCIIe HOHHO-IUIa3MeHHOM 00paboTku npu 450 (¢, d) n 500 °C (e, f)
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within the a-grains, a consequence of aluminum diffu-
sion deep into the surface layer, and the a-phase stabili-
zation facilitated by the presence of Al, which is known
to be an a-stabilizing element.

The ion-plasma treatment conducted at 450 °C
(Fig. 1, ¢, d) also led to the formation of an intermetallic
site comprising the TiAl, phase with a high aluminum
content. The total length of the modified site increased
to 5+ 0.5 um. Plasma etching reduced the thickness
of the aluminum coating to ~2 um. The coating became
brittle, as evidenced from its fracturing during our
sample section polishing. This brittleness can be attrib-
uted to the presence of the brittle TiAl, intermetallic
phase and its large volume concentration in the surface
layers. Elevating the temperature to 500 °C resulted in
the emergence of a transition layer between the sub-
strate and layer //] (Fig. 1, e, /). This transition layer,
as reported by Ramos A. et al. [35] and Garbacz H.
et al. [36], primarily consists of the TiAl intermetal-

lide. As indicated by the gradient of aluminum concen-
tration, the layer above it consists mainly of the TiAl,
phase, while the layer below it comprises Ti,Al.

This assumption finds confirmation in the XRD
analysis, as depicted in Fig. 2. The surface layers fol-
lowing treatment at 450 °C mostly contain the TiAl,
intermetallide. No aluminum peaks were detected,
possibly due to the low Al concentration in the sur-
face layer of the coating. Additionally, aside from
the intermetallic phases, a solid solution forms as alu-
minum substitutes into the titanium lattice, evidenced
by the shift of titanium peaks towards larger diffrac-
tion angles, signifing a decrease in the lattice period.
As the treatment temperature increased to 500 °C,
the TiAl intermetallide was found in the surface layers,
while no Ti,Al peaks were observed. The intensity and
number of the TiAl, phase grew, which correlates with
the observed microstructure changes.
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Fig. 2. XRD images of the samples
1 — initial coating; 2 and 3 — after ion-plasma treatment at 450 (2) and 500 °C (3)

Puc. 2. TudpakrorpaMMbl HCCIIEIYEMbIX 00pa3LoB

1 — ucxoaHOE MOKpBITHE; 2 1 3 — MOCIe HOHHO-TTa3MeHHOU 00padoTku mpu 450 (2) u 500 °C (3)
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Given the inherent brittleness of the coatings, we
intend to explore the impact of ion-plasma treatment
duration and the thickness of the initial aluminum coat-
ing on the elemental and phase compositions, as well as
the wear resistance of these coating layers.

Conclusion

We conducted experimental investigations on inter-
metallic surface layers created through the deposition
of an aluminum coating onto a titanium substrate, fol-
lowed by low-pressure non-self-sustained gas plasma
treatment.

Our findings reveal that such treatment results in
the development of intermetallic and a-stabilized lay-
ers within the near-surface layer of the VT6 titanium
alloy. Treatment at 450 °C yields an intermetallic
layer, approximately 1.5 um thick, composed only
of the TiAl; phase. Raising the temperature to 500 °C
leads to the formation of an additional TiAl intermetal-
lide layer, measuring 300 nm in thickness, situated
beneath the 1.8 pm thick TiAl, layer. Importantly, XRD
analysis does not detect any Ti,Al peaks.

The creation of the a-stabilized layer commences
during the deposition of the aluminum coating itself.
As the ion-plasma temperature increases, the layer’s
thickness increases as well, attributed to the accele-
rated diffusion rate of aluminum into the titanium
substrate.
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Modification of Surface Including Charged Particle Beams
and Photon and Plasma Fluxes

MO}J,VI(I)MLI,MPOBaHVIe noBepXHOCTU, B TOM YUCNIe NYYKaMU
3apAaXeHHbIX YacTul, NnOTOKaMun d)OTOHOB U nna3mbl

UDC 621.785.4 Research article
https://doi.org/10.17073/1997-308X-2024-2-53-60 Hayunas cmamus

Formation of ceramic coating
on VAL10 aluminum alloy surface
via laser modification in polysilicate solution
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V. E Lys?, V. I. Ladyanov?
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Abstract. This article presents the results of an experimental study on the physical and mechanical properties of the surface layer of the
VALI10 aluminum alloy after pulsed laser treatment, conducted in a bath with an aqueous solution of polysilicates (PS) at various
concentrations. Ceramic coatings were produced on specimens measuring 10x10x3 mm. The laser processing of aluminum alloy speci-
mens was carried out using an Nd:YAG laser. The study demonstrates that the quality of the resulting surface and its properties can
vary depending on the laser exposure parameters, the concentration of the polysilicate solution, and the overall processing technique.
The scattering of radiation by the PS solution layer leads to a significant reduction in surface roughness. In specimens processed in
ambient air, the crater sizes on the surface exceeded 400 pm, while for specimens processed in a PS solution, they did not exceed
100 pm. A comparative analysis of the impact of solution concentration on elemental composition was performed. The study also
included an investigation of friction characteristics and the measurement of microhardness of the modified surface. The research
revealed that surface hardening processes occur as a result of the treatment, associated with the filling of recesses with high-strength
oxides. This enabled the creation of a mixture containing silicon carbide and aluminum oxide in the surface layer of the specimens.
Furthermore, wear tests of the modified surface were conducted using a “ball-specimen” tribological coupling. Specimens subjected
to laser irradiation in a PS solution demonstrated increased wear resistance (a 40 % reduction in wear) and a 30 % decrease in the fric-
tion coefficient. Additionally, an increase in microhardness was observed.

