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ABSTRACT

The article studies the influence of manufacture technology on the structure and properties of new antifriction self-
lubricating composites based on AK12M2 aluminum alloy grinding waste with MoS, solid lubricant additives for
the contact pairs operating at sliding speeds of 1.0-3.0 m/s and loads of 2.0-4.0 MPa. AK12M2 grinding waste was
dried from moisture and cleaned from contamination with abrasive particles. Then the purified metal powders were
mixed with non-metallic powders of MoS, solid lubricant and pressed at 470520 MPa at room temperature. The
formed briquettes were subjected to hot pressing at a pressure of 300 MPa and a temperature of 400 °C. This tech-
nology ensured the formation of the composite’s structure consisting of a metallic aluminum matrix with evenly
distributed MoS, solid lubricant particles. The formed structure contributed to the formation of a high level of
mechanical and antifriction properties when working in the self-lubrication mode. Comparative tests showed that
the composite based on AK12M2 alloy was not inferior to cast aluminium alloy of the same chemical composition
in terms of mechanical properties and exceeds it in tribological properties.

Keywords: grinding waste, silumin, reuse, technology, antifriction composite, solid lubricant, friction, wear, self-

lubrication mechanism, post-printing equipment.

INTRODUCTION

Environmental problems related to pollution
have gained great importance in the world in re-
cent decades. This is caused by the steadily grow-
ing amount of industrial waste, including alumi-
num alloy waste. Aluminum is one of the most
recycled—and recyclable-materials in use today.
High-quality and infinitely recyclable, it is valu-
able for a more circular and sustainable economy
[1]. In the world, many enterprises successfully
implement large-scale processing of aluminum
industrial waste. This is, first of all, process-
ing of beverage and food cans, aluminum scrap,

electrical industry waste, etc. [2]. Secondary
production is an environmentally sound process
that is around 95% more energy efficient than pri-
mary production [1]. The increased adoption of
recycled aluminum in manufacturing has created
significant economic and environmental wins for
both industry and consumers. More than 80% of
U.S. production today is in making recycled (or
secondary) aluminum [3]. No matter the industry,
innovators rely on aluminum for greener, more
sustainable solutions.

The search for sustainable and ecological
solutions fully applies to the printing industry.
Printing and post-printing equipment contains
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many parts made of aluminum alloys, including
antifriction ones that work at sliding speeds up
to 3.0 m/s and loads up to 4.0 MPa in conditions
of liquid Ilubrication. This is such equipment as
automatic machines for the production of paper
food bags or devices for gluing polymer windows
into the package. The durability of systems, fric-
tion units and individual contact parts of such
equipment determines the printed products qual-
ity. Such parts are often made of cast or plasti-
cally deformed aluminum alloys of types EN AB-
AlISi9Mg or EN AB-AISi9CulMg (standard EN
1676: 2020). All such cast aluminium antifric-
tion parts have in common is their unsatisfactory
functional properties when working with liquid
lubricant (oil). This problem is due to the unstable
supply of lubricant to the contact zone, sudden
stoppage of the lubricant supply, clogging of the
supply devices due to the lubricant polymeriza-
tion or other emergency situations. In such cases,
there is direct contact between the parts, which
leads to their rapid scuffing wear [4]. As a result,
the printed products quality deteriorates signifi-
cantly or there are defective products in general.
This requires disposal and subsequent recycling,
which causes additional financial and material
costs. In such a situation, the wear of individual
cast aluminum parts leads to the failure of the en-
tire unit or section, and, as a result, the printing
machine. This causes equipment stoppages, the
need for repair works, replacement and installa-
tion of spare parts, etc., which significantly in-
creases the product cost. The described problem
requires a solution to stabilize the performance of
both individual antifriction aluminum parts and
the post-printing equipment as a whole.

For this purpose, one of the sustainable and
ecological solutions was the use of powder met-
allurgy methods to create aluminum antifriction
composites [5]. The developed composites had
sufficiently high mechanical and tribological
characteristics for various working conditions.
These composites were recommended for struc-
tural applications in the aerospace, automotive
and military industries [6, 7]. The authors [8]
studied aluminum composites reinforced with
steel particles with graphite additives [9, 10] as
a solid lubricant. Indeed, it has been shown that
the addition of graphite has a positive effect on
reducing mass loss. In work [11] it was proved
that the hardness and wear resistance of the hy-
brid nano-composites were increased considera-
bly by increasing the reinforcement content. The
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material with 5 wt.% SiC and 10 wt.% graphite
showed the greatest improvement in tribological
performance. Based on [12], the composites with
5 wt% graphite had the lowest wear loss and coef-
ficients of friction because of the self-lubricating
effect of graphite.

