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Annotanus: B Hacrosiiee BpemMst 0cob60e MecTo Cpeld MaTepHrasoB, UCIOIb3YeMbIX B LIBETHON METaJIypriu, 3aHUMAIOT CUJIMLIUPOBaH-
HbI€ YIJIEPOA-YIJIEPOJHbIe KOMITO3ULIMOHHbIEe MaTepuaibl (YYKM). Ha npouecc cunuuupoanus nopuctoro ¥YYKM 3HauUTENbHO BIU-
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SIIOT €70 MUKPOCTPYKTYPHBIE XapaKTepUCTUKU. V3ydeHne BIMSTHUS TOPUCTON CTPYKTYPBI pa3auuyHbiXx YYKM Ha nmoimHOTY MponuTKu
pacrijiaBoM KpeMHUST MOXET TTO3BOJIUTh PEryIupoBaTh (pa30BBIif COCTAB CHJIMIIMPOBAHHBIX MAaTEPUAJIOB B IIMPOKOM JUATIa30HE, a TAKXKe
dusnko-mexaHnvyeckue u Tenaobu3nyecKre CBONCTBA YIJIepoJ-KepaMuyecKoro komnosuinonHoro matepuana (Y KKM). Onucansl pe-
3yJIbTAThl aHAJIM3a TIOPUCTOM CTPYKTYPbI M TPOYHOCTHBIX XapakKTepucTuK Y'Y KM Ha ocHOBe UTI0NTpoOMBHOM MTpedOpMBbI C pa3InIHbIMU
TUIIaMU YTJIEPOJHBIX MATPUTL (ITUPOYTIEPOIHAS, KOKC HATYPAJIbHOTO M CAHTETUYECKOTO MTEKOB, KOKC (PeHOI(POPMaTbACTUIHON CMOJIBI) 1
YKKM Ha ux ocHoBe. B cuny oco6eHHOCTe hOpMUPOBAHUS YIJIEPOIAHOM MAaTPUILIBI U3 XKHUIKOW UM Ta30BOi (ha3 Habo1aeTcs OTIMYue
[0 rpaHMLIaM JMana3oHoB Mop. YriepoaHas MaTpuua, chopMmupoBaHHas razoda3HblM METOLOM, OCTaBJsSIET MEHbILIE HAHOPA3MEPHbIX
TOp B CPAaBHEHUW C MATPUIICH, MOTYyUYEHHOU XUIKOGDA3ZHBIM METONOM. YCTAHOBJIECHO BIMSHUE CTPYKTYPHI TOPOBOTO TIPOCTPAHCTBA U
MPUPOBI MATPUYHOTO yriepoaa pazaudHbix YY KM Ha ocHOBe UTTONMPOOUBHBIX TpeOpM Ha UX CTENIEHb HACBILIEHUsI PACTIJIABOM KPeM-
HWsI, IyOMHY MPOIMUTKH, a TaKKe OIpeieIeHbl MeXaHMYeCK1e CBOMCTBA.

KoueBbie cioBa: yriepon-yriepoaHble KOMIIO3UIIMOHHbBIE MaTepUabl, TOPUCTAsl CTPYKTYpa, YIJepoaHasi MaTpulla, yriiepoaHas mpe-
¢opma, cunuupoBaHue, MPONMUTKA PaCJaBOM KPEMHU s, YIJepoA-KepaMyecke KOMIO3MLIMOHHbIE MaTepuabl.
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Introduction

The modern development of materials science is
inseparable from the creation and implementation of
high-temperature materials that combine heat resis-
tance, excellent thermal stability, high mechanical prop-
erties, wear resistance, and durability in aggressive ga-
seous and liquid environments at elevated temperatures.
Siliconized graphite largely meets these requirements,
which explains its widespread use in the chemical, me-
tallurgical, and energy industries. Siliconized graphite
is utilized as components in friction assemblies (such as
sealing rings and sliding bearings) for pumps and reac-
tors, as protective sheaths for immersion thermocouples,
and as bottom pouring refractories or stopper rod sys-
tems for metallurgical furnaces. Ensuring and enhanc-
ing the strength properties of materials under high-tem-
perature conditions necessitates the development of new
structural materials [1—3].

Currently, siliconized carbon-carbon composites
(C/C composites) hold a significant position among
materials used in non-ferrous metallurgy. Liquid sili-
con infiltration (LSI) is one of the most effective and
rapid methods for forming a ceramic matrix. This
method involves applying a slip coating based on sili-
con-containing powder to the surface of a porous C/C
composite semi-finished product. At temperatures ex-
ceeding 1414 °C, the coating decomposes, producing
liquid silicon. The LSI process for porous C/C composi-
tes is significantly influenced by their microstructural
characteristics. The completeness of silicon infiltration
is determined by the nature of the porous structure and
the pore distribution in the C/C composite (including
pore volume, size, configuration, distribution through-
out the material, and accessibility to liquid silicon).
Studying the influence of the structural features of po-
rous C/C composites on their reactivity with liquid si-

licon and the completeness of infiltration enables regu-
lation of the phase composition of siliconized materials
over a wide range, as well as the physical, mechanical,
and thermophysical properties of C/C—SiC compo-
sites [4—14].

Depending on the intended purpose, structural fea-
tures of the components, and their operating conditions,
various methods are used to manufacture reinforcing
preforms and form carbon matrices for the production
of C/C composites. Each type of carbon-reinforcing
framework has its own structural features, and together
with the different technological processes for densifying
them with a carbon matrix, they exhibit specific ranges
of pore sizes and configurations. Over the past decade,
significant attention has been devoted to the develop-
ment of high-speed, fully automated technologies for
creating needle-punched reinforcing frameworks from
carbon fibers. The emergence of new needle-punched
frameworks has necessitated the development of po-
rous C/C composites based on these frameworks and
the adjustment of LSI process parameters to produce
high-density C/C—SiC composites with uniformly dis-
tributed SiC [15—20].

To saturate the reinforcing framework with a car-
bon matrix, various carbon-containing substances are
used. In the case of forming the carbon matrix by the
gas-phase method, a carbon-containing gas undergoes
pyrolysis, resulting in carbon deposition between the
fibers of the framework. The advantages of this me-
thod include ensuring uniform distribution of the car-
bon matrix, high density of deposited carbon, strong
adhesion between the matrix and the fibers, and en-
hanced mechanical and strength characteristics of
the C/C composites. However, the gas-phase method
is characterized by its long processing time, low raw

55



lzvestiya. Non-Ferrous Metallurgy e 2024 ¢ Vol. 30 ¢ No.4 e P. 54-65

Petrovskaya K.V., Timofeev P.A. Investigating the impact of the porous structure of needle-punched preform-based carbon-carbon...

material utilization efficiency, and consequently, high
cost [10; 19; 21—24].

An alternative method for forming the carbon mat-
rix is the impregnation of the framework with a po-
lymer binder. This approach is faster and more cost-
effective. The liquid-phase method of forming a car-
bon matrix involves impregnating carbon frameworks
with polymer resin, followed by pyrolysis, carboniza-
tion, and high-temperature treatment (HTT). Precur-
sors for this method can include various thermosetting
(e.g., phenol-formaldehyde, furan) and thermoplas-
tic (e.g., coal tar pitch, petroleum pitch) resins. The
mechanical and thermophysical properties of the re-
sulting composites largely depend on the chemical and
physical structure of the coke residue from the polymer
binder. The advantages of using pitches include their
high coke density, good graphitization tendency, and
the elimination of solvents from the technological pro-
cess. However, their drawbacks include thermoplasti-
city, which leads to binder migration during heat treat-
ment, and the presence of carcinogenic compounds in
pitches, which negatively impacts working conditions.
In industrial applications, phenol-formaldehyde resins
and coal tar pitches are most commonly used to form
the carbon matrix via the liquid-phase method [19;
25—-28].

The objective of this study is to determine the in-
fluence of the pore structure and the nature of the matrix
carbon in various needle-punched preform-based C/C
composites on their degree of saturation with silicon
melt, infiltration depth, and mechanical properties.

1. Research methodology

For the study, C/C composites were manufac-
tured based on needle-punched preforms (NPPs)
produced by JSC “Kompozit” (Korolev, Russia). The
needle-punching technology enables the production
of layered fibrous preforms with the required level of
mechanical properties. NPPs made from continuous
carbon fibers were fabricated by sequentially laying the
tapes with rotation at a specific angle to reduce aniso-
tropy in the properties. After preparing the reinforc-
ing preform, the space between the fibers was filled
with a carbon matrix formed using gas-phase and lig-
uid-phase methods.

Phenol-formaldehyde resin of the BZh grade, pro-
duced by LLC “Naukom” (Nizhny Novgorod, Rus-
sia), natural and synthetic coal tar pitches produced by
LLC “Mini-Max” (Moscow, Russia), and the carbon-
containing gas methane (CH,) were used as precursors
for the carbon matrix.
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The total open porosity and apparent density were
determined using the hydrostatic weighing method in
accordance with GOST 15139-69.

Data on the pore size and volumetric content of pores
in the studied materials were obtained by the standard
contact porometry (SCP) method using the “Porosi-
meter 3.2” instrument. The SCP method allows for
the evaluation of the integral and differential porosity
of materials, as well as their density. The measurement
range of the pores is from 1 nm to 500 ym. The SCP
experiment involves measuring the equilibrium relative
moisture content curve (the ratio of the volume of li-
quid—octane—inside the pores to the weight or volume
of the porous sample) between a standard and the test
sample. The equilibrium relationship between the rela-
tive amount of octane in the test sample and its quan-
tity in the standard, for which the porometric curve is
pre-determined, is calculated. From this dependence
and the calibration porometric curve of the standard (the
distribution curve of pore volumes by their radii), the
porometric curve of the test sample can be derived. The
obtained integral and differential pore distribution data
make it possible to evaluate the volumetric pore content
and the porous structure of the material.

To study the porous space and microstructure of C/C
composites and C/C—SiC composites, microstructural
analysis of cross-sections of the samples was performed
using a JCM-6610 LV scanning electron microscope
equipped with an “Advanced Aztec” energy-dispersive
analyzer. The investigation was conducted at various
magnifications under an accelerating voltage of 20 kV.
Surface topography analysis was carried out based on
the contrast of the microstructure images obtained using
secondary electrons (SEI). Imaging with backscattered
electrons (BEC) was used to determine the elemental
composition and morphology of the sample surfaces
based on differences in the electron density distribu-
tion of the elements. Heavier elements appear brighter
(e.g., Si), while lighter elements appear darker (e.g., C).

Tests to determine the ultimate tensile and com-
pressive strength in the primary reinforcement di-
rection, as well as compressive and shear strength
perpendicular to the reinforcement direction, were
conducted using a UTS-111 universal testing machine
in accordance with OST 92-1459-77, 92-1460-77, and
92-1472-78, respectively. The loading range varied
from 50 N to 50 kN. The method involves applying
loads at fixation points according to various test
schemes at a speed of 2—5 mm/min. The measure-
ment error is £0.5 %.

The structure of C/C—SiC composites was exa-
mined for the absence of hidden macro-defects (such as
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cracks or delaminations) and to assess the depth of LSI
using X-ray tomography with an XT H 320 LC X-ray to-
mograph. As X-ray radiation passes through each part
of the examined object, it loses intensity, which is then
recorded by the cells of the receiver matrix. Each ele-
ment (pixel) of the receiver records the intensity of the
X-ray radiation. The calculated grayscale values, rang-
ing from 0 (black) to 65536 (white), are proportional to
the X-ray density of the examined object. This density,
in turn, is directly proportional to the atomic numbers
of the elements comprising the object, as listed in the
Periodic Table of Elements, and to the physical density
of the object.