Keywords: aluminum alloy, laser modification, polysilicates (PS), ceramic coating, surface structure, microhardness
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aluminum alloy surface via laser modification in polysilicate solution. Powder Metallurgy and Functional Coatings. 2024;18(2):
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AHHoTayums. TIpencraBieHbl pe3ynbTaThl SKCIEPUMEHTAIBHOTO UCCIS0BAaHUS (U3MKO-MEXaHMYECKHX CBOWCTB MOBEPXHOCTHOIO

ciost amomuHueBoro criaBa BAJI10 mocie na3epHOro MMIYJIBCHOTO BO3ACHCTBUS HA CTPYKTYpY MaTepuana, IPOBOAMMOIO
B BaHHC ¢ BOIHBIM pacTtBopom mosucuiukaroB (I[1C) pasnuyHoil koHIeHTpauuu. [ToKpeITHS (OPMHUPOBAINCH Ha 0Opasmax
pasmepom 10x10x%3 mm. JlaszepHas 00paboTka 0Opa3loB aTOMHUHHCBOIO cCIijlaBa ObUla MPOW3BEACHA C HCIOJIb30BAHUEM
Nd:YAG-nasepa. [lokazano, 4T0 Ka4ecTBO (pOPMHPYEMOIl MOBEPXHOCTH U €€ CBOWCTBA MOTYT MCHSTHCS B 3aBHCUMOCTH OT
HapamMeTpoB JIA3EPHOTO BO3JCHCTBUS, a TAK)Ke KOHIEHTPALUU pacTBOpa MOJHCHIMKATOB M TEXHOJIOTHH Ipoliecca 00paboTKu
B LesoM. Paccesinue n3nydenus cinoem pactBopa [1C IpUBOAXT K CYIIECTBEHHOMY CHHIKEHHIO IIEPOXOBATOCTH MOBEPXHOCTH.
Jlst 0OpasioB, 00pabOTaHHBIX Ha BO3AYXE, pa3MEphl KpaTepOB HA TMOBEPXHOCTH cocTaBmin Oosee 400 MKkM, a a1 00pasios,
obpabotanubix B pactBope IIC, onu He npesbimainn 100 mxm. [IpoBeneH cpaBHUTEIbHBIN aHAIW3 BIMSHUS KOHICHTPALUU
pacTBopa Ha 2JeMeHTHBIN coctaB. McciaenqoBanbl GPUKIMOHHBIE XapaKTEPUCTHKK U U3MEpEeHa MUKPOTBEPAOCTh MOAU(DHUIIUPO-
BaHHOM MOBEPXHOCTH. YCTAHOBIICHO, YTO B pe3yJibTaTe 00pabOTKU MPOTEKAIOT IPOLECCHl YIIPOYHEHHS IIOBEPXHOCTH, CBSI3aHHbIC
C 3aII0JIHCHUEM YIIIyOJIeHH BBICOKOTIPOYHBIMU OKCHJIAMH. DTO TO3BOJIMIIO MOJIYUYHUTh B IIOBEPXHOCTHOM CJIo€ 00pa3loB CMECh,
COZEPIKAIIY O KapOua KpEeMHUsI U OKCHJ amtoMuHus. [IpoBeeHbI Hccaen0BaHus H3HOCA MOAU(DHUIIMPOBAHHON MOBEPXHOCTH B
TpHOOCONPSHKEHUH «IIapuK — oOpasery. J{iist 00pa3ioB, MOABEPrHYTHIX JIa3epHOMY BO3AeHCcTBHIO B pacTBope [1C, XapakTepHsbI
MOBBIIICHNUE H3HOCOCTOWKOCTH (BEIMUYMHA U3HOCA YMeHbIHIach Ha 40 %) u cHmwkeHune kodddunuenta tperus Ha 30 %, Takke

YCTAHOBJIEHO YBEJINYECHUEC MUKPOTBEPAOCTHU.

KnioyeBbie crioBa: amoMUHUEBBI CIUIaB, Ja3epHoe Moauduuuposanue, moiucmwmkarsl (I1C), kepaMudeckoe MOKPHITHE, CTPYKTYpa

TIIOBEPXHOCTHU, MUKPOTBEPAOCTDH

Ansa yntnposaums: Kamoxusiii 1., [Tanabyrun M.B., Bypusimes U.H., JIsic B.®., Jlagpsizos B.1. ®opmMupoBaHne KepaMHIECKOTO
HOKPBITUS HA IIOBEPXHOCTH aTIOMHHKEBOTO cruiaBa BAJI10 npu nazepHoM MOIH(UIMPOBAHNH B PACTBOPE MOJIMCHINKATOB. M36ec-
mus 8y308. Ilopowkosas memannypausa u QynkyuonanvHvie nokpoimusa. 2024;18(2):53-60.
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Introduction

In modern mechanical engineering, the pursuit
of reducing the weight of final products while main-
taining high performance properties, such as strength
and wear resistance, and achieving a high degree
of process automation, is of major importance [ 1-3]. In
this context, the surface hardening of aluminum alloys,
known for their low density and high specific strength,
holds great promise [4-9]. Nevertheless, one signifi-
cant drawback of these materials is their low hard-
ness [10; 11]. Surface hardening allows for an increase
in the overall wear resistance of the part.