But despite the high level of properties, all
powder composites have a high cost [13, 14]. This
problem can be solved by using innovative tech-
nologies and new materials with high functional
properties made from effective raw materials.
Such alternative and efficient raw materials are
aluminum alloys grinding waste. Large quantities
of such grinding waste appear every day in indus-
trial plants. Aluminum grinding waste is gener-
ated during grinding operations of cast aluminum
parts. These wastes are contaminated with abra-
sive from grinding wheels and are not used in the
recycling cycle. Such grinding waste is taken to
landfills, increasing them daily, and poses a threat
to the natural ecosystem. However, the authors’
scientific works [15—17] have convincingly dem-
onstrated that the substantial volume of aluminum
alloys grinding waste after purification can be
effectively used for new antifriction parts. They
showed high level properties for new antifriction
composites from alloy AM4.5Kd grinding waste
(analogue is alloy AlCu4MgSi, ISO 209-1:2002
standard), alloy AK12MgN (analogue is alloy
AlSi12CuNiMg, EN 1676 standard) and alloy
AD35 (analogue is alloy AlSilMgMn, EN 1676
standard) when working with liquid lubricant
(oil). Nevertheless, such studies are still pioneer-
ing. They do not cover many grades of aluminum
alloys, many technological and scientific issues
are not clarified, which does not allow general-
izations to be made.

The above arguments became the motivation
for carrying out the scientific works to expand
the possibilities of using grinding waste of valu-
able aluminum alloys for their further efficient use,
while partially solving the environmental issue of
reducing the burden on the ecosystem. The aim of
this research is to determine the influence of man-
ufacture technology on the structure and proper-
ties of new antifriction self-lubricating composites
based on AK12M2 aluminum alloy grinding waste
with MoS, solid lubricant additives for the contact
pairs of post-printing equipment operating at slid-
ing speeds 1.0-3.0 m/s and loads 2.0-4.0 MPa.
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Table 1. Chemical composition of the materials based on AK12M?2 aluminum alloy grinding waste

Components, [wt. %]

Si Cu Fe Mg Zn

Mn Ni Ti Al MoS

11.0-13.0 | 1.8-25 0.6-0.9 | 0.15-0.20 | 0.7-0.8

0.3-0.5 0.2-0.3 | 0.15-0.20 basis 6.0-8.0

EXPERIMENTAL PROCEDURE

Preparatory procedures

The subject of study was new antifriction com-
posite based on AK12M2 aluminum alloy grinding
waste with MoS, solid lubricant (Table 1).

The AKI12M2 alloy grinding waste was
formed during the grinding process of cast parts.
This waste is contaminated with abrasive particles
from grinding wheels and contains components
of coolant. Therefore, the purification operations
of the AK12M2 alloy waste were the main tech-
nological operations for further use of this valu-
able raw material. The authors [15—17] developed
a technology for the regeneration of similar alu-
minum alloys grinding waste, providing for the
performance of two stages: drying from mois-
ture with annealing of the coolant components
and separative cleaning from abrasive. The first
stage included drying and annealing of AK12M2
alloy waste at 400 °C, followed by air cooling.
The second stage involved cleaning aluminium

waste from abrasive using the electrodynamic
separation method. The abrasive cleaning was
performed using the electrodynamic separation
method, which is based on the difference in elec-
trical conductivity of metallic and non-metallic
particles. Electrodynamic (ED) separation is
based on the force interaction of an alternating
electromagnetic field with solid conductive bod-
ies with different conductivity values. The special
feature of the electrodynamic separation process
is that the electrodynamic force acts on the more
electrically conductive fraction of the material to
be separated. This makes it possible to recover
non-ferrous metals with high efficiency, even if
their content in low-conductivity waste is low.
The electromagnetic separator scheme has been
shown in Figure 1.

The rotating magnetic field of the separator
(Figure 1) is generated by a multi-pole rotor with
an independent rotation drive. The magnetic field
of the rotor is excited by a winding powered by
a direct current. The rotor is placed in the mid-
dle of a stainless steel drum, which serves as a

