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In this study, samples were fabricated via selective laser melting (SLM) from composite mixtures based on ASP-
30 aluminum powder reinforced with 0.25 vol.% multi-walled carbon nanotubes (CNTs). Powder composites were
synthesized through low-energy mechanical processing (LEMP) of the initial constituents in a planetary mill using
grinding bodies with diameters of 4 mm and 8 mm. The influence of grinding bodies diameter on particle mor-
phology, structure, and phase composition of the powders was evaluated. It was established that low-energy
mechanical processing led to hydrogen and oxygen saturation of the powder mixtures. The mechanism of CNT
distribution within the powder mixture during LEMP is described. It has been shown that during SLM of a powder
mixture processed with 4 mm diameter milling bodies, the Al,C, phase forms due to the consumption of defective
regions of the CNTs, accompanied by an increase in oxygen content and the consequent formation of the Al,O4
phase. For the powder mixture processed with 8 mm grinding bodies, a decrease in the structural integrity of
CNTs accompanied by reduced oxygen content was observed, indicating significant CNT degradation under laser
exposure. Reinforcement of the AISi10Mg matrix alloy by both exogenous and endogenous phases, along with
structural refinement in samples produced from composite powders, resulted in an increase in microhardness
by approximately 21-28% compared to the initial powder, along with a 2.2-2.9-fold improvement in wear resis-
tance.
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Introduction

luminum and its alloys are widely used across vari-

ous industrial sectors due to their low density, high
orrosion resistance, and cost-effectiveness [1].

To enhance the reliability and extend the service life of
aluminum-based machine components operating under
frictional conditions, their tribological properties — par-
ticularly wear resistance — must be improved [2, 3]. One of
the effective approaches to improving the wear resistance
of aluminum and its alloys is the development of compos-
ite materials through reinforcement of the matrix alloy, for
instance, with carbon nanotubes (CNTs) [4, 5]. This ap-
proach contributes to increased microhardness due to the
formation of a refined matrix structure [6]. In addition,
CNTs may act as solid lubricants, reducing friction. The
development of such composite systems is particularly rel-
evant in the field of additive manufacturing, especially for
materials used in selective laser melting (SLM) based on
the AlSi10Mg alloy, one of the commercial forms of which
is ASP-30 powder. Typically, SLM feedstock powders are

characterized by spherical particle morphology and a nar-
row particle size distribution. The spherical shape ensures
uniform powder layer deposition and enhances process
stability during SLLM fabrication [7].

Industrial production of such powders is commonly
achieved via melt atomization. However, fabrication of
aluminum- or aluminum alloy-based composite powders
reinforced with CNTs using this method is not feasible due
to the significant differences in surface tension and density
between aluminum and CNTs, as well as their tendency
for interfacial reactions. Therefore, such composite pow-
ders are typically produced by mechanical processing of
the initial components in ball or planetary mills. However,
powders obtained through mechanical processing often
exhibit irregular particle morphology, which reduces their
suitability for SLM. Deviation from spherical particle
shape leads to deterioration of technological properties
such as flowability and apparent density, potentially pre-
venting the formation of uniform powder layers during
SLM. It should be noted that restoring particle sphericity
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of such composite powders, for example via plasma sphe-
roidization [8], is impractical due to the formation of in-
situ Al,C, phase under elevated temperatures.

Previous studies have investigated SLM of bulk com-
posites based on AlSil0Mg alloy reinforced with CNTs
[9—11]. In these works, composite powders were pro-
duced by processing initial components in ball [9] and
planetary [10, 11] mills. However, the primary focus was
placed on optimizing SLM processing parameters, while
the influence of mechanical processing on the structure
and phase composition of synthesized composite pow-
ders has been scarcely addressed. At the same time, the
properties of bulk samples are governed not only by SLM
parameters but also by powder characteristics such as
particle morphology, structural integrity of CNTs, and
structural—phase transformations occurring during me-
chanical processing. Therefore, one of the key practical
challenges is to preserve the initial spherical morphology
of matrix powder particles during composite preparation.
Additionally, it is essential to minimize damage to CNT
structural integrity while ensuring sufficient mechanical
energy input to achieve homogeneous CNT distribution
within the powder mixture [12]. This can be achieved by
employing low-energy mechanical processing (LEMP)
through controlling the fraction of mechanical energy
transferred into the powder mixture being processed, for
example, by varying the processing parameters of the ini-
tial components and by rationally selecting the diameter
of the milling bodies [13]. The set of chosen processing
parameters must ensure mixing of the components without
significantly affecting the particle shape of the matrix alloy
powder and the structural integrity of the CNTs.

The objective of this work is to investigate the effect of
grinding bodies diameter on the evolution of morphology
and structural—phase composition of composite powders,
as well as on the microhardness and wear resistance of
bulk composites produced by selective laser melting.

Materials and meth ods

The study employed ASP-30 powder (AlISil0Mg
alloy, produced by RUSAL), as well as carbon nano-
tubes (CNTs), the characterization of which is reported
in [14]. LEMP of the initial components was carried out
in a Fritsch Pulverisette 6 planetary mill for 1 hour using
a steel vial and steel grinding bodies in the form of balls
with diameters of 4 mm and 8 mm. Intermediate sampling
was performed after 30 minutes of LEMP. The rotational
speed of the carrier was 250 rpm. This rotational speed
was selected due to the significant reduction in particle
sphericity and yield of the usable powder fraction observed
at higher rotational speeds [15]. The filling ratio of the
milling vial was 0.25 in both cases. The CNT content in
the powder mixture was 0.25 vol.% (0.21 wt.%). The ini-
tial ASP-30 powder and the synthesized composite pow-
ders were sieved through a 63 pm mesh.

The structural and phase composition of the powder
composites was analyzed using X-ray diffraction (XRD)
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on a Bruker D8 Advance diffractometer with a Cu Ka
radiation source. The morphology of the initial and milled
powder particles was examined using a Quanta 200-3D
scanning electron microscope. Quantitative evaluation of
particle sphericity was performed using the Image] soft-
ware. The sphericity index was defined as the ratio of the
average radius of curvature of the particle corners to the
radius of the largest inscribed circle within the particle
silhouette. The structural integrity of CNTs was evaluated
semi-quantitatively based on the intensity ratio of the D
and G bands in Raman spectra obtained using an Ntegra
Spectra system with a laser wavelength of 473 nm. The
content of aluminum oxide phase in powders and bulk
samples was calculated based on oxygen content meas-
urements performed using a METAVAK-AK analyzer.
Hydrogen content in powders and bulk samples was meas-
ured using a METAVAK-V system.

Bulk specimens for subsequent microstructural analy-
sis, microhardness testing, and wear resistance evaluation
were fabricated by selective laser melting (SLM) using a
Concept Laser M2 system. The samples were rectangular
plates with dimensions of 25 x 3 x 10 mm. The SLM sys-
tem was equipped with a ytterbium fiber laser operating at
awavelength of 1.07 um, with a beam spot diameter of 100
um in the processing zone. Fabrication was carried out in
a nitrogen atmosphere, with oxygen content not exceed-
ing 0.7%. The powder layer thickness was 30 um, and the
hatch spacing was 105 um. The laser power was 190 W, and
the scanning speed was 1500 mm/s. No post-processing
heat treatment was applied.

The bulk porosity of the samples was determined using
the hydrostatic weighing method. Microhardness measure-
ments were performed using a CSM Micro-Combi Tester
via instrumented indentation according to the Vickers
method. The applied load was 100 mN with a dwell time
of 10 s. The results were averaged over 10 measurements.

Wear rate was evaluated under dry sliding conditions
using a ball-on-plate configuration, where the SLM spec-
imens were tested against a 6 mm diameter bearing steel
(ShKh15) ball on a CSM Instruments tribometer. Tests
were conducted in reciprocating mode under a normal
load of 10 N and a constant sliding speed of 0.1 m/s. The
total sliding distance in all experiments was 100 m. Wear
track profiles were recorded using a Mitutoyo Surftest SJ-
201 profilometer. The specific wear rate (k) was calculat-
ed as the ratio of volume loss to the product of applied load
and sliding distance.

Results and discussion

SEM micrographs illustrating the particle morphol-
ogy of the ASP-30 powder and the corresponding com-
posite before and after low-energy mechanical processing
(LEMP) with grinding bodies of 4 mm and 8§ mm in diam-
eter are presented in Fig. 1. The SEM images also include
the values of the particle sphericity index.

As shown in Fig. 1, a, the initial ASP-30 powder ex-
hibited a predominantly spherical particle morphology
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with a smooth surface. The average particle size was ap-
proximately 30 um. Some particles, however, contained
satellites smaller than 5 um, resulting in a sphericity index
slightly below unity. In the composite mixture prior to
LEMP (Fig. 1, b), CNTs were located on the surface of
ASP-30 particles in the form of bundles with a thickness
of approximately 5 um and lengths reaching several hun-
dred micrometers. LEMP had a pronounced effect on
both particle shape and size distribution. First, a rough-
ening of the particle surface morphology and the disap-
pearance of satellites were observed (Fig. 1, ¢). Second,
the emergence of a fraction of plate-like particles within
the powder mixture was detected (Fig. 1, d). Increasing
the diameter of the grinding bodies led to a decrease
in the sphericity index. This can be attributed to the
increased mass of individual grinding bodies, which re-
sults in higher specific impact energy and, conse-
quently, a greater degree of particle deformation during
“ball-vial” and “ball-ball” collisions. It is also important
to note that CNTs were not detected in SEM images of
the powder mixtures after LEMP.
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Fig. 1.
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The results of X-ray diffraction (XRD) analysis of the
initial ASP-30 powder and composite powders subjected
to LEMP with 4 mm and 8 mm grinding bodies are shown
in Fig. 2, a. The diffraction patterns exhibited qualitatively
similar features, with peaks corresponding to the a-solid
solution based on Al, Si, Mg,Si, and y-Al,O,. No diffrac-
tion signal from the reinforcing CNT phase was observed
due to its low content. Analysis of the full width at half
maximum (FWHM) of the (111) peak of the a-Al solid
solution revealed its increase after LEMP. This indicates
a reduction in the coherent scattering domain size of the
aluminum alloy, which is attributed to severe plastic defor-
mation of the particle surface layer and/or a high degree of
deformation of fine particles and satellites.

Typical Raman spectra of the initial ASP-30 powder,
composite mixtures after LEMP with 4 mm and 8§ mm
grinding bodies, and the initial CNTs are shown in
Fig. 2, b. The initial ASP-30 powder is characterized by a
peak at approximately 520 cm™! corresponding to silicon.
The spectra of the initial CNTs exhibit the characte-
ristic D, G, and 2Dbands at ~1360 cm™!, ~1570 cm™!, and
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SEM images of the initial ASP-30 powder (a), composite mixture prior to processing (b), composite mixture after LEMP with 4 mm balls (c),

and composite mixture after mechanical processing with 8 mm balls (d)
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~2710 cm™!, respectively. Based on the intensity ratio of
the D and G bands (/,/1; = 0.25), the initial CNTs pos-
sess a low defect density. However, LEMP of the powder
mixtures resulted in an increase in CNT defectiveness
(see Table). Specifically, after processing with 4 mm
balls, the I,/ ratio increased to 0.65, and to 0.76 after
processing with 8 mm balls. In comparison with the spec-
trum of the initial CNTs, the 2 D band — typically observed
in regions of CNT agglomeration [16] — was absent in the
spectra of the composite powders. No peaks correspond-
ing to aluminum carbide were detected in the spectra of
the composite powders, indicating the absence of inter-
facial reactions between the aluminum matrix and CNTs
during LEMP. Thus, Raman spectroscopy confirms the
presence of CNTs in the composite powder mixtures.
Considering the absence of CNTs in SEM images, it can
be hypothesized that CNTs are distributed on the surface
of powder particles but are covered by a layer of alumi-
num alloy. This layer likely forms on the surface of larger
particles through plastic deformation and welding of
satellites and finer particles. SEM data and schematic

Intensity, rel.un.

20 . Intensity, rel.un.
¢ - a-solid
solution Al
e - Si e
1.6 __J._L L_:f
v - 7-Al203 I J
& — MgoSi I A
r2r ¢ 40 50 60
20, Degree
1 FWHMA|(111) 0 174° l ¢ .
0.8 b M 4 [ ° h A °
2 FWHMAa(111)=0.230
0.4 A JL —Jl Jl_,\
3 FWHMay(111) = 0233’L a
0 A L,, Jl A ‘l A

20 30 80 90
20, Degree

COMPOSITES AND MULTIPURPOSE COATINGS

representations illustrating the proposed mechanism of
CNT distribution during LEMP are presented in Fig. 3.
Prior to LEMP, the powder exhibited a spherical par-
ticle morphology with a significant number of satellites,
while CNTs were present between particles in the form of
bundles several hundred micrometers in length and seve-
ral micrometers in thickness. After 30 minutes of LEMP,
satellites were no longer observed in SEM images, as they
were detached from the host particles. Concurrently, dis-
persion of CNTs over the particle surfaces occurred. After
60 minutes of LEMP, CNTs were no longer detectable on
the particle surfaces. It is likely that during the addition-
al 30 minutes of processing, satellites — transformed into
thin flakes — underwent plastic welding with larger powder
particles, thereby encapsulating the CNTs beneath them.
Further increase in processing time to 90 minutes did not
improve the distribution of the reinforcing phase, as the po-
sition of CNTs had already become fixed. Therefore, the
LEMP duration in the present study was limited to 1 hour.
Analysis of oxygen and hydrogen content in powders
after low-energy mechanical processing (LEMP) revealed
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Fig. 2. Results of X-ray diffraction analysis (¢) and Raman spectroscopy () of powder materials. Designations:
1 — initial ASP-30; 2— composite mixture after LEMP with 4 mm balls; 3 — composite mixture after LEMP with 8§ mm balls; 4 — initial CNTs

Table
Characteristics of powders and SLM-fabricated samples

: Ks,
E AIZOS‘ oL mm3 . NS_1 : m_1

Powder
ASP-30 0.076 0.12 0.007 - B B B
LEMP @4 mm 0.286 0.51 0.016 0.65 +0.1 a B B
LEMP &8 mm 0.398 0.78 0.014 0.76+0.2 B a a
SLM sample
ASP-30 0.080 0.12 0.012 - 0.7+0.1 130 +£19 3.84.102
LEMP @4 mm 0.323 0.60 0.037 0.52+0.14 8.5+0.1 182+28 1.34.10°
LEMP &8 mm 0.221 0.38 0.017 0.94+0.21 8.1+0.1 165+13 172108
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Fig. 3. Schematic representation of the CNT distribution mechanism during LEMP

asignificant increase compared to the initial ASP-30 pow-
der (see Table). Specifically, after LEMP, the oxygen content
increased by approximately 3.8—5.2 times, while the hy-
drogen content increased by approximately 2.0—2.3 times.
Moreover, an increase in the energy intensity of LEMP,
achieved by increasing the diameter of the grinding bodies,
resulted in a further rise in oxygen and hydrogen content
in the processed powder mixtures. Nevertheless, despite
the substantial increase in oxygen content after LEMP,
its value did not exceed 0.4 wt.%. Given the low solubil-
ity of oxygen in aluminum, it can be reasonably assumed
that oxygen is predominantly present in the form of Al,O,.
Under this assumption, the volume fraction of this phase
after LEMP with different grinding bodies diameters in-
creases to approximately 0.51—0.78 vol.%. It is important
to note that an increased content of in-situ Al,O, in the
powder mixture may have a beneficial effect on the me-
chanical properties of the resulting material. In contrast,
the increase in hydrogen content (see Table) should be
considered a detrimental factor, as it is likely to promote
porosity formation in bulk samples and negatively affect
their mechanical performance.

Microstructural analysis of SLM-fabricated samples
revealed a characteristic cellular structure formed by
semicircular melt pools. Refinement of the microstruc-
ture was observed at the boundaries of these cells. In all
analyzed SLM samples, irregularly shaped pores were
detected, which formed due to shrinkage of the interden-
dritic liquid during solidification. Additionally, spherical
pores were observed, originating from the solidification of
gas bubbles within the overheated melt pool. The volumet-
ric porosity of the SLM sample fabricated from the initial
ASP-30 powder was 0.7 £ 0.1%, whereas the composite
SLM samples exhibited porosity values approximately
one order of magnitude higher (see Table). The maximum

porosity of 8.5% was observed in samples produced from
composite powder processed with 4 mm grinding bodies.
The increase in porosity of SLM samples can be attributed
to the elevated hydrogen content in composite powders
after LEMP. It should be noted that a decrease in the
sphericity of powder particles can affect its apparent den-
sity and the uniformity of the powder layer deposition du-
ring SLM. However, during SLM printing, no differences
in the uniformity of deposition of powder mixtures with
different particle sphericity values were visually observed.
Moreover, the SLM-fabricated specimens exhibited simi-
lar porosity levels. It can therefore be stated that, in this
case, there are no limitations regarding the practical ap-
plicability of the obtained powders with reduced sphericity
for the fabrication of components by the SLM method.

X-ray diffraction analysis of the SLM samples revealed
several notable features (see Fig. 4, a). First, the appear-
ance of additional diffraction peaks corresponding to Si
was observed (see inset in Fig. 4, a). This is likely asso-
ciated with rapid crystallization processes from the over-
heated matrix alloy during SLM, leading to phase trans-
formations and changes in the crystal structure of silicon
[17]. Second, a redistribution of diffraction peak intensi-
ties was observed in the SLM sample produced from the
initial ASP-30 powder. For example, the intensity ratio
of the (111) and (200) reflections of aluminum changed,
indicating the formation of a preferred crystallographic
texture. Considering the absence of such changes in SLM
samples produced from composite powders, it can be in-
ferred that CNTs influence the structural evolution of the
AlSi10Mg alloy during solidification.

Furthermore, broadening of the (111) diffraction peak
in the patterns of composite samples (Fig. 4, @) indirectly
indicates grain boundary pinning during crystallization,
which may also be associated with the presence of CNTs.
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Fig. 4. Results of X-ray diffraction analysis (¢) and Raman spectroscopy (b) of SLM-fabricated samples. Designations:
1 — initial ASP-30; 2 — composite mixture after LEMP with 4 mm grinding bodies; 3 — composite mixture after LEMP with 8§ mm

grinding bodies

Raman spectra of SLM samples fabricated from compo-
site powders exhibited additional bands at approximately
505 cm~! and 945 cm™! (see Fig. 4, b). Similar bands
were reported in [ 18], where they were attributed to endo-
genous oxide phases of silicon and aluminum. However,
taking into account the findings of [19] regarding the in-
fluence of residual stresses on peak shifts and broadening
in Raman spectra of hypereutectic Al — Si alloys quenched
from above the liquidus temperature, we suggest that these
bands should instead be attributed to silicon.

Simultaneously, Raman spectra exhibited signals cor-
responding to the D and G bands of the exogenous rein-
forcing phase — CNTs (Fig. 4, b). Notably, after LEMP
with 4 mm grinding bodies, the intensities of the D and G
bands were higher than those observed after processing
with 8 mm bodies. The 1;)/1; ratio in SLM samples also
changed compared to the corresponding powder com-
posite mixtures. For instance, in SLM samples produced
from powders processed with 4 mm grinding bodies, the
I, /1 ratio decreased to 0.52. This behavior can be at-
tributed to the fact that structural defects in CNTs serve
as carbon sources and preferential sites for the formation
of exogenous carbide phases, particularly Al,C; [20, 21].
This is further supported by the formation of a plateau
in the vicinity of ~860 cm~! in the Raman spectrum
(Fig. 4, b). In contrast, for SLM samples obtained from
powders processed with 8 mm grinding bodies, the 7,/1 .
ratio increased to 0.94. This indicates that, during SLM,
CNT degradation processes occur; however, no simulta-
neous formation of in-situ Al,C, phase was detected in the
spectra.

The results of oxygen and hydrogen content analysis
in SLM samples are presented in Table 1. It can be ob-
served that the fraction of aluminum oxide in the SLM
sample produced from the initial ASP-30 powder remained
unchanged after consolidation, whereas the hydrogen

content nearly doubled. After consolidation of composite
powder processed with 4 mm grinding bodies, the frac-
tion of aluminum oxide increased to 0.6 vol.%, while the
hydrogen content increased by approximately 2.3 times.
In contrast, for samples produced from powder proc-
essed with 8 mm grinding bodies, the hydrogen content
increased by approximately 1.5 times, while the alumi-
num oxide fraction decreased by approximately twofold
compared to the powder state. The latter effect may be
attributed to partial paspymeHue or evaporation of the
oxide film, potentially involving carbon from structurally
degraded CNTs. According to [22], the temperature in the
melt pool under laser irradiation can reach approximately
1758 °C.