Various methods are currently available for surface
hardening of metals and alloys [12], including thermal
and chemical processes, spraying, shot blasting, and
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laser-based techniques [13]. Modern laser systems offer
advantages such as high processing speed, precision,
and the ability to finely adjust energy parameters and
exposure duration within the processing zone [14].

Laser modification technologies for aluminum
alloy surfaces, particularly laser alloying, have made
significant progress in enhancing the corrosion resis-
tance, mechanical durability, and resistance to adhe-
sive and abrasive wear of aluminum alloys [15]. Fusion
of alloying powders with the substrate using laser
radiation is a promising method for creating protective
coatings on aluminum alloys [16]. This process may
involve the incorporation of both metals (e.g., Ni, Cr)
and non-metals (e.g., B, Si) as dopants, with a binding
element being introduced into the powder composi-
tion [17]. The resulting mixture is uniformly applied
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to the substrate, and the surface is subsequently treated
with a laser [18; 19]. t’s crucial to note that the choice
of components suitable for inclusion in the aluminum
alloy’s surface composition is limited, as they must
have a melting point comparable to that of aluminum
to ensure high-quality coating [20]. The use of other
components often leads to a significant decrease in
coating quality [21]. An alternative approach involves
the introduction of alloying elements from the liquid
phase. In this method, the part is immersed in a tech-
nological solution, and laser radiation, forming a vapor
gas channel in the liquid, is directed onto the part’s
surface.

Recently, metal-ceramic composite materials with
an aluminum-based matrix reinforced with refractory
ceramic particles of silicon carbide (SiC) have been
used [22]. Composite materials with an aluminum
matrix are characterized by high specific strength
combined with low density. Doping with silicon
carbide particles allows for the creation of a mate-
rial with a low coefficient of friction and high wear
resistance [23].

The objective of this study is to investigate specific
changes in the mechanical properties of ceramic coat-
ings on an VAL10 aluminum alloy, produced using
laser radiation in an aqueous polysilicate (PS) solution
bath. Furthermore, we aim to determine the process-
ing parameters that can enhance the microhardness
of the surface layer and its abrasion resistance.

Materials and methods.
Results and discussion

The most commonly used non-metallic dopant for
aluminum alloys is silicon. Doping with silicon allows
for the creation of a hypereutectic structure on the sur-
face of hypoeutectic alloys while simultaneously
increasing surface hardness. In this study, coatings
were applied to 10x10%3 mm specimens of the VAL10
aluminum alloy. Surface laser processing was per-
formed using a solid-state Nd:YAG laser with a radia-
tion wavelength of 1.06 um, integrated into the LIS-25
laser welding system (EIKTL Lagen LLC, Russia).
Each laser pulse had a maximum energy of 25 J, a pulse
duration of 5 ms, and a repetition rate of 3 Hz. During
the processing, the specimen was immersed in a bath
containing an aqueous solution of (Na,O) (SiO,),
polysilicate. The concentration of the polysilicate solu-
tion was experimentally determined to be in the range
of 10-15 %. A higher concentration of polysilicate
led to the release of gas bubbles from the medium,
which significantly reduced the efficiency of laser
radiation delivery to the specimen’s surface and caused

pronounced splashing of the polysilicate solution.
On the other hand, a lower concentration resulted in
a noticeable decrease in the silicon content within
the coating (Fig. 1).

The layer of the liquid medium above the pro-
cessed specimen’s surface was consistently maintained
at a 1 mm thickness. Reference specimens were also
prepared and treated in both air and distilled water. Due
to the scattering of radiation by the layer of PS solution
positioned above the specimen’s surface, the surface
irregularities were significantly reduced.

As a result, for specimens treated in ambient air,
crater sizes on the surface exceeded 400 um, whereas
when a PS solution was used, the exposure marks did
not exceed a 100 um diameter (Fig. 2).

The layer created by laser processing on the metal
surface enhances the part’s durability and perfor-
mance. Laser processing of the aluminum alloy results
in the redistribution of chemical elements through-
out the depth of the material. The craters formed on
the surface become filled with silicon and aluminum
compounds. The chemical composition of the speci-
mens was analyzed using a JAMP-10 S Auger analyzer
(JEOL, Japan). The shape of the Auger lines indicated
that aluminum exists in an oxidized state, while carbon
and silicon are in the carbide state (Fig. 3).

The size and relative positioning of the surface
recesses are determined by the processing mode and
the concentration of the PS solution. The absence
of crater overlap prevents complete coverage of the sur-
face, leading to discontinuities in the ceramic layer.
In untreated areas, the base metal remains exposed,
resulting in a heterogeneous ceramic coating layer.
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Fig. 1. Relationship between the silicon content
in the coating at a depth of 3 nm and the concentration
of the polysilicate solution

Puc. 1. ConepxaHue KpeMHHUS B TOKPBITHH
Ha TIyOHHE 3 HM B 3aBHCHMOCTH
OT KOHIICHTPALMH PACTBOPA MOJIMUCUITHKATA
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Fig. 2. Surface images of specimens
treated in air (@) and in a polysilicate solution ()

Puc. 2. M300paxeHnst MOBEPXHOCTH 00Pa3IoB,
o0OpaboTaHHBIX Ha Bo3ayxe (a) u B pactBope [1C (b)