Figure 1. The electromagnetic separator scheme: 1 — receiving hopper with vibrating feeder; 2 — drum with
magnetic rotor; 3 — receiving tray for non-electrically conductive fraction (abrasive particles); 4 — receiving tray
for electrically conductive fraction (AK12M?2 alloy particles)
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means of transporting the material to be separat-
ed within the rotating magnetic field. The drum
(2) rotates under the influence of electrodynamic
forces interacting with the rotor field. The eddy
currents are induced in the electrically conduc-
tive particles of the AK12M?2 alloy, which inter-
act with the rotor field that sets them in motion.
The material to be separated is evenly fed to the
separator drum, from where the electrically con-
ductive particles of AK12M2 grinding waste are
thrown by the rotor field into the far receiving
hopper (4), and the non-conductive abrasive par-
ticles fall freely from the drum into the nearer
hopper (3). The use of electrodynamic separa-
tion to remove abrasives from AK12M?2 grind-
ing waste has proven to be effective in obtaining
high-quality raw materials for the manufacture
of new antifriction composites. These operations
resulted in almost pure AK12M?2 alloy powders
with residue of abrasive particles content of up to
2%. These particles were present after grinding
with abrasive wheels, however, it makes mate-
rial suitable for further use, since the role of solid
lubrication is decisive.

Charge preparation and consolidation

The regenerated powders of AK12M2 al-
loy with a size of 60—180 um prepared in the
above-described way were used to make the
initial charge. In many post-printing machines,
aluminum parts are in direct contact with printed
products such as postal envelopes, letterheads,
transparent windows for cardboard packaging,
etc. Therefore, the use of liquid lubricant (oil) is
unacceptable in such cases, as this can contami-
nate the products.

With this in mind, the MoS, solid lubricant
was added to the composition of the initial charge
in the amount of 6.0-8.0 wt.%. The well-known
MoS, solid lubricant is effective when working
in medium-severe friction conditions [15]. The
solid lubricant amount was determined based on
the following considerations: a MoS, content of
less than 6 wt.% is insufficient for effective lu-
brication of the contact surfaces, and more than
8.0 wt.% leads to a decrease in the composite’s
mechanical properties [18]. Thus, regenerated
metal powders of AK12M2 aluminum alloy
were mixed with non-metallic powders of MoS,
solid lubricant. As a result, the initial charge
was prepared with the following composition:
AK12M2+(6.0-8.0)% MoS,.
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The operating conditions of friction units
in post-printing machines are associated with
the action of loads and speeds, which requires a
high structural strength of the parts. This can be
achieved by minimizing porosity. For this pur-
pose, a two-stage composite consolidation pro-
cess was used. In the first stage, the briquettes
were cold pressed at 450-500 MPa, and in the
second stage, the previously obtained briquettes
were additionally subjected to hot pressing at
270-300 MPa and a temperature of 400 °C.

Examination techniques

Structural studies of the composite material
were performed using a metallographic micro-
scope Optika B1000 MET and scanning EVO
50X VP electron microscope (SEM).

The mechanical properties of aluminium cast
alloy and the new composite were determined
according to standard procedures using standard
equipment. A UIT GTM 500 testing machine and
a UIT HBW-1 stationary Brinell hardness tes-
ter were used in the study. Samples were made
from the studied composite with MoS, solid lu-
bricant and AK12M2 cast alloy in the amount of
20 pieces of each material. The AK12M2 cast
alloy samples were not subjected to additional
heat treatment. Tests were performed according
to standard methods by ASTM D7264, ISO 6506/
ASTM E10, (ISO 4498-1-90).

Tribological tests were performed according
to the end-friction scheme; the friction track was
5 km. Friction and wear tests were carried out on
a VMT-1 friction machine under the following
operating conditions: sliding speed 1.0-3.0 m/s,
load P=2.0—4.0 MPa in air, counterface made of
cast steel 45. Cast steel 45 corresponds to the ac-
tual material of the contact pair that works in pair
with the antifriction aluminum part in the post-
printing machine. The chemical composition is as
follows, wt.%: 0.42—0.50 of carbon, 0.17-0.37 of
silicon, 0.50—0.80 of manganese, < 0.25 of chro-
mium, < 0.25 of nickel, < 0.04 of sulphur, <0.035
of phosphorus, and iron as the base.

The surface roughness was measured accord-
ing to the standard method (ISO 4287:1997) using
a ProfilControl 7S Tube profilometer [19]. Visual
evaluation of the surface was performed using
an EVO 50XVP electron microscope. Measure-
ments on the profilometer were carried out along
20 measuring tracks of 220 um length perpendic-
ular to the direction of friction.
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Roughness measurements were carried out on
the following parameters: RSm — mean width of
the profile, Rv — maximum profile valley depth,
Rp — maximum profile peak height, Ra — arithme-
tic mean deviation of the profile, Rz— maximum
height of the profile, Ir — sampling length- rough-
ness profile.

RESULTS AND DISCUSSION

The structure of the composite based on AK-
12M2+7%MoS, grinding waste that was formed
after hot pressