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ARTICLE INFO ABSTRACT

Artic{e history: Introduction. Powder metallurgy high-entropy alloys (HEAs) of the CoCrCuFeNi system exhibit high strength
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Keywords: properties, and tribological behavior of powder metallurgy CoCrCuFeNi HEAs fabricated by mechanical alloying
High-entropy alloys and hot pressing. Materials and methods. The investigation employed X-ray diffraction (XRD), scanning electron
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, , that carbon is bound into Cr,,C, and Cr,(C,N) phases without altering the ratio of the major phases. Hardness
Strengthening mechanism 2

increase from 3.27 to 3.56 GPa, and bending strength increased from 1,440 to 1,620 MPa. For the alloy containing
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alloying with carbon (1.0 wt.%) followed by heat treatment enhances both the strength and ductility of powder
metallurgy CoCrCuFeNi HEAs through carbide strengthening and optimization of grain boundary structure.
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Introduction

The concept of high-entropy alloys (HEAs), which assumes the formation of multi-component solid
solutions without a dominant element, has introduced a new approach to materials design and opened up the
central region of multi-component phase diagrams for research [1, 2]. These alloys, which consist of four or
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more principal elements in near-equimolar ratios, exhibit, contrary to traditional alloying logic, the stability
of simple crystal lattices (e.g., FCC or BCC), despite their high chemical complexity.

Of particular interest are HEAs with a face-centered cubic (FCC) lattice, which attract researchers’
attention due to their exceptional potential for combining mutually exclusive mechanical properties —
high strength and ductility [3—5]. This unique combination arises from the synergistic interplay of several
phenomena: solid solution strengthening caused by lattice distortions, complex dislocation dynamics
in a chemically inhomogeneous environment, and the possibility of activating additional deformation
mechanisms, such as twinning-induced plasticity (7WIP) and transformation-induced plasticity (7RIP)
[6, 7].

Among FCC-type HEAs, alloys of the Co—Cr—Cu—Fe—Ni system are of particular interest due to
several distinctive features. These alloys can be consolidated by powder metallurgy methods to a nearly
pore-free state at relatively low temperatures (1,000 °C). They have proven to be effective as a matrix
material for diamond-containing composites, since they simultaneously provide high adhesion to diamond,
protection against graphitization, and high fracture toughness [8, 9]. CoCrCuFeNi coatings exhibit excellent
tribocorrosion performance and offer corrosion protection for structures operating in seawater [10, 11].
CoCrCuFeNi HEAs are also used as antibacterial materials [12] and in other application fields.

The presence of a copper-enriched phase in Co—Cr—Cu—Fe—-Ni HEAs, which forms as a result
of decomposition of the supersaturated F'CC solid solution, leads to a reduction in the strength of cast
alloys due to the formation of a continuous soft interdendritic network [13, 14]. Such alloys exhibit fairly
high ductility but low strength, which is attributed to the dominant influence of the Cu-phase. In powder
metallurgy Co—Cr—Cu—Fe—Ni HEAs, by contrast, the strength is relatively high (UTS = 700-800 MPa)
while ductility is low. This is explained by the formation of a near-nanocrystalline structure, owing to
sluggish diffusion in such systems [15], as well as to the heterogeneous distribution of the Cu phase [16,
17]. At present, the improvement of HEAs in the Co—Cr—Cu—Fe—Ni system is mainly achieved through
compositional optimization, either by reducing the Cu content [18] or by increasing the Ni content, which
enhances the solubility of Cu in the matrix solid solution [19].

Recently, solutions to specific problems of various HEAs have been found in their alloying with
non-metallic elements: boron [20], nitrogen [21], and carbon [22], as well as in the combined application
of these components.

Carbon alloying is a promising approach for increasing the overall strength and ductility of HEAs,
particularly those of the Co—Cr—Cu—Fe—Ni system. In FCC-type HEAs, upon carbon addition, the
strengthening effect is dominant. The main mechanisms involved are solid solution strengthening, dispersion
strengthening by carbide phases, and grain boundary strengthening. Solid solution strengthening makes a
substantial contribution to the increase in strength, because carbon atoms, which dissolve interstitially in
the matrix lattice, greatly increase the degree of lattice distortion. This mechanism is activated at carbon
concentrations of about 1% [23]. At higher concentrations, when the solubility limit in the matrix FCC
phase is exceeded, carbon interacts with chromium, forming dispersed Cery carbide particles that provide
strengthening via the Orowan mechanism [24] or grain boundary pinning [25]. Several researchers have
established a consistent trend of grain size reduction in carbon-alloyed HEAs [26, 27], which suggests the
involvement of the Hall-Petch mechanism, providing additional strengthening.

The effect of carbon additions also extends to improving the ductility of HEAs, which is attributed to
the change in stacking fault energy of the matrix FCC phase upon carbon dissolution and, consequently,
to an increased tendency of the alloys toward deformation twinning [26, 28]. Despite the available data on
the positive effect of carbon on the mechanical properties of HEAs, systematic studies on the influence of
carbon additions on the structure, phase composition, and mechanical properties of powder metallurgy Co—
Cr—Cu—Fe—Ni alloys produced by hot pressing are insufficiently represented in the literature.

The purpose of the present work is to establish the regularities of the effect of carbon content (0.2—
1.0 wt.%) and subsequent heat treatment (annealing at 900 °C) on the phase composition, microstructure,
mechanical properties, deformation behavior, and tribological properties of powder metallurgy CoCrCuFeNi-
based HEAs produced by mechanical alloying (MA) and hot pressing (HP).
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To achieve this purpose, the following tasks were formulated:

— to ensure the formation of homogeneous CoCrCuFeNi—C alloy particles with a uniform distribution of
all elements (including carbon), instead of a mechanical mixture of individual powders, which is necessary
for a correct comparison of the effect of different carbon contents on the HEA properties;

— to evaluate how carbon concentration and heat treatment conditions affect the mechanical property
profile (hardness, bending strength, tensile strength, and residual strain), and to correlate these properties
with the resulting microstructure;

— to study the deformation behavior and fracture mechanisms of carbon-alloyed CoCrCuFeNi alloys by
analyzing deformation curves and by fractographic examination of fracture surfaces;

— to study the tribological properties (coefficient of friction and specific wear) of the obtained alloys
under dry sliding against Si,N, ceramic counterbody, and to establish the effect of carbon alloying and heat
treatment on the wear resistance of the material.

Methods

The following initial powders were used in this work: carbonyl Fe (grade VK 3, d <9 um, 99% purity),
carbonyl Ni (PNK UT3, d < 10 um, 99% purity), reduced Co (PK lu, d < 1.2 um, 99% purity), reduced Cr
(PM ERKh, d < 80 pm, 99% purity), electrolytic Cu (PMS 1, d <24 um, 98% purity), and technical carbon
black (grade P 804T, d < 0.4 um, 98% purity). The equiatomic CoCrCuFeNi alloy was chosen as the base
composition and was alloyed with carbon in amounts of 0.2, 0.4, 0.6, 0.8, and 1.0 wt.%. These alloys
are hereafter designated as CoCrCuFeNi, CoCrCuFeNi—0.2C, CoCrCuFeNi—0.4C, CoCrCuFeNi—0.6C,
CoCrCuFeNi—0.8C, and CoCrCuFeNi—1.0C.

Powder mixtures were prepared by MA using a planetary centrifugal mill (PCM) Activator 2sl (Zavod
Khimicheskogo Mashinostroeniya, Russia) under the following conditions: drum rotation speed of
694 rpm, duration of 30 min, and ball-to-powder weight ratio of 15:1. To prevent oxidation of the powders
during processing, the drums were filled with argon.

Compacted specimens in the form of cylinders with a diameter of 50 mm and a height of 4 mm were
obtained from the MA powder mixtures by HP using a DSP 515 SA press (Dr. Fritsch, Germany) in vacuum
at a temperature of 1,000 °C, a pressure of 35 MPa, and an isobaric holding time of 3 min. Some of the
specimens were subjected to additional heat treatment (H7) — annealing in a tube furnace in a hydrogen
atmosphere at 900 °C with a holding time in the hot zone of 30 min. Hydrogen was chosen as the HT
atmosphere because of its reducing effect on oxide phases (except Cr,0,), which are inevitably present in
powder-processed materials.

X-ray diffraction (XRD) phase analysis of the powder mixtures and compact specimens was carried
out on an automated DRON 4-07 diffractometer using monochromatic Co Ka radiation in the Bragg—
Brentano geometry. The microstructure and composition of the HEAs were examined by scanning electron
microscopy (SEM) on an S 3400N microscope (Hitachi, Japan). Fine structure studies were performed
using a JEM 2100 transmission electron microscope (Jeol, Japan).

Porosity was evaluated by metallographic examination on polished unetched sections. Section images
were obtained by SEM in secondary electron (SE) mode at a magnification of x1,000 (at least 10 fields
per specimen). The pore fraction was determined using ImageJ software by binarising the images and
calculating the relative area of dark regions corresponding to pores.

Hardness was measured using a Vickers HVS 50 hardness tester (7ime Group Inc., China) at a load of
10 N, with at least 10 indentations per specimen, and the obtained values were subsequently averaged.

Bending strength measurements were performed on a universal mechanical testing machine LF
100 (Walter + Bai, Switzerland) in accordance with GOST 14019-2003. Test specimens (at least 5 per
composition) had a prismatic shape with dimensions of 25 % 4 x 3 mm. The span between the supports was
18 mm. Tensile tests were carried out in accordance with GOST 11701-84 using a universal testing machine
Instron 5966 (Instron, USA) on flat specimens (5 pieces) with a gauge length of 20 mm and a thickness of
2 mm, at a strain rate of 10 s '. The main mechanical properties were determined from the test results
using Bluehill software.
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Tribological tests were performed on a precision tribometer (CSM Instruments, Switzerland) in a
ball-on-plate configuration under reciprocating motion. Sintered silicon nitride (Si,N,) balls with a diameter
of 3 mm were used as counterbodies. The applied load was 2 N, and the linear speed was 5 cm/s. The
wear track length was 6 mm, and the total sliding distance was 4,000 cycles. Fractographic examination,
including wear track profile measurements and wear scar diameter measurements on the counterbody, was
carried out using an optical profilometer WYKO NT1100 (Veeco, USA) and an inverted optical microscope
AXIOVERT CA25 (Carl Zeiss, Germany).

Results and discussion

In the present work, an optimized mechanical alloying (MA4) mode, previously established for producing
equiatomic CoCrCuFeNi powder mixtures with a homogeneous elemental distribution, was employed to
prepare powders with carbon additions [9]. The particle morphology after M4 and the distribution of metallic
components were examined by scanning electron microscopy (SEM) and energy-dispersive spectroscopy
(EDS). The powders were found to have a flake-like shape, a monofractional size distribution, and an
average particle size of 11 um (Fig. 1,a, b).

XRD analysis of the powder mixtures revealed that a solid solution of all elements with an FCC-type
structure was formed during processing in the PCM (Fig. 1,c). The presence of carbon slightly increases the
lattice parameter of the solid solution (@ = 0.3607 nm for the CoCrCuFeNi composition and @ = 0.3609 nm
for CoCrCuFeNi—1.0C). This result is in good agreement with literature data [29, 30].

EDS mapping of the CoCrCuFeNi—1.0C powder mixture revealed a homogeneous distribution of all
elements in the metallic matrix (Fig. 1,d). The absence of visible carbon agglomerates within the particles
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Fig. 1. Particle morphology of the powder mixtures of CoCrCuFeNi (a) and CoCrCuFeNi—1.0C (b) with grain-size
distributions in the insets, XRD patterns of the M4 powders (¢), and elemental distribution maps for the CoCrCuFeNi—
1.0C mixture (d)
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suggests that carbon either dissolves in the metallic matrix during MA, or is at least comminuted to sizes
comparable with the SEM resolution (several nanometers). This result differs fundamentally from the
behavior of boron, another alloying addition, which dissolves interstitially in the CoCrCuFeNi HEA. Under
the same MA conditions, boron does not dissolve in the matrix and remains as discrete inclusions [31].

Fig. 2 shows the XRD patterns of CoCrCuFeNi alloys with different carbon contents after HP, as well
as after HP and subsequent H7. A two-phase structure was observed in all studied specimens. During HP
of the base CoCrCuFeNi alloy, spinodal decomposition of the initial supersaturated solid solution occurs,
resulting in the precipitation of a secondary Cu-enriched phase. This manifests itself in the XRD patterns
as a splitting of the F'CC phase reflections into two separate peaks. Thus, the matrix of the alloys consists
of an FCC solid solution of all metallic components (FCC phase), inherited from the powder mixture, and
a Cu-enriched phase (Cu phase). These results are consistent with literature data for CoCrCuFeNi HEAs
processed by powder metallurgy [30]. The addition of carbon and subsequent H7T do not appreciably alter
the phase ratio of the FCC and Cu phases.

Carbon alloying leads to the formation of Cr,,C, and Cr,(C,N) phases, as confirmed by the appearance

2376

of low-intensity reflections (Cr,(C,N): 20 = 40.3° and 42.7°; Cr,,C, 20 = 33.5°). Consequently, carbon that

entered the solid solution during M4 reacts with chromium — the element most prone to carbide formation
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Fig. 2. X-ray diffraction patterns of CoCrCuFeNi with carbon addition
after HP (a) and after HP followed by heat treatment (b)
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in this system — during HP. Additional heat treatment slightly increases the carbide content, indicating that
carbon is almost completely bound already at the HP stage. The total fraction of carbide phases does not
exhibit a clear linear dependence on the carbon content in the charge and remains in the range of 3—7 wt.%
for all HEAs. At the same time, the lattice parameter of the FCC matrix for all studied HEAs lies within
a narrow range of 0.3576-0.3578 nm and shows virtually no change with increasing carbon content
(Table 1). This fact indicates that the additional carbon does not enter the solid solution in interstitial
positions. The lack of correlation between the carbon content, the fraction of carbide phases, and the lattice
parameter may be explained by the sensitivity and accuracy limitations of the Rietveld method, or by the
presence of nanosized carbides that are not identified by this technique.

OBRABOTKA METALLOV MATERIAL SCIENCE

Table 1

Phase composition of CoCrCuFeNi high-entropy alloys with carbon addition after HP and after HP
followed by heat treatment

Composition FCC (Cu) Cr,(CN) | Cr,,C, | Cr,0,
HP

CoCrCuFeNi 77 (a=0.3576 nm) 23 (a=0.3608 nm)
CoCrCuFeNi—0.2C 73 (a=0.3576 nm) 23 (a=0.3608 nm) 2 2
CoCrCuFeNi-0.4C 74 (a =0.3577 nm) 23 (a=0.3608 nm) 1 2
CoCrCuFeNi—0.6C 73 (a =0.3577 nm) 21 (a=0.3608 nm) 3 1 2
CoCrCuFeNi—0.8C 70 (a =0.3577 nm) 23 (a =0.3609 nm) 2 3 2
CoCrCuFeNi—1.0C 73 (a =0.3577 nm) 22 (a=0.3608 nm) 3 1 1

HP+HT

CoCrCuFeNi 77 (a =0.3578 nm) 23 (a=0.3608 nm)
CoCrCuFeNi—0.2C 70 (a =0.3578 nm) 21 (a =0.3608 nm) 2 3 2
CoCrCuFeNi—0.4C 68 (a=0.3576 nm) 23 (a =0.3608 nm) 2 4 3
CoCrCuFeNi—0.6C 69 (a =0.3577 nm) 23 (a =0.3609 nm) 3 2 3
CoCrCuFeNi—0.8C 66 (a=0.3577 nm) 24 (a = 0.3609 nm) 2 5 3
CoCrCuFeNi—1.0C 69 (a =0.3577 nm) 23 (a = 0.3609 nm) 3 3 2

In addition to carbides, traces of Cr,0, oxide are present in all compact specimens, which is associated
with the presence of oxygen adsorbed on the surface of the starting powders.

The Williamson—Hall method was used to estimate the coherent scattering region (CSR) sizes,
microstrains (€), and dislocation densities (p) for all studied compositions. With increasing carbon
concentration, the CSR size in the HP-processed alloys decreases, while in the HP + HT condition an
opposite trend is observed (Table 2). The microstrains remain at a level of 0.045-0.06%, indicating that
a high defect density is retained in the structure even after H7. The dislocation density decreases by
approximately a factor of two after H7 in all alloys, yet the values remain relatively high. It should be noted
that the CoCrCuFeNi—1.0C alloy after HT exhibited the lowest dislocation density.

Fig. 3 shows SEM micrographs of the CoCrCuFeNi (a, b), CoCrCuFeNi—0.4C (c, d), and CoCrCuFeNi—
1.0C (e, f) alloys in two conditions: after HP and after HP followed by heat treatment (HP + HT). In all
specimens, the matrix is an F'CC solid solution, which appears in the SEM images as regions with dark grey
contrast. The size of these regions reaches several tens of micrometres. The Cu phase has a morphology
of thin elongated irregularly shaped interlayers, the size of which varies over a wide range from 100 nm
to 5 um.

The addition of carbon up to 1.0 wt.% does not cause any noticeable changes in the microstructure: the
distribution pattern of the FCC phase and the Cu phase remains unchanged. HT also does not induce any
significant microstructural transformation; the size and morphology of the phase regions remain virtually
unaltered. The residual porosity for all specimens did not exceed 1%.
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Table 2
Results of Williamson—Hall analysis
Composition CSR (nm) | € (%) | p (x10° m?)
HP

CoCrCuFeNi 89.5 0.06 9.2
CoCrCuFeNi-0.2C 85.6 0.06 9.6
CoCrCuFeNi—0.4C 81.6 0.05 8.5
CoCrCuFeNi—0.6C 78.0 0.05 9.0
CoCrCuFeNi—0.8C 75.0 0.045 8.4
CoCrCuFeNi-1.0C 71.1 0.045 8.8

HP+ HT

CoCrCuFeNi 115.1 0.045 5.4
CoCrCuFeNi—0.2C 111.0 0.045 54
CoCrCuFeNi—0.4C 123.9 0.05 5.6
CoCrCuFeNi—0.6C 128.4 0.055 5.9
CoCrCuFeNi—0.8C 138.8 0.05 5.0
CoCrCuFeNi-1.0C 146.1 0.05 4.7

d e f

Fig. 3. SEM images of the CoCrCuFeNi (a, b), CoCrCuFeNi—0.4C (¢, d), and CoCrCuFeNi—1.0C (e, f) HEAs.
Images (a, ¢, €) show the microstructures after HP, while images (b, d, f) show the microstructures after HP and HT

For a detailed study of the grain size, morphology, and distribution of carbide phases, as well as for the
evaluation of the dislocation substructure, TEM analysis was performed on the CoCrCuFeNi—1.0C alloy in
two conditions: after HP and after HP + HT. The results are shown in Figs. 4 and 5, respectively.

Bright-field images (Fig. 4,a; Fig. 5,a) show that the FCC matrix of the alloy has an ultrafine-grained
(UFG) structure. The average crystallite size, determined by the intercept method, is 620 + 50 nm after
HP and increases to 840 = 70 nm after H7. This moderate grain growth (approximately 35%) indicates
that carbide particles located at grain boundaries effectively retard grain boundary migration, but do not
completely block it.
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Fig. 4. TEM images of the microstructure of the CoCrCuFeNi—1.0C (HP) HEA (a), SAED patterns from
Cr,,Cs (b) and FCC (c) grains; a dark-field image of the structure (d), and EDS elemental distribution maps (e)

200 7

y VAU
[011] Snm?, 0:5 p

Fig. 5. TEM images of the microstructure of the CoCrCufFeNi—1.0C (HP+HT) HEA (a), SAED patterns from

Cr,,Cs (b) and FCC (c) grains; a dark-field image of the structure (d), and EDS elemental distribution maps (e)

Since the matrix grains and carbide phases are not distinguished by contrast in bright-field 7TEM
images, £DS mapping (Fig. 4,d; Fig. 5,d) and microdiffraction (Fig. 4,b, c; Fig. 5,b, ¢) were used for their
identification. According to elemental distribution maps, chromium is localized in uniformly distributed
regions of submicron size. Analysis of electron diffraction patterns allows these regions to be unambiguously
identified as chromium carbide Cr,,C..

An important feature is the predominant localization of carbides at the grain boundaries of the F'CC
matrix. The size of the carbide grains is comparable with that of the matrix grains (hundreds of nanometers).
Such an arrangement of carbides suggests that they serve two functions: pinning grain boundaries with
the restriction of grain growth during high-temperature processing and increasing the resistance of grain
boundaries to dislocation slip, which may aftfect deformation and fracture mechanisms.

Dark-field TEM images (Fig. 4,d; Fig. 5,d) indicate a high dislocation density in the FCC solid solution.
After HT, the dislocation density remains visually high, suggesting that no significant stress relaxation
occurs, which is consistent with the calculations by the Williamson—Hall method. Dislocations are distributed
relatively uniformly throughout the grain volume, without forming a distinct cell structure.
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TEM examination of deformed specimens revealed isolated deformation twins; however, their number
was insignificant, and they did not exert a determining influence on the ductility of the alloys. The suppression
of the TWIP effect is attributed to the fact that in UFG materials the critical stress for twin nucleation is
high, and grain boundaries become effective sinks for dislocations, hindering the accumulation of defects
required to initiate twinning.

A comparison of Figs. 4 and 5 shows that HT at 900 °C leads to the following changes: an increase in
the average grain size of the FCC matrix, a slight coarsening of carbide particles (without altering their
predominant localization at grain boundaries), and retention of a high dislocation density.

The study of the mechanical properties of CoCrCuFeNi HEAs with different carbon content (Table 3)
revealed the following features.

Table 3
Mechanical properties of the CoCrCuFeNi-based HEAs after HP and HP + HT
. Hardness, GPa o, MPa

Composition b
HP HP + HT HP HP + HT
CoCrCuFeNi 327+0.12 3.15+£0.15 1440 + 80 1450 + 50
CoCrCuFeNi—0.2C 3.37+£0.18 3.34+0.18 1480 £ 90 1560 =40
CoCrCuFeNi-0.4C 3.30+0.15 3.20+0.20 1520 £ 80 1720 =40
CoCrCuFeNi—0.6C 3.20+0.20 3.00+£0.12 1470 £ 90 1680 + 80
CoCrCuFeNi—0.8C 348 +£0.13 3.15+0.12 1530 + 30 1630 + 30
CoCrCuFeNi—1.0C 3.56 £0.12 3.25+0.12 1620 £ 70 1780 + 50

At carbon contents below 0.6%, the hardness of the alloys after HP increases non-monotonically. This
may be attributed to the competition between two opposing processes: chromium depletion of the matrix,
which reduces hardness, and carbide strengthening, which provides the opposite effect. Upon addition of
0.8-1.0% C, the contribution of carbide strengthening prevails, resulting in an increase in hardness to 3.48—
3.56 GPa. HT leads to a slight decrease in hardness (by 5—10%), which is associated with partial relaxation
of internal stresses and moderate grain growth. However, as shown by dark-field TEM images (Fig. 4,d;
Fig. 5,d) , the dislocation density remains high after H7, so the hardness drop does not exceed 10%.

In three-point bending tests, an increase in bending strength o, with increasing carbon content was
observed. The highest effect is achieved by the combined application of carbon alloying and HT: for the
CoCrCukFeNi-1.0C alloy after HT, o, reaches 1,780 MPa, which is 23.6% higher than that of the unalloyed
alloy without HT (1,440 MPa). The increase in 6, after HT is attributed to two factors. First, /T promotes
further reaction of the remaining dissolved carbon with the formation of additional carbides (Table 1).
Carbide particles, by pinning grain boundaries, hinder their migration and contribute to the retention of
the UFG structure. Second, a moderate increase in grain size (from 620 to 840 nm ) reduces the specific
area of grain boundaries. Since UFG materials are prone to intergranular fracture, a reduction in the total
grain boundary area has a positive effect on crack propagation resistance. Thus, the negative effect of grain
growth according to the Hall-Petch relationship is compensated by an increase in fracture toughness.

Fig. 6 presents the stress—strain curves for the CoCrCuFeNi alloys with 0, 0.2, 0.4, 0.6, 0.8, and 1.0
wt.% C after HP + HT, together with the curve for the base alloy after HP. The base alloy fractures in a
brittle manner, showing virtually no plastic deformation. Its ultimate strength is 580 MPa after HP and
730 MPa after HP + HT, and the fracture surface exhibits a cleavage pattern (Fig. 7,a), consistent with the
absence of a nonlinear region on the curve. As the carbon content rises, the deformation curves develop
nonlinear segments and the ultimate tensile strength (UTS) increases. The alloy with 1% C reaches UTS
of 1,010 MPa and a residual strain of about 2.3%. Fractographic examination (Fig. 7,b) reveals a ductile
fracture mode, evidenced by a dimpled microstructure.

Classical strengthening mechanisms fail to explain the observed simultaneous increase in strength and
ductility. TEM data show that the average grain size rises from 620 to 840 nm after heat treatment — yet the
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Fig. 6. Stress—strain curves of the CoCrCuFeNi HEAs (after HP and HP + HT)
with carbon addition (after HP + HT), obtained from uniaxial tensile tests

Fig. 7. Fractographs of the CoCrCuFeNi (a), CoCrCuFeNi—0.6C (b), and CoCrCuFeNi—1.0C (¢) HEAs

Hall-Petch relationship would predict a strength decrease from such grain growth. Dispersion strength-
ening via the Orowan mechanism also cannot account for the effect, because the carbide particles reside
predominantly at grain boundaries, not inside the grains. XRD analysis using the Williamson—Hall method
reveals that the dislocation density drops from 8.8 x 10" to 4.7 x 10" m™ after HT, which rules out dis-
location strengthening as the main contributor. Finally, the lattice parameter of the FCC matrix remains
unchanged upon carbon addition, indicating that solid solution strengthening plays a negligible role.

The main benefit of combining carbon alloying with HT, therefore, lies not in creating new obstacles for
dislocations, but in enhancing fracture toughness. Heat treatment binds the remaining dissolved carbon into
carbides, which reduces matrix embrittlement. At the same time, it reduces the total grain boundary area. For
UF'G materials that are susceptible to intergranular fracture, this effect is critically important. The cohesive
strength of grain boundaries increases, and stress concentrations diminish. As a result, the material can exploit
its inherent strength potential — provided by the UFG structure — which was previously limited by brittleness.

Fractographic analysis of CoCrCuFeNi HEAs with different carbon content revealed distinct fracture
modes that correlate with the mechanical properties presented in Table 2 and Fig. 6. Fig. 7,a shows the
fracture surface of the base CoCrCuFeNi alloy. The surface exhibits a typical morphology of brittle fracture:
smooth cleavage facets with low roughness dominate, and no signs of plastic deformation are visible. This
fracture type indicates that cracks propagate predominantly along grain boundaries (intergranular fracture)
or along cleavage planes within the grains. A small fraction of areas with a dimpled microstructure suggests
that the base alloy cannot undergo significant plastic deformation prior to failure, which is consistent with
the linear deformation curve in Fig. 6 and the low residual strain values.

CM Vol 28 No. 32026



MATERIAL SCIENCE OBRABOTKA METALLOV %

The fracture surface of the CoCrCuFeNi—0.6C alloy (Fig. 7,b) exhibits an intermediate morphology.
Dimpled regions are present, but the dimples themselves are mostly located on relatively flat cleavage facets.
This indicates a mixed fracture mode, where local plastic deformation within individual microvolumes does
not lead to a fully ductile fracture, owing to insufficient grain boundary pinning by carbide particles. This
morphology correlates well with the intermediate mechanical properties of this composition (Table 3) and
points to a transitional fracture behavior — from brittle cleavage to ductile transgranular fracture — as the
carbon content increases.

In contrast, the fracture surface of the CoCrCuFeNi—1.0C alloy (Fig. 7,c) shows a typical dimpled
structure indicating ductile transgranular fracture. The dimples form through the nucleation, growth,
and coalescence of micropores, which initiate predominantly at carbide particles or other structural
heterogeneities. The size and depth of the dimples reflect the degree of ductility: relatively fine and shallow
dimples (Fig. 7,c) correspond to moderate ductility (residual strain of 2.3% from Fig. 6), yet they differ
fundamentally from the completely brittle fracture of the base alloy. The transition from brittle cleavage to
ductile dimple fracture upon alloying with 1 wt.% carbon and subsequent H7 is attributed to the formation
of carbide phases that pin grain boundaries and promote stress redistribution, as well as to the reduction in
dissolved carbon in the matrix, which lessens its embrittlement.

Tribological tests were performed only for the two extreme compositions (the base alloy and CoCr-
CuFeNi—1.0C), based on the results of the mechanical tests. These two states exhibit the most contrasting
deformation behavior — brittle and ductile fracture.

The tribological test results (Table 4, Fig. 8) show that the coefficient of friction depends weakly
on the composition and processing condition, remaining within a narrow range of 0.75-0.77 (Fig. 8,a).
All specimens display a prolonged running-in period (about 2,000 cycles), after which the coefficient of
friction stabilizes at around 0.80. This behavior may arise from wear of the spherical counterbody and the
consequent increase in contact area, as well as from compaction of wear debris and its gradual removal
from the contact zone. This friction coefficient trend is consistent with the results reported in [9]. On the
friction coefficient curves for the base alloy after H7, local spikes are observed, which are likely associated
with periodic spalling of oxide films that form in the contact zone.

The specific wear rate varies slightly with the HEA structure. The CoCrCuFeNi alloy exhibits the
lowest specific wear rate of 7.01 X 10° mm3/(N-m). After HT at 900 °C, the wear rate increases to
10.54 x 107 mm3/(N ‘m), which may be attributed to relaxation of the FCC phase. In addition, increased
material pile-up along the edges of the wear track (Fig. 8,a) suggests a reduction in the alloy’s resistance to
plastic deformation as a result of HT.

The introduction of 1 wt.% carbon into the CoCrCuFeNi alloy results in the formation of carbides.
Despite the maximum hardness of 3.56 GPa, this is accompanied by an increase in the specific wear rate
to 10.21 x 107 mm3/(N-m). Upon HT of this alloy, the specific wear rate decreases to a minimum value
of 7.10 x 10~ mm3/(N~m). This change may be associated with improved deformability of the matrix and
its enhanced resistance to local fracture during friction. The more ductile deformation behavior after HT
is confirmed by the dimpled fracture morphology (Fig. 7,0) and the residual strain in tensile tests (2.3%).

Table 4
Tribological properties of the studied HEAs
Specific wear, Coefficient of friction
Composition Production route (x 107 mm’/(N-m))

Average Final

specimen counterbody
CoCrCuFeNi HP 7.01 0.79 0.77 0.81
CoCrCuFeNi HP+ HT 10.54 0.95 0.77 0.87
CoCrCuFeNi—1.0C HP 10.21 0.80 0.75 0.81
CoCrCuFeNi—1.0C HP+ HT 7.10 1.18 0.77 0.81
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Fig. 8. Friction coefficient as a function of the number of cycles and 2D (a) and 3D (b) images
of wear tracks of the CoCrCuFeNi—xC HEAs

In addition to specimen wear, the behavior of the counterbody (Si;N, ball) is also of interest. For the
CoCrCuFeNi—1.0C composition after H7, the maximum counterbody wear is observed (1. 18 x 10~ mm’/
(N-m)) , whereas for the base alloy this parameter is substantially lower (0.79-0.95 x 10° mm /(N m)). This
difference is attributed to the fact that the surface of the CoCrCuFeNi—1.0C alloy after HT, being strengthened
by carbides, acts as a more aggressive abrasive, intensifying the wear of the ceramic counterbody.

Conclusions

1. Mechanical alloying followed by hot pressing was found to ensure the formation of homogeneous
CoCrCuFeNi—xC powder mixtures (x = 0.2, 0.4, 0.6, 0.8, 1.0 wt.%) and to yield compact specimens with a
two-phase structure consisting of an FCC solid solution and a copper-enriched phase (Cu). The addition of
carbon in the range of 0.2—1.0 wt.% does not appreciably alter the phase ratio of the FCC and (Cu) phases,
but leads to the formation of chromium carbides Cr,,C and Cr,(C,N).

2. Carbon proved to be an effective alloying addition for strengthening the CoCrCuFeNi alloy: hardness
increases from 3.27 to 3.56 GPa, and bending strength rises from 1,440 + 80 to 1,620 + 70 MPa as the carbon
content increases to 1.0 wt.%. After additional heat treatment, the maximum bending strength reaches 1,780
+ 50 MPa for the CoCrCuFeNi—1.0 C alloy. According to TEM data, the matrix of the alloy with 1.0 wt.%
C has an ultrafine-grained structure: the average crystallite size ranges from 620 + 50 to 840 + 70 nm
depending on the processing condition, with carbide particles predominantly located at grain boundaries.

3. The combination of carbon addition and subsequent heat treatment allows the deformation behavior
of the alloys to be modified. The base CoCrCuFeNi alloy fractures in a brittle mode, with no evidence of
plastic deformation, and shows a tensile strength of about 730 MPa. By contrast, the CoCrCuFeNi—1.0 C
alloy following HT exhibits a tensile strength of 1,010 MPa and a residual strain of 2.3%.

3. Carbon alloying of the HEA and subsequent annealing were shown to have only a minor effect on
the coefficient of friction under dry sliding against Si,N, ceramics, which remains within a narrow range of
0.75-0.77. A reduction in the specific wear rate of the HEA is observed at a carbon content of 1 wt.% and after
annealing in a hydrogen atmosphere (7 = 900 °C) , owing to the increased fracture toughness of the matrix.
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