One of the critical operational parameters influenc-
ing the quality of the surface-hardened layer is wear
resistance. Fretting wear tests were conducted using
an SRV Testsystem multifunctional testing device
(Optimol Instruments, GmbH, Germany) at room
temperature, following the disk-on-ball configura-
tion without lubrication. The counterbody material
was ShKh15 tool steel after hardening heat treatment.
The tests were carried out with a vibration ampli-
tude of 3 mm, a frequency of 2 Hz, a load of 10 N
on the specimen, and a test duration of 10 min. Based
on the results, it can be concluded that the amount
of wear on the surface of the VAL10 alloy speci-
men after laser processing in a PS solution was less
than 40 pm, while the untreated specimen exhibited
60 pm of wear. During testing, the friction coefficient
for the treated specimen slightly exceeded 0.8, while
the original specimen had a noticeably higher friction
coefficient of over 1 (Fig. 4).
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Fig. 3. Element distribution across
the surface layer at polysilicate solution
concentrations of 6 % (a) and 12 % (b)

Puc. 3. Pacnipenienienue 31€MEHTOB 110 I1yOHHe
MOBEPXHOCTHOT'O CJIOS IIPH KOHIEHTPALMSIX PACTBOPa
TIC 6 % (a) n 12 % (b)

The presence of oxide and carbide compo-
nents in the surface layer after laser processing is
expected to influence microhardness. Microhardness
of the surface of a VAL10 aluminum alloy specimen
with an applied oxide coating was evaluated using
a LOMO PMT-3M microhardness tester (LOMO,
Russia). A 4-sided Vickers diamond pyramid served
as the indenter. The results indicated that the average
diagonal size of the indentation was 50 um under a load
of 0.196 N and a dwell time of 15 s, corresponding
to a hardness of 14.8 kg/mm?. In comparison, the micro-
hardness of the original specimen was determined
using the same method and measured 9.1 kg/mm?, rep-
resenting a 62.6 % decrease compared to the modified
coated specimen. The formation of compounds with
higher hardness on the surface of the aluminum alloy,
in contrast to the base material, can also account for
the reduction in the friction coefficient.
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Fig. 4. Results of fretting wear tests of the original VAL10 alloy specimen (a)
and specimen treated with laser radiation in a 12 % polysilicate solution (b):

1 — friction coefficient; 2 — load; 3 — wear

Puc. 4. Pe3ynbrarsl HCIIBITAaHNH Ha (PETTHHT-M3HANIMBAHNE NCXOAHOTO 0oOpasua crutaBa BAJI10 (@)
1 00pabOTaHHOTO JIA3EPHBIM H3IyYCHUEM B PACTBOPE MOIUCHIMKATA KOHIICHTparmel 12 % (b):

1 — xosddurent Tpenus; 2 — Harpyska; 3 — U3HOC

Conclusions

Analysis of the modified surface of VAL10 alumi-
num alloy specimens revealed the dependency of sur-
face layer properties on the modification parameters.
By adjusting laser processing parameters, such as
pulse repetition rate, surface fill factor, concentration,
and the thickness of the solution layer above the speci-
men’s surface, it becomes possible to control the extent
of the impact and, consequently, the chemical composi-
tion of the resulting coating.

The study conclusively demonstrated that laser
processing of VAL10 alloy specimens in a polysilicate
solution has a significant impact on their performance.
In particular, it enhances surface abrasion resistance
and promotes surface hardening.
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Transforming stereolithographic
prototypes into metal or ceramic models
by polymer substitution with titanium powder

M. A. Markov®, S. A. Cherebylo, E. V. Ippolitov, S. V. Kamaeyv,
M. M. Novikov, V. V. Vnuk

National Research Centre “Kurchatov Institute”
1 Kurchatov Sqr., Moscow 123182, Russia

&3 Lc250@mail.ru

Abstract. The presented paper experimentally demonstrates the potential expansion of stereolithographic prototype utilization.
Two methods for manufacturing plastic prototypes are proposed, enabling the subsequent substitution of the polymer material
with either metal or ceramics. The first method involves additional actions by the prototype designer during the modeling stage.
The second method necessitates alterations in the technological processes of model preparation and prototype manufacturing using
a stereolithography apparatus. Material substitution occurs in two stages. Initially, cavities in the prototype are filled with powder
material or a mixture of powder and water. Although titanium powder was chosen as the test material, the proposed technology
permits the utilization of a broad spectrum of powder materials, encompassing both metallic and ceramic options. The subsequent
stage involves heat treatment, where the polymer is eliminated, and the metal powder is sintered while retaining the original shape
and dimensions of the prototype. Heat treatment of the acquired prototypes was conducted in both argon and atmospheric air
environments. The utilization of different gas media might induce chemical transformations in the material filling the prototype.
The experiments lead to the conclusion that the proposed approaches show promise and merit further development. Additionally,
we contemplate amalgamating the two methods in the future to attain an optimized final outcome. The data we have gathered could
significantly contribute to broadening the scope of stereolithography applications, given that this technology presently represents
one of the most precise, widespread, and accessible additive manufacturing methods.

Keywords: additive technologies, titanium powder, 3D part, sintering
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W3BECTUA BY30B

Mpeo6bpasoBaHue cTepeonutTorpadpmnyeckumx
NPOTOTMMNOB B MeTa/lJInuecKue
WU KepaMuUueckue Moaenu 3aMeLleHneM noaumepa
NOPOLUKOBbIM TUTAHOM

M. A. MapkoB“, C. A. Yepe6sino, E. B. lnnonutos, C. B. Kamaes,
M. M. HoBuxos, B. B. Bayk

®enepajbHOE TOCYIAPCTBEHHOE OI0IZKETHOE YUpeKIeHHe
«HanuonaabHbli HecaeqoBaTeNbCKUi HeHTP « KypuaToBcKnii HHCTHTYT»
Poccms, 123182, . Mockaa, 1. Akagemuka Kypuarosa, 1

&3 Lc250@mail.ru

AHHoTayms. B paboTe SKCIIepUMEHTAIBHO MOATBEPKICHA BOZMOXKHOCTD PACHIMPEHUS 00JIaCTH UCIIOIB30BaHUS CTEPeosIuTOrpaduye-

CKHMX IPOTOTHIOB. [IpeoxkeHsl 1Ba croco6a U3roTOBICHHS IIACTHKOBBIX IPOTOTUIIOB, TO3BOJISIONINE BIOCICICTBUN 3aMECTUTh
HOJIMMEPHBII MaTepuall MOZIeJIeH Ha METaJII WIIH KepaMUKy. [1epBbIii 13 pacCMOTPEHHBIX CIIOCOOOB MPEIIIOIAraeT A0MOIHUTEIbHbIE
JIeWCTBUSL KOHCTPYKTOPA, MPOEKTUPYIOLIETo NMPOTOTHUII Ha CTaJUM MOJAEIUPOBAHMS, BTOPOH — 3aKIFOYaeTCcss BO BHECEHUH HM3Me-
HEHUH B TEXHOJOTHMYECKHE MPOLECCHl MOArOTOBKMA MOJICIH M M3TOTOBICHHS MPOTOTUIIA HA CTEPEOINTOrpadUuecKoil yCTaHOBKE.
3amellieHne MaTepHraga MPOUCXOIUT B JBe cTaauu. IlepBas — 3TO XONOJHOE 3aMONHEHUE MONOCTEH B MPOTOTHUIIE MOPOIIKOBBIM
MaTepualoM WIHM ero CMechlo ¢ BOfOW. B kadecTBe TeCcTOBOro Marepuaia ObLI BBIOpaH IOPOIIOK TUTAHA, XOTS IpejiaraeMas
TEXHOJIOTHs MOAPa3yMeBaeT BOSMOKHOCTh MCIIONIB30BAaHMs MIMPOKOTO CIEKTpPa MOPOLIKOBBIX MAaTepPHaIoOB — KaK METaIIMYECKUX,
Tak ¥ KepaMuueckuX. Bropas craaus — mocienyrouuit oTkur. IIpy 3ToM NpoHCXoAaT yAajdeHHe MOoMUMepa U ClIeKaHue MeTan-
JIMYECKOTO MOPOLIKA ¢ COXPAaHCHHEM MCXOAHOH (opMbI M pa3MepoB MpoToTHna. TepMuueckas 00pabOTKa MOMYYEHHBIX MPOTO-
THUIIOB IPOBOJIMIIACH KAaK B aTMOC(epe aproHa, Tak ¥ pu cCBOOOTHOM JI0CTyIIe aTMOCc(epHOro Bo3tyxa. Vcronp3oBaHue pa3inuyHbIX
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Introduction

Additive manufacturing using various materials finds
widespread application across diverse fields. The list
of such technologies and materials continually expands
with the addition of new items [1-8]. Laser stereolithog-
raphy, employed in photocurable polymers, stands out as
one of the most extensively used additive technologies
due to its diverse material options and a wide price range
for equipment, ranging from costly industrial machines
to affordable household devices. This equipment demonst-
rates the capability to produce highly accurate objects.

Converting polymer prototypes into metal or
ceramic components requires specific equipment and
skilled personnel, such as through methods like mold-
ing or cavityless casting.
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In the realm of additive manufacturing for ceramic
models, several noteworthy technological implemen-
tations exist. These include layer-by-layer sintering
of powder ceramics, curing of photopolymerizing
compositions with ceramic fillers, and local extrusion
of ceramic-filled material [2—6]. Notably, these tech-
nologies involve high-temperature processing stages
to eliminate the polymer binder, achieve surface
gloss, conduct additional pore-filling impregnation,
among other steps. Regarding additive manufacturing
of metal models, methods encompass layer-by-layer
sintering of metal powders, layer-by-layer model
formation via polymerization of filled composi-
tions, and local extrusion of filled material (followed
by sintering) [4—12].
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of the application scope for stereolithography equip-
ment that work with photopolymers. It specifically
examines new possibilities for converting prototypes
into ceramic or metal parts.

Experimental part

In our view, one solution to broaden the applicabi-
lity of stereolithography involves producing polymer
stereolithographic parts with available free volume.
Such models could undergo subsequent cold filling
with ceramic or metal powder, followed by heat treat-
ment to eliminate the polymer component of the model
(referred to as annealing) and the sintering of metal or
ceramics (henceforth referred to as “sintering” without
separately delineating the polymer burnout process).

During sintering, there is potential to synthesize
a ceramic compound from the substance used to fill
the model body [13; 14]. The sintering stage in this
technology shares similarities with the method utili-
zing filled resins.

We have explored two straightforward methods
to create models suitable for subsequent filling with
alternate materials. These methods involve produc-
ing a thin-walled inverse fillable model, essentially
a matrix, and a contourless model exhibiting significant
free volume uniformly distributed throughout its body.