Structural and phase transformations occurring in
powders during LEMP and subsequent SLM significantly
influenced the microhardness of the composite samples.
Specifically, the microhardness increased by 28% and 21%
for samples processed with 4 mm and 8 mm grinding bod-
ies, respectively, compared to the sample fabricated from
the initial ASP-30 powder. For proper comparison with
results reported by other research groups, the volumetric
reinforcement efficiency parameter (R) was employed,
calculated according to the methodology described in [23]
(see Table). Previous studies [24—26] reported microhard-
ness increases exceeding 25% for SLM-fabricated samples
reinforced with 1 wt.% CNTs, 0.5 wt.% carbon fiber, or
0.5 wt.% graphene, respectively, with corresponding re-
inforcement efficiencies (R) of 26%, 46%, and 92%. The
SLM samples obtained in the present study demonstrated
higher reinforcement efficiency despite a lower volume
fraction of the reinforcing phase. Specifically, for samples
produced from powders processed with 4 mm grinding
bodies, R = 161%, whereas for 8 mm bodies, R = 110%.
The increase in microhardness can be attributed to a com-
bined strengthening mechanism involving exogenous
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reinforcement by CNTs, in-situ formation of ceramic
phases Al,O, and Al,C;, and grain refinement of the ma-
trix alloy due to grain boundary pinning during solidifica-
tion. The increased hardness of composite SLM samples
also contributed to enhanced wear resistance. As shown in
Table, the specific wear rate decreased by approximately
2.9 and 2.2 times for SLM samples produced from com-
posite powders processed with 4 mm and 8§ mm grinding
bodies, respectively, compared to the sample fabricated
from the initial ASP-30 powder.

A comprehensive analysis indicates that, under the
conditions considered in this study, the use of smaller-
diameter grinding bodies is preferable. It should be noted
that the selection of an optimal grinding bodies diameter,
as one of the key factors determining the energy intensity
of mechanical processing, constitutes a subject for further
dedicated investigation.

Conclusions

1. The effect of grinding bodies diameter during low-
energy mechanical processing (LEMP) with 4 mm and
8 mm balls on the evolution of morphology and struc-
tural—phase composition of composite powders based
on the AlSil0Mg alloy reinforced with 0.25 vol.% CNTs
was investigated. It was shown that increasing the grind-
ing bodies diameter from 4 to 8§ mm leads to a decrease in
particle sphericity from 0.73 to 0.61, compared to 0.91 for
the initial powder. LEMP was found to result in hydrogen
and oxygen saturation of the powder mixtures. Relative to
the initial powder, the oxygen content increased by ap-
proximately 3.8—5.2 times, while the hydrogen content
increased by approximately 2.0—2.3 times for processing
with 4 mm and 8 mm grinding bodies, respectively. In ad-
dition, the influence of grinding bodies size on the defec-
tiveness of the exogenous reinforcing phase was evaluated.
The I, /1 ;ratio increased from 0.25 (initial CNTs) to 0.65
and 0.76 after processing with 4 mm and 8 mm grinding
bodies, respectively. A mechanism describing CNT dis-
tribution within the powder mixture during LEMP was
proposed.

2. Bulk samples were fabricated by selective laser
melting (SLM), exhibiting a characteristic cellu-
lar microstructure formed by semicircular melt pools.
Microstructural refinement was observed at the bounda-
ries of the cellular structure. The presence of the exog-
enous reinforcing phase influenced the solidification
behavior of the AlSi10Mg alloy and contributed to micro-
structural refinement. It has been established that during
selective laser melting of the powder mixture processed
with 4 mm diameter milling bodies, the formation of an
in-situ Al,C, phase occurs through the consumption of
defective regions of the exogenous phase. Additionally, an
increase in oxygen content was observed, leading to the
formation of the in-situ Al,O phase up to 0.6 vol.%. For
the powder mixture processed with 8§ mm grinding bodies,
a decrease in the structural integrity of the exogenous
phase accompanied by a reduction in oxygen content was
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observed, indicating degradation of the reinforcing phase
under laser irradiation.

3. The combined reinforcement of the AlSil0Mg ma-
trix alloy by exogenous and endogenous phases, together
with microstructural refinement in samples produced
from composite powders, resulted in an increase in mi-
crohardness by approximately 21—28% compared to the
sample fabricated from the initial powder. The highest
hardness values were observed in samples produced from
composite mixtures subjected to LEMP with smaller-di-
ameter grinding bodies. An improvement in wear resist-
ance by approximately 2.9 and 2.2 times was established
for composite samples obtained from powders processed
with 4 mm and 8 mm grinding bodies, respectively.
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