2. Results and discussion

The main characteristics (apparent density — p, kg/m3,
and open porosity — OP, %) of various types of C/C
composites depending on the type of matrix are present-
ed in Table 1. The initial density of the NPP framework
is 720 kg/m3, and the volumetric fraction of the reinforc-
ing filler is 50 %.

2.1. Porometric analysis of C/C composites

The analysis of the pore space can help in selecting
the optimal mode for the subsequent formation of the
ceramic matrix. To investigate the volumetric content,
distribution, and size of pores, porometric analysis was
performed on samples with different carbon matrices,
ensuring comparable open porosity. The integral and
differential pore distributions as a function of the loga-
rithm of their radius are presented in Fig. 1.

The predominant pore size ranges from 1 to 15 pm,
accounting for over 50 % of the total pore volume in the
material. At the same time, due to the specific features
of carbon matrix formation via liquid- or gas-phase me-
thods, differences are observed in the pore size distribution
boundaries. The carbon matrix formed by the gas-phase
method contains fewer nanoscale pores (up to 9 %) com-
pared to the matrix formed by the liquid-phase method

Table 1. The main characteristics of CCCM

Tabauua 1. OcHoBHBIE XapakTepucTuku YYKM
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Fig. 1. Integral (a) and differential (b) pore distributions
as a function of the logarithm of their radius in the studied
samples

Puc. 1. UnTerpanbHoe (@) u nuddepeHunaibHoe (b)
pacripeneieHus TIop B 3aBUCUMOCTH OT Jiorapudma
WX paJuyca B UCCIeNYeMbIX 00pa3iax

(ranging from 17 to 36 %). For IPP/V, a higher number
of closed pores is characteristic compared to C/C com-
posites with a carbon matrix formed by the liquid-phase
method, due to the partial blockage of pores during the
deposition of pyrocarbon from the gas phase.

2.2. Microstructural analysis
of C/C composites

The microstructural analysis of the pore space in
C/C composites of grades IPP/S-1.3, IPP/A-N, and
IPP/V-1.4 is shown in Fig. 2. The IPP/A-S sample is not
included due to the absence of distinctive structural fea-
tures in the coke on the microphotographs, regardless of
the type of pitch used.

Type of precursor Material grade P, kg/m3 OP, %
Phenol-formaldehyde resin IPP/S-1.3 1360 12.1
Natural pitch IPP/A-N 1590 15.1
Synthetic pitch IPP/A-S 1580 15.5
Pyrolytic carbon IPP/V-1.4 1480 15.3
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Table 2. Quantitative analysis of pore distribution in C/C composites

Ta6auua 2. KonnuecTBeHHbBIN aHanu3 pacrnipeneneHus mop YYKM

Pore distribution in range, %
Material grade
1 nm—1 pm 1—15 um 15—-70 pm >70 um
IPP/S-1.3 21.4 65.9 10.9 1.8
IPP/A-N 35.8 49.6 134 1.2
IPP/A-S 17.3 69.4 10.5 2.8
IPP/V-1.4 9.1 74.2 13.5 3.2

The structure of C/C composites with a matrix for-
med by the liquid-phase method predominantly ex-
hibits high porosity, with large pores located along
the boundaries of fiber bundles and the carbon mat-
rix formed during the pyrolysis of the polymer binder
at the carbonization stage (Fig. 2, a, b). The primary
channels in the needle-punched preform are through
interbundle pores as well as pores aligned with the nee-
dle-punching direction. The interfiber space in C/C
composites with a liquid-phase-formed matrix is sig-
nificantly filled with coke, with the presence of sub-
micron-sized pores. Additionally, in C/C composites
with a resin coke matrix (Fig. 2, a), as well as those with
a pyrocarbon matrix (Fig. 2, ¢), the interbundle pores

200 pm
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are clearly visible. In C/C composites with a matrix
based on coal tar pitch coke (Fig. 2, b), the interbun-
dle pores are largely filled with coke, which may hinder
the penetration of silicon melt during subsequent LSI.
In C/C composites with a gas-phase-formed matrix
(Fig. 2, ¢), interbundle pores with a radius exceeding
15 pm are distinctly observed.

2.3. Evaluation of strength characteristics

The initial C/C composites with various types of car-
bon matrices were tested to determine the ultimate ten-
sile and compressive strengths in the primary reinforce-
ment direction (X), as well as compressive and shear
strengths in the plane perpendicular to the primary rein-

Interbundle pores

Fig. 2. Microstructure images of C/C composite samples
a—1PP/S-1.3; b — IPP/A-N; ¢ — IPP/V-1.4

Puc. 2. ®otorpadun MUKPOCTPYKTYphI 00pasioB YYKM
a— WIII/C-1,3; b — UTII/A-H; ¢ — UTIT1/B-1,4
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Fig. 3. Tensile, compressive, and shear strengths for various grades of C/C composites

1—1PP/S-1.3;2— IPP/A-N; 3 — IPP/A-S; 4 — IPP/V-1.4

Puc. 3. IIpeaensl MPpOYHOCTU MPU PACTSIKEHUM, CKATUU U CABUTE AJIs pa3IMUHbIX MapoK YYKM

1— WIIIl/C-1,3; 2 — UIIII/A-H; 3 — UIIIT/A-C; 4 — UIII1/B-1,4

forcement direction (Z). The results of the strength tests
for the initial C/C composites are shown in Fig. 3.

Overall, the obtained values of the physical and
mechanical characteristics for all C/C composite
semi-finished products are relatively high, indicating
their suitability for producing C/C—SiC composites
with superior strength properties. For all grades of C/C
composites, the tensile strength ranges from 117 to
182 MPa, compressive strength along the X-axis ranges
from 90 to 136 MPa, compressive strength along the
Z-axis ranges from 155 to 203 MPa, and shear strength
ranges from 10 to 11 MPa.

2.4. Results of liquid silicon
infiltration (LSI)

During the determination of technological para-
meters and optimization of the LSI process, adjustments
were made to the coefficient of the applied slip, con-
sisting of a silicon-containing powder and binder. The
amount of slip was calculated based on the initial char-
acteristics of the C/C composite. Increasing the coeffi-
cient allowed for obtaining a denser material in a single
infiltration cycle. However, it could result in the forma-
tion of residual silicon build-ups, tightly bonded to the
sample surface, representing an excess of the melt. The
evaluation parameters included weight gain as a percen-
tage of the initial mass and final open porosity not ex-
ceeding 5 %. The results of LSI for various samples are
presented in Table 3.

C/C—SiC composites of grades IPP/S-1.3 and
IPP/A-N exhibit identical weight gains (22.6 and
22.7 %, respectively) and a residual open porosity

slightly above 5 %. The lowest residual open porosity
(4.1 and 3.3 %) was observed for C/C—SiC compo-
sites with initial pyrocarbon and synthetic pitch coke-
based matrices, respectively. The highest weight gain
and SiC content were observed in C/C—SiC compo-
sites with initial pyrocarbon (31.0 and 12.9 %, respec-
tively) and synthetic pitch coke-based matrices (26.0
and 12.2 %, respectively). Similar SiC phase volume
fractions were also observed in C/C—SiC composites
with matrices based on phenol-formaldehyde resin
coke and natural pitch coke (9.6 and 11.2 %, respec-
tively). The dependence of weight gain and silicon
carbide content on the type of carbon matrix is shown
graphically in Fig. 4.

The intensity and completeness of the bulk LSI pro-
cess for C/C composites are significantly influenced
by the nature of their porous structure, the total pore
volume, pore size and configuration, their distribution
throughout the entire volume of the material, and their
accessibility for liquid silicon infiltration. It is most like-
ly that interbundle pores, once filled, allow the silicon
melt to flow further into interfiber pores. The C/C—SiC
composite of grade IPP/V-1.4, with a pyrocarbon mat-
rix, exhibits the highest weight gain and SiC content,
which is attributed to its more favorable porous struc-
ture (interfiber and interbundle pores ranging from 1 to
15 um account for approximately 75 % of the total pore
volume). In the case of carbon matrices formed by the
liquid-phase method, the submicron pore fraction for
IPP/A-S, 1PP/S-1.3, and IPP/A-N materials is 17 %,
21 %, and 36 %, respectively. This high proportion of
submicron pores can lead to premature pore blockage
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Table 3. Results of liquid silicon infiltration using the developed technology

Ta6auua 3. Pe3yabTaThl MPOMUTKYU paciljlaBOM KPEMHUSI [0 OTPA0OTaHHOM TEXHOJOTUU

Material grade Pinitial> kg/m> OP;ii» % WeAigr:’t %ain Prinal> kg/m? OPgpa % Vsic, vol. %
IPP/S-1,3 1360 12.1 22.6 1740 5.3 9.6
IPP /A-N 1590 15.1 22.7 1950 5.5 11.2
IPP /A-C 1580 15.5 26.0 2010 3.3 12.2
IPP /V-1,4 1480 15.3 31.0 1870 4.1 12.9

Am, %:; SiC, vol. %

= Am
304 mm sic
7 22.6 22.7

31.0
26.0
20+
b 112 122 12.9
04 T T T
1 2 3 4

Fig. 4. Dependence of silicon carbide content on the type
of carbon matrix

Matrix type: I — phenol-formaldehyde resin coke; 2 — natural pitch
coke; 3 — synthetic pitch coke; 4 — pyrocarbon

Puc. 4. 3aBucumocTs comepxkaHus KapOnaa KpeMHU s
OT TUIIA YTJIEPOJHON MaTPULLBI

Tun matputisl: 1 — koke heHoabOpMabIEITUIHON CMOJIBL;
2 — KOKC HaTypajbHOrO MeKa; 3 — KOKC CUHTETUUECKOTO TIeKa;
4 — nupoyrieposa

and unreacted carbon matrix volumes, reducing the ef-
fectiveness of LSI.

After LSI, the strength characteristics of the C/C—
SiC composites were determined. The test results for the
ultimate tensile and compressive strengths in the prima-
ry reinforcement direction (X), as well as compressive
and shear strengths in the plane perpendicular to the
primary reinforcement direction (Z), are shown graphi-
cally in Fig. 5.

The tensile strength of all types of C/C—SiC
composites showed only a slight decrease after LSI
compared to the initial C/C composites before in-
filtration, indicating minimal carbidization of car-
bon fibers. In contrast, the compressive strength
along the primary reinforcement direction (X-axis)
more than doubled, while compressive strength per-
pendicular to the reinforcement direction (Z-axis)
increased by up to 70 %. Interlayer shear strength
improved by 70—80 %. These significant enhance-
ments in the mechanical properties of all C/C—SiC
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composite types relative to their initial C/C compo-
site precursors are attributed to the formation of the
silicon carbide matrix.

To evaluate the infiltration depth, a tomographic
study was conducted on cubic samples measuring
15 x 15 x 15 mm. The tomographic images, presented
in Fig. 6, show the non-infiltrated regions marked with
dashed lines, facilitating the assessment of infiltration
completeness.

Tomographic analysis revealed that samples of
C/C—SiC composites with initial pyrocarbon and
phenol-formaldehyde resin coke-based matrices
were infiltrated to their full depth (7.5 mm from the
surface), compared to C/C—SiC composites with in-
itial pitch-based matrices, which showed infiltration
depths of up to 5 mm. This difference can be attri-
buted to the porous structure formed during carbo-
nization and high-temperature treatment, charac-
terized by a high fraction of submicron pores and low
interbundle porosity, which hinders silicon infiltra-
tion.

Notably, a dependence of infiltration depth on the
type of pitch was identified. For example, C/C—SiC
composites with a synthetic pitch-based matrix exhi-
bited an infiltration depth 1.5 times greater than those
with a natural pitch-based matrix, due to a higher pro-
portion of pores with radii ranging from 1 to 15 um.

For a detailed analysis of the microstructure and
overall composition of the C/C—SiC composites, a mic-
rostructural analysis was conducted. The microstructu-
ral images are shown in Fig. 7.

The distribution of SiC in C/C—SiC composites
with a carbon matrix formed by the liquid-phase me-
thod is uniform across all pore size ranges. In contrast,
C/C—SiC composites with an initial pyrocarbon mat-
rix contain closed macropores (10—50 um in diame-
ter) that remain unfilled with SiC. This is due to the
characteristics of carbon matrix distribution during
deposition. Nevertheless, the highest weight gain after
LSI in composites with an initial pyrocarbon matrix
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Fig. 5. Tensile, compressive, and shear strengths for various grades of C/C—SiC composites
1—1PP/S-1.3;2— IPP/A-N; 3 — IPP/A-S; 4 — IPP/V-1.4

Puc. 5. INpenenbl MpOYHOCTHU MPU PACTIKEHUU, CXKATUM U CABUTE s pa3IndHbIX MapokK Y KKM
1— WIII/C-1,3; 2— UIII/A-H; 3 — UIII/A-C; 4 — UTII/B-1,4

Fig. 6. Tomographic images after LSI of C/C—SiC composite samples
a— 1PP/S-1.3; b — IPP/V-1.4; ¢ — IPP/A-N; d — IPP/A-S

Puc. 6. Tomorpadnyeckue n300paxeHus Mocjie CUINIpoBaHus oopasmo Y KKM
a — WUIII1/C-1,3; b — UTII1/B-1,4; ¢ — UIII1/A-H; d — UTIIT/A-C
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Fig. 7. Microstructural images of C/C—SiC composite samples
a—1PP/S-1.3; b — IPP/V-1.4; ¢ — IPP/A-N; d — IPP/A-S

Puc. 7. ®otorpaduu MuUKpocTpyKTyphl 06pasios Y KKM
a— WIII/C-1,3; b — UIII1/B-1,4; ¢ — UIII1/A-H; d — UIII1/A-C

is achieved due to the predominance of pores in the
1—15 pm range in the initial C/C composites before
infiltration.

Conclusion

The microstructural, porometric, and tomogra-
phic studies of C/C composites with different initial
carbon matrices reveal that the nature of the matrix
carbon and the pore distribution in terms of volume
and size significantly influence the degree of satura-
tion and infiltration depth during liquid silicon in-
filtration (LSI). The highest saturation was observed
in C/C—SiC composites of grades IPP/V-1.4 with a
pyrocarbon matrix and IPP/S-1.3 with a phenol-for-
maldehyde resin coke-based matrix, owing to their
favorable porous structures for siliconization. In com-
posites with pyrocarbon matrices, infiltration depth
reached 7.5 mm from the surface, with weight gain and
SiC content values of 31.0 and 12.9 %, respectively.
For liquid-phase carbon matrices, the greatest infil-
tration depth (7.5 mm from the surface) was achieved
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in the IPP/S-1.3 composite with a phenol-formalde-
hyde resin coke-based matrix, with weight gain and
SiC content values of 22.6 and 9.6 %, respectively.
For IPP/A-N and IPP/A-S composites, infiltration
depths averaged 4.5 mm from the surface, with weight
gain and SiC content values of 22.7 and 11.2 % for
IPP/A-N (natural pitch-based matrix) and 26.0 and
12.2 % for IPP/A-S (synthetic pitch-based matrix).
A direct dependence of the infiltration depth during
LSI on the fraction of submicron pores was identified:
the smaller the fraction of nanoscale pores, the higher
the weight gain, SiC content, and infiltration depth.
Mechanical tests of various C/C composites and their
corresponding C/C—SiC composites demonstrated
high physical and mechanical properties, confirming
the applicability of C/C—SiC composites as structural
materials. For all grades of C/C—SiC composites, ten-
sile strength ranged from 106 to 196 M Pa, compressive
strength along the X-axis ranged from 188 to 366 M Pa,
compressive strength along the Z-axis ranged from
250 to 283 MPa, and shear strength ranged from 17
to 21 MPa.



13BecTis By30B. LiBeTHOS MeTanAyprng o 2024 o T.30 o N24 e C, 54-65

letposckas K.B., Tumogpees [1.A. OnpeAeAeHUE BAUSIHINS MOPUCTON CTPYKTYPbI YTAEPOA-YTASPOAHbBIX KOMMO3ULIMOHHBIX MATEPUAAOB...

References

Tarabanov A.S., Kostikov V.I. Siliconised graphite. Mos-
cow: Metallurgiya, 1977. 158 p. (In Russ.).

Tapa6anos A.C., KoctukoB B.M. CunuuupoBaHHBINI
rpacdut. M.: Mertamnyprus, 1977. 158 c.

Bushuev Yu.G. Carbon-carbon composite materials.
Moscow: Metallurgiya, 1994. 196 p. (In Russ.).

Bymryes 10.I. Yriepon-yriaeponHble KOMITO3UIIMOHHBIC
Matepuanbl. M.: Mertannyprusg, 1994, 196 c.

Deborah D.L. Chung. Carbon composites: composites
with carbon fibers, nanofibers, and nanotubes New York;
Buffalo: Imprint Butterworth-Heinemann, 2017. 682 p.
https://doi.org/10.1016/C2014-0-02567-1

Kumar S., Kumar A., Shukla A., Gupta A.K., Devi R.
Capillary infiltration studies of liquids into 3D-stitched
C—C preforms. Part A: Internal pore characterization
by solvent infiltration, mercury porosimetry, and
permeability studies. Journal of the European Ceramic
Society. 2009;29(12):2643—2650.
https://doi.org/10.1016/j.jeurceramsoc.2009.03.007

Niu Z., Li Z., Xiao P., Li J., Li Z., Ou-yang X., Li Y.
Influence of h-BN as additive on microstructure and
oxidation mechanism C/C-SiC composites. Journal of
the European Ceramic Society. 2019;39(15):4634—4644.
https://doi.org/10.1016/j.jeurceramsoc.2019.06.032
Shvetsov A.A. Research of interaction of carbon with
silicon melt in the process of siliconised graphite
production: Diss. ... Cand. Sci. (Eng.). Moscow: RKhTU,
2019. (In Russ.).

[BeuoB A.A. WccnenoBaHue B3aMMOJEUCTBUS yTJie-
poia ¢ pacIlaBOM KpeMHUs B IIpolecce IOJTydeHUs
CHJIMLIMPOBAaHHOro rpaduTa: JIuc. ... KaHI. TEXH. HayK.
M.: PXTY, 2019.

Zhang K.X., Guo X.S., Cheng Y.X., Zhang F.Q., He L.L.
TEM study on the morphology and interface micro-
structure of C/C-SiC composites fabricated by liquid
infiltration. Materials Characterization. 2021;175:1—7.
https://doi.org/10.1016/j.matchar.2021.111055

Tong Y., Bai S., Liang X., Qin Q., Zhai J. Reactive
melt infiltaration fabrication of C/C-SiC composites:
Wetting and infiltration.
2016;42(15):17174—17178.
https://doi.org/1016/j.ceramint.2016.08.007

Koshelev Yu.l., Bubnenkov I.A., ShvetsovA.A., Bardin N.G.
graphite: bases of
obtaining and prospects of development. Part 2.
Influence of structural features of carbon materials

Ceramics  International.

Siliconised physicochemical

on the degree of their interaction with silicon. Silicate
Technique and Technology. 2017;24(2):6—11. URL:
https://www.researchgate.net/publication/320148525
(accessed: 05.03.2024). (In Russ.).

10.

11.

12.

13.

14.

Komenes KO.U., byonenkos U.A., llIBeuoB A.A., bap-
nuH H.I. CununupoBaHHBIN IrpaduT: HUZMKO-XUMU-
YeCKHWe OCHOBBI TOJyYeHUS U TEPCIEKTUBBI Pa3BU-
Tud. Yactp 2. BausiHue CTpyKTYpPHBIX OCOOEHHOCTEM
YIJEPOAHBIX MaTepUaoB Ha CTEMEHb UX B3aMMOJEHi-
CTBUS C KpeMHUEM. TexHuka u mexuoaoeus CUAUKAmMos.
2017;24(2):6—11. URL: https://www.researchgate.net/
publication/320148525 (mata oopameHusi: 05.03.2024).
Zhang Y., Xiao Z., Wang J., Yang J., Jin Z. Effect of
pyrocarbon content in C/C preforms on microstruc-
ture and mechanical properties on the C/C-SiC
composites. Materials Science and Engineering: A. 2009;
502(1-2):64—609.
https://doi.org/10.1016/j.msea.2008.11.026

Tang J., Liu M., Wei Y., Yang Y., Huang Z. An efficient
and low-cost liquid silicon infiltration method to prepare
SiC-coated carbon short fiber for fiber protection of Cf/
SiC ceramic matrix composites. Ceramics International.
2021;47(9):13235—13241.
https://doi.org/10.1016/j.ceramint.2021.01.115

Tyurina S.A., Yudin G.A., Dalskaya G.Yu., Demin V.L.,
Andreeva S.A. The specifics of structure-building of
composite material C—SiC in the process of Liquid
Silicon Infiltration (LSI). International Research Journal.
2023;3(129):1—10. (In Russ.).
https://doi.org/10.23670/1RJ.2023.129.24

Twopuna C.A., FOoun I'A., lansckas I10., Jemun B.JI.,
Anpapeea C.A. OcoOOEHHOCTHU CTPYKTYPOOOpa3oBaHU s
KoMmo3uoHHoro marepuaia C—SiC B mpolecce UH-
bunpTpanuu yriepoaHoil OCHOBBI XUIKUM KPEMHUEM
(LSI — Liquid Silicon Infiltration). Mexcdynapoonuiii
Hayuno-uccaedosamenvckuti  wcypras. 2023;3(129):1—10.
https://doi.org/10.23670/1RJ.2023.129.24

Garshin A.P.,, Kulik V.., Nilov A.S. Analysis of
emergence, characterization and methods of imagining
technological defects in ceramic composites with SiC-
matrix obtained by liquid-phase silicification. Novye
Ogneupory (New Refractories). 2019;(8):23—33. (In Russ.).
https://doi.org/10.17073/1683-4518-2019-8-23-33
lapuun A.I1., Kynuk B.M., Hunos A.C. AHanu3 Bo3-
HUKHOBEHMUSI, XapaKTepUCTUKa U COCOObl MUHUMU-
3alUU TEXHOJIOTUUYECKUX Ne(dEeKTOB B KEPaMUUYECKUX
komno3utax ¢ SiC-marpulieil, mojyyaemMblX METOAOM
KUAKOGA3HOTO cululupoBaHus. Hoewie oeneynopoi.
2019;(8):23—33.
https://doi.org/10.17073/1683-4518-2019-8-23-33
Shikunov S.L. New approaches to preparation of
high-temperature carbide-silicon ceramic materials
and products from them; Diss. ... Cand. Sci. (Eng.).
Chernogolovka: IFTT RAS, 2019. (In Russ.).

[lukynoB C.JI. HoBble moaxombl K TMOTYYCHHUIO BbI-
COKOTEeMITepaTypHBIX KapOWIOKPEMHUEBBIX KepaMu-

63



lzvestiya. Non-Ferrous Metallurgy e 2024 ¢ Vol. 30 ¢ No.4 e P. 54-65

Petrovskaya K.V., Timofeev P.A. Investigating the impact of the porous structure of needle-punched preform-based carbon-carbon...

15.

16.

17.

18.

19.

20.

64

YeCKMX MaTepuajioB U u3meanii u3 Hux: Juc. ... KaHm.
TexH. HayK. YepHoronoska: UOTT PAH, 2020.

Panin M.1., Gareev A.R., Karpov A.P., Maksimova D.S.,
Korchinsky N.A. Analysis of textile structures of rein-
forcing components of composite materials
selection of areas of their application. MSTU Vestnik.
Ser. Mechanical Engineering. 2023;(2):15—28. (In Russ.).
https://doi.org/10.18698/0236-3941-2023-2-15-28
ITanun M.U., Tl'apees A.P., KaprnioB A.Il., Makcumo-

and

Ba JI.C., KopumHckuii H.A. AHanu3 TEeKCTUIbHBIX
CTPYKTYP apMUPYIOLINX KOMITOHEHTOB KOMMO3UI[MOH-
HBIX MaTepHUaJioB W BBIOOP 001acTeil X MPUMEHEHUS.
Becmnuk MT'TY. Cep. Mawunocmpoenue. 2023;(2):15—28.
https://doi.org/10.18698/0236-3941-2023-2-15-28
Kolesnikov S.A., Maksimova D.S. Formation of phy-
sical and mechanical characteristics of carbon-carbon
materials at isostatic technology of carbon matrix
production. [Izvestiya vuzov. Chemistry and chemical
technology. 2018;61(11):50—61. (In Russ.).
https://doi.org/10.6060/ivkkt.20186111.14

Konecunuko C.A., Makcumona [1.C. ®opmupoBaHue
GU3UKO-MEeXaHMIECKNX XapaKTePUCTUK YTIePOI-yTJIe-
POIHBIX MaTepUAasIoB MPU U30CTATUYECKOU TEXHOIOTUU
TIONTyYeHUST YTIAEPOAHOU MaTpUulbl. HM3eéecmusi 8y306.
Xumus u xumuueckas mexnosoeus. 2018;61(11):50—61.
https://doi.org/10.6060/ivkkt.20186111.14

Tzeng S., Pan J. Densification of two-dimensional
carbon/carbon composites by pitch impregnation.
Materials Science and Engineering. 2001;316(1-2):
127—34.

https://doi.org/10.1016/S0921-5093(01)01255-2

Casal E., Granda M., Bermejo J., Bonhomme J., Menén-
dez R. Influence of porosity on the apparent interlaminar
shear strength of pitch-based unidirectional C—C
composites. Carbon. 2001;39(1):73—82.
https://doi.org/10.1016/S0008-6223(00)00085-3

Hue R., Wang Z., Zhang Z., Zhang N., Zhang Y., Xia H.,
Xiao Z., Wang J. Anisotropic tribological behavior
of LSI based 2.5D needle-punched carbon fiber
reinforced C/C-SiC composites. Ceramics International.
2022;48(15):21283—21292.
https://doi.org/10.1016/j.ceramint.2022.04.071

Mikheev PV., Bukharov S.V., Lebedev A.K., Tashchi-
lov S.V. Modeling of spatial reinforcement schemes of
multilayer fiber preforms UUKM. Russian Journal of
Cybernatics. 2022;3(3):63—73. (In Russ.).
https://doi.org/10.51790/2712-9942-2022-3-3-7

Muxees I1.B., Byxapo C.B., Jlebene A.K., Tamum-
jgoB C.B. MonenupoBaHue cxeM MPOCTPAHCTBEHHOrO
apMHUPOBAHU I MHOTOCJIOMHBIX BOJJOKHUCTBIX TpedopM
VYKM. Yenexu kubepnemuru. 2022;3(3):63—73.
https://doi.org/10.51790/2712-9942-2022-3-3-7

21.

22.

23.

24.

25.

26.

Chao X., Qi L., Tian W., Hou X., Ma W., Li H. Numerical
evaluation of the influence of porosity on bending
properties of 2D carbon/carbon composites. Composites
Part B: Engineering. 2017;(136):72—80.
https://doi.org/10.1016/j.compositesb.2017.10.027

Chaoa X., Qia L., Tiana W., Lub Y., Lib H. Potential
of porous pyrolytic carbon for producing zero thermal
composites:
numerical evaluation. Composite Structure. 2020;(235):
111819.

https://doi.org/10.1016/j.compstruct.2019.111819
Papkova M.V., Magnitsky 1.V., Tashchilov S.V., Dvorets-
ky A.E. Determination of pyrocarbon matrix charac-
teristics in carbon/carbon composite materials. Izvestiya
vuzov. Chemistry and chemical technology. 2018;61(11):
50—61. (In Russ.).
https://doi.org/10.6060/ivkkt.20216405.6352