The process of obtaining the inverse model, or
matrix, is depicted in Fig. 1. In this developed model,
a matrix is created by indenting the working surface
of the model by a specified thickness. The design incor-
porates a port for powder filling and includes a cover-
ing lid as integral parts.

Fig. 1. Stages of part matrix construction for powder
filling with sintered material

a — initial model, b — hollow matrix (sectional view),
¢ —model displaying the matrix with a separated closing lid

Puc. 1. TlocTpoenne MaTpHUIibl MOICIH
JUTST 3aTIOTHEHMS €€ MIOPOIIIKOM CIIEKaeMOro MaTepHana

@ — UCXOJIHast MOJIelb, b — IycToTenas MaTpuna (B papese),
€ — MOJIeIIb MAaTPHUIIBI C OT/CICHHOMN KPBIIIKOH

to sintering within a non-burnable mold [15]. However,
in our scenario, the mold is combustible, and its intri-
cacy is solely constrained by the designer’s capabili-
ties. In place of matrix models, we suggest employ-
ing original contourless prototypes. When creating
a typical stereolithographic part, the process involves
outlining both external and internal contours while fill-
ing the space between them. Additionally, denser outer
hatching is necessary for horizontal outer surfaces.

To implement the contourless technology in stereo-
lithography, several modifications to the conventional
process are required, such as:

— eliminating contours;
— removing denser outer hatching;

—using only one coordinate (either X or Y) on each
layer; the direction of hatching alternates through
the layer;

— increasing the hatching step.

The sparse hatching serves as an internal frame
structure that gets filled with the initial liquid resin dur-
ing manufacturing. By the end of the process, the liquid
resin naturally flows out from the model or is expelled
by compressed air.

Fig. 2 illustrates both the conventional method and
the validated contourless methods for creating a stereo-
lithographic part of a cylinder.

The model produced using this technology adopts
a cellular polymer structure, openly accessible on all
sides, containing a uniformly distributed free volume
internally. Experimental findings indicate that manipu-
lating technological parameters, such as layer thick-
ness (h) and hatching step (#), within the ranges

P
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Fig. 2. The models fabricated via conventional
(contour + X-Y hatching) (@) contourless (alternating X and Y
hatching layer by layer) (b) stereolithography techniques

Puc. 2. Bun Mozeseit, OMy4eHHBIX O TPaAUIMOHHOI
CTepeoIUTOrpaIIecKoil TEXHOIOTHN
(KoHTYpHI + TpUXOBKa X—Y) (@) 1 GECKOHTYpHO,
¢ uepeayromeiics uepes cioi mrpuxoskoit X u Y (b)
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of £ =100 to 200 pm and H_= 0.5 to 0.9 mm, results in
varying proportions of free volume within the model,
ranging from 30 to 80 %. A designer can replicate
a similar internal hollow structure that fills the model.
However, in such cases, the model’s complexity sig-
nificantly impacts the file size, potentially increasing it
by several orders of magnitude. This could pose chal-
lenges for subsequent software processing to prepare
the model for printing, potentially rendering it difficult
or even impossible. In contrast, contourless models
achieve the same effect by simply adjusting the model
growing technology without burdening the file size
with excessive complexity.

We opted for titanium powder with particle sizes
ranging from 15 to 45 um to explore the replacement
of prototype material. Titanium is highly sought-after
in engineering and medical applications. Additionally,
both titanium and previously used silicon can serve
as intermediate materials capable of forming ceramic
compounds (such as nitride, oxide, and carbide) under
suitable conditions, offering a wide array of structural
properties [17-19].

The matrix models were dry-filled through the open
facet, followed by sealing the closing lid with initial
resin cured under a UV lamp.

For the filling of contourless models, a suspension
of titanium powder and water was prepared. Filling
the free volume in the models was conducted within
an MK-mini vacuum chamber (“MK-Technology,”
Germany). Experimental findings revealed optimal
results when the filler constituted approximately
50 = 5 vol. % of the suspension.

Subsequently, all samples underwent heat treatment.
Both matrix and contourless models were sintered
under similar conditions using an SUOL-0.25.1/12-11
furnace (manufactured in Russia). Sintering tempera-
tures ranged from 900 to 1200 °C. The process was
executed with gas purging (argon, nitrogen) and with

exposure to atmospheric air. Sintering durations did not
exceed 10 min.

Experimental results

Fig. 3 displays photographs of the test contourless
models captured at various stages of the technological
process.

The model obtained after sintering remarkably
retained its original shape and dimensions, showcasing
the initial color of the titanium powder and exhibiting
adequate mechanical strength and electrical conduc-
tivity. The furnace utilized in our experimentation is
well-suited for gas purging (specifically, Ar and N, in
our case) and effectively prevents the temperature from
exceeding 1200 °C. When using Ar purging, a minor
quantity of weakly sintered metal powder (forming
a loose layer up to 100 microns thick) was observed
on the surface of the models. Sintering conducted
at lower temperatures (1000 and 1100 °C) also yielded
integral samples, albeit with inferior surface quality.
Considering that the melting temperature of titanium is
1670 °C, it can be inferred that elevated temperatures
might enhance the final model’s quality.

As previously mentioned, the resulting samples
exhibited the same colour as the original metal powder.
Sintering the Ti-polymer model in an argon environment
may instigate a reaction between titanium and the poly-
mer of the initial prototype. Under such conditions, stoi-
chiometric titanium carbide TiC, which conducts electri-
cal current similar to Ti, can be formed, along with sev-
eral non-stoichiometric carbides, such as TiXCy [19; 20].
According to literature sources, titanium actively reacts
with atmospheric gases like nitrogen and oxygen at
high temperatures. This reaction results in the forma-
tion of titanium nitride and titanium oxide, respectively.
It’s essential to note that not only metallic titanium but
also its compounds, such as carbides and nitrides, have
the potential to interact with oxygen [18-22].

Fig. 3. Contourless samples

a — stereolithographic contourless model; b — the same model filled with titanium-water suspension;
¢ — the model after a 10 min sintering at 1200 °C under argon purging

Puc. 3. TectoBble OECKOHTYpHBIC 00pa3Ibl

a — crepeonuTorpaduueckas OeCKOHTYpHAast MOJIENb; b — Ta jxe MOJIelIb, 3aI0JIHEHHAs! THTAHOBOSIHOM CYCIIEH3UEH;
¢ —mozenb nociie 10 mun cniekanus npu ¢ = 1200 °C ¢ npoayBKoi aproHom
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Fig. 4. Counterless samples following heat treatment at  =1100 °C
under nitrogen purging (a) and in atmospheric air (b)

Puc. 4. TectoBble OeCKOHTYpHBIE 00pa3Ib IOCiIe poBeaeH s criekanus npu ¢ = 1100 °C
C TPOYBKO# a30TOM (@) 1 B atMochepHoM Bozayxe (b)

Sintering the contourless models in a nitrogen envi-
ronment resulted in samples that maintained the origi-
nal shape and dimensions, akin to the experiments
conducted in argon. These samples exhibited electrical
conductivity, although at times, surface cleaning was
necessary to verify this property. Both titanium nitride
and titanium carbide act as metal-type conductors,
particularly in the case of stoichiometric TiN or TiC
compounds, while TiO, oxide functions as a dielectric
material [23-25].

Sintering in a nitrogen environment imparted a red-
dish-brown color to the samples, characteristic of tita-
nium nitride TiN (Fig. 4, a). However, upon discon-
tinuing nitrogen purging and before the samples cooled
completely, a layer of white or yellow color formed on
their surfaces, typical of titanium oxide TiO,. Fig. 4, b
illustrates a sample obtained through heat treatment in
atmospheric air. Both samples (Fig. 4, a, b) displayed
a slightly molten surface, which is noticeable when com-
pared with the sample in Fig. 3, ¢. According to reference
data [26], the enthalpies of titanium dioxide and nitride

formation are A (7 =-944 + 938 kJ/mol (for different
modifications) and AHpP =-323 kJ/mol, respectively.
During sintering, after the removal of the polymer,
the structure of the samples was notably porous, dis-
playing a branched surface. Due to chemical reactions,
the temperature on their surface increased, resulting in
localized areas of melted material.

The matrix models underwent a sintering process
akin to the previously described sintering of contour-
less prototypes. Fig. 5 illustrates the stages of sample
preparation and the outcome of sintering with argon
purging.

A layer of orange-colored substance developed on
the surface of the sintered model, particularly noti-
ceable on the protruding sections. A similar occurrence
was observed on the contourless models with nitro-
gen purging, albeit in the recessed areas. The models
generated in this manner, depicted in Fig. 5, ¢, more
faithfully replicate the shape of the original model.
Structurally, they also exhibit strength, and the orange
layer can be removed from the surface using abrasive

Fig. 5. Matrix samples

a — stereolithographic part depicting a component matrix with a lid; b — sealed matrix filled with titanium powder;
¢ — the sample after a 10 min sintering at 1200 °C under argon purging

Puc. 5. TectoBble MaTpHUYHBIE 00BEKTHI

a — crepeonurorpaduueckas MOJCIb MAaTPHIbI 00BEKTA C KPBIIIKOIL; b — 3aK/ICeHHAs MaTpPHIA, 3aII0JIHCHHASI THTAHOBBIM ITOPOLIIKOM;
¢ — obpaser nocne 10 mun cnekanus npu ¢ = 1200 °C ¢ npoxyBKOii aproHOM
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Fig. 6. FTIR spectrum analysis of substance from outer protruding parts
of sintered matrix sample surface following 10 min sintering at 1200 °C under argon purging

Puc. 6. FTIR criextp BemecTsa ¢ BHEIIHUX BEICTYIAIONINX JacTeil OBEPXHOCTH MaTPUYHOTo 00pa3na
nocite 10 mun criekanust npu ¢ = 1200 °C ¢ mpoxyBKoit aproHoM

materials or tools. Post-removal, the sample adopts
a grey hue, akin to titanium powder.

Spectroscopy (FTIR) of the substance extracted
from the surface of matrix models indicated (Fig. 6)
the closest resemblance to the spectrum of non-
stoichiometric Ti,C, carbide. Notably, the spectrum
obtained lacked characteristic lines indicative of Ti—N
bonds [19; 27-34].

Figs. 7 and 8 depict matrix samples sintered under
nitrogen purging and in an air environment, respec-
tively. In the case of nitrogen purging, the samples
sintered in this medium exhibited a more oxidized sur-
face compared to those sintered in an air environment.
The matrix samples prepared for sintering were densely
packed with metal powder, as previously described.
The metal was encapsulated from the surrounding
medium by the matrix itself, formed by a layer of cured
polymer. Heating initiated the thermal decomposition

or combustion of the polymer, prompting the metal
to react with the resulting decomposition products.
Previous findings indicated that in an inert argon envi-
ronment, this led to the formation of a layer composed
of titanium-carbon compounds on the surface. As
the polymer layer burned out, it gradually thinned and
became permeable to atmospheric air or other gases,
initiating competing processes between the forma-
tion of titanium carbide and titanium nitride [35; 36].
Titanium nitride reacted with heavier products of poly-
mer thermal decomposition, containing a significant
oxygen content, and transformed into oxide. It’s note-
worthy that oxidation of titanium nitride commences
at lower temperatures compared to titanium carbide.
The simultaneous occurrence of these exothermic reac-
tions on the sample surface induced additional heating
and surface melting, irrespective of the temperature
used for heat treatment (refer to Fig. 7).

Fig. 7. Matrix samples following sintering under nitrogen purging
at 1= 1000 °C (a) and 1200 °C (b)

Puc. 7. TectoBbIe MaTpu4HbIe 00PA3IIbI TOCIIE CIIEKAHUS C MIPOYBKOH a30TOM
npu ¢ = 1000 °C (a) u 1200 °C (b)
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Fig. 8. Matrix samples following sintering in air
at £ =900 °C (a), 1000 °C (b) and 1100 °C (c)

PMC. 8 TCCTOBI)IC MaTpU4HbIC 06p33HBI TIOCJIC CIICKaHMs Ha BO3AYXE
mipu £ = 900 °C (), 1000 °C (b) 1 1100 °C (c)

Samples sintered in atmospheric air (Fig. 8) exhi-
bited distinct differences from those treated with nitro-
gen purge. One notable characteristic was their sensi-
tivity to the sintering temperature: lower temperatures
(within specific limits) resulted in better retention
of the sample’s shape and a cleaner surface. Moreover,
these samples, despite exposure to atmospheric oxygen,
showed minimal amounts of generated titanium oxide,
observed only at temperatures surpassing 1100 °C.

We hypothesize that such sintering behavior can be
elucidated by the fact that in the presence of atmos-
pheric oxygen, the polymer matrix underwent com-
bustion rather than decomposition. The primary com-
bustion products (H,0 and CO,) were not retained
on the surface of the sintered sample. Additionally,
the outflow of hot gaseous combustion products from
the reaction area hindered the entry of nitrogen and
oxygen. Combustion of the polymer also resulted in
a decreased presence of carbide on the titanium sur-
face. Notably, at a sintering temperature of 900 °C,
the samples with the cleanest surfaces, in comparison
to others, were produced.

Results and discussion

Fig. 9 presents cross-sectional photos of the sin-
tered samples purged with argon. The contourless
sample retained a mesh structure at the edges, inverse
to that of the original prototype. In the center, there’s
an area of sintered powder characterized by discontinu-
ous pinpoint metallic luster. The matrix sample exhi-
bited a darker outer layer, while the rest of the sample
displayed a shiny metal appearance.

These investigations validate the feasibility of pro-
ducing 3D metal models using a stereolithography appa-
ratus, without necessitating foundry technologies. Each
of the alternative technologies presented here holds dis-
tinct characteristics to be considered during the devel-
opment of a final technological solution. Selecting a
viable solution should follow a phase of experiments
and tests evaluating the strength of the model.

All models created using the described methods
required post-processing to eliminate the outer layer
of the material. This post-processing step should
be factored in during the computer modeling phase.

Fig. 9. Cross-sections of a sample sintered at # = 1000 °C

a — counterless sample; b — matrix sample

Puc. 9. Cpesbl 00pasiios, criedeHHbIX mpu ¢ = 1000 °C

a — OeCKOHTYPHBIN 00pasew; b — MaTpUUHbIH 00pa3ser
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Fig. 10. Cross-section of a cylindrical sample model
with contourless shell and internal cavity for metal powder
or suspension filling

Puc. 10. Mozenb AIHHAPUYECKO eTalll B pa3pese,
nMeromast 0eCKOHTYPHYIO 000I0UKY U BHYTPEHHIOIO MOJIOCTh IS
TIOCIIETYIOMIETO 3aMOTHEHUS] METAIINIECKIM TTOPOIIKOM
WJIH CycTieH3nen

We are intrigued by the prospect of merging con-
tourless and matrix technologies into one by creating
a contourless matrix (as shown in Fig. 10). The wall
of such a matrix is anticipated to be filled with a metal-
water suspension, while the inner cavity may be filled
either with dry powder or the same suspension.
By selecting an appropriate sintering mode that facili-
tates easy removal of the weakly sintered outer porous
part, the final model will resemble a sintered powder
devoid of channels from polymer elements, minimiz-
ing its contact with external media during sintering.

Conclusions

Therefore, our experiments have validated the fea-
sibility of transforming stereolithographic prototypes
into metal or metal-ceramic forms. Through the use
of titanium as an exemplary material, we have effec-
tively showcased the genuine potential for such a trans-
formation. By employing the described prototypes, we
expand the utility of stereolithography, enhancing its
versatility. Notably, the proposed solution does not
necessitate any alterations to the photopolymer.

In contrast to additive technologies applied to metals
or ceramics, which typically involve the use of signifi-
cantly more expensive equipment, stereolithography
equipment has consistently stood out as one of the most
precise and user-friendly types of additive technology.

Additionally, it’s noteworthy that the methods we
propose facilitate the manufacturing of models with
varying degrees of porosity. This aspect holds sig-
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nificance in both technical and medical applications
of such models.
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