IMankoBa M.B., Maruutckuii W.B., Tamunos C.B.,

expansion coefficient A multi-scale

JBopeuxkuii A.9. OnpeneiaeHue xapaKTepUCTUK MTUPO-
YIJEPOAHONW MATPHUIIbl B YIIEPOA-yTJIEPOAHBIX KOMITO-
3UIIMOHHBIX MaTepuanax. Mzeecmus 6y308. Xumus u xu-
muueckas mexronoeus. 2021;64(5):44—49.
https://doi.org/10.6060/ivkkt.20216405.6352
Magnitskaya M.V., Magnitsky M.V., Tashchilov SV,
Tsvetkov D.A. Influence of high-temperature processing
on mechanical characteristics of carbon-carbon
composite materials based on pyrocarbon matrix. PNIPU
Mechanics Bulletin. 2022;(4):5—12. (In Russ.).
https://doi.org/10.15593/perm.mech/2022.4.01
Marnutckas M.B., Maruutckuit M.B., Tamunos C.B.,
LiBetkoB /I.A. BiusiHue BbICOKOTEMIIepaTypHOil 00-
paboOTKM Ha MeXaHUYECKHUE XapaKTePUCTUKU YTJIepOa-
YIJIEPOAHBIX KOMITO3UIITMOHHBIX MaTepHUajioB Ha OCHOBE
nupoyriepoaHoilt matpuubl. Becmuux ITHHUIIY. Mexa-
Huka. 2022;(4):5—12.
https://doi.org/10.15593/perm.mech/2022.4.01
Ilyushchenko A.F., Prokhorov O.A., Krivulenko N.V.
Increase of compaction efficiency in technologies of
manufacturing of high-density carbon/carbon composite
materials. Doklady of the National Academy of Belarus.
2022;66(5):544—551. (In Russ.).
https://doi.org/10.29235/1561-8323-2022-66-5-544-551
Unpromenko A.®., ITpoxopos O.A., Kpusynenko H.B.
TToBbilieHue 3(PpGEKTUBHOCTU YIJIOTHEHUSI B TEXHO-
JIOTUSIX U3TOTOBJICHUSI BBICOKOIIJIOTHBIX YTJIEPOI-YTJIe-
Joknaovt
Hayuonanvnoii  akademuu nayk Beaapycu. 2022;66(5):
544—551.
https://doi.org/10.29235/1561-8323-2022-66-5-544-551
DangA., Li H., Zhao T., Xiong C., Zhuang Q., Shang Y.,
Chen X., Ji X. Preparation and pyrolysis behavior of

POAHBIX KOMIIOSMIIMOHHBLIX MaTCpHaJioB.

modified coal tar pitch as C/C composites matrix



13BecTis By30B. LiBeTHOS MeTanAyprng o 2024 o T.30 o N24 e C, 54-65

letposckas K.B., Tumogpees [1.A. OnpeAeAeHUE BAUSIHINS MOPUCTON CTPYKTYPbI YTAEPOA-YTASPOAHbBIX KOMMO3ULIMOHHBIX MATEPUAAOB...

precursor. Journal of Analytical and Applied Pyrolysis.
2016;(119):18—23.
https://doi.org/10.1016/j.jaap.2016.04.002

27. Ren C.Q., Li T.H., Lin Q.L., Li H., Sun X.Y. Preparation
of carbon materials by modeling of impregnating coal-tar
pitch into carbon preform. Journal of Materials Processing
Technology. 2006;172(3):424—430.
https://doi.org/10.1016/j.jmatprotec.2005.11.003

28. Timofeev P.A. Formation of matrices of composite

materials from silicon carbides, nitrides and borides
by pyrolysis of polymer precursors: Diss. ... Cand. Sci.
(Eng.). Moscow: MISIS, 2017. (In Russ.).
Tumodees I1.A. dopmupoBaHyre MaTpULl KOMITO3UIH-
OHHBIX MaTePUAJIOB U3 KapOUI0B, HUTPUIOB 1 OOPUIOB
KPEMHUST METOIOM TTUPOJIN3a TTOJIMMEPHBIX MTPEKYPCO-
poB: duc. ... kKaHAa. TexH. HayK. M.: MUCHUC, 2017.

Information about the authors

£

Kristina V. Petrovskaya — Engineer of the JSC “Composite”.
https://orcid.org/0009-0006-9074-3060
E-mail: info@kompozit-mv.ru

Pavel A. Timofeev — Cand. Sci. (Eng.), Head of the Depart-
ment of JSC “Composite”.
https://orcid.org/0000-0001-7448-8086

E-mail: info@kompozit-mv.ru

Nudopmanus o6 aBTopax

Kpuctuna Binanuciaasosna [leTpoBckas — MHXKeHeP-TEXHO-
jor AO «Kom1o3ur.

https://orcid.org/0009-0006-9074-3060

E-mail: info@kompozit-mv.ru

ITaBen AnaroabeBny TumodeeB — K.T.H., HAUaJIbHUK OTIEA
AO «KoMmo3ur».

https://orcid.org/0000-0001-7448-8086

E-mail: info@kompozit-mv.ru

Contribution of the authors

K.V. Petrovskaya — conducted experiments, prepared initial
samples, performed microstructural, porometric, and phy-
sical-mechanical analysis, and wrote the article.

P.A. Timofeev — defined the research objective and
participated in the discussion of results.

Bkaan aBTopoB

K.B. IleTpoBckasi — mpoBeeH1Ee SKCIIEPUMEHTOB, MOJTOTOB-
Ka UCXOIHBIX 00pa31oB, MTPOBEICHNE MUKPOCTPYKTYPHOTO,
MOPOMETPUUECKOT0, PU3NKO-MEXaHUIECKOTO aHATN30B,
HamnucaHue CTaThu.

I1I.A. TumodeeB — ornpesesieHUe LIeIU pabOThI, y4yacTue B 00-
CYXIEHUU Pe3yJIbTaTOB.

The article was submitted 26.04.2024, revised 30.07.2024, accepted for publication 05.08.2024
Cmambs nocmynuaa ¢ pedaxkyuto 26.04.2024, dopabomana 30.07.2024, noonucana ¢ neuams 05.08.2024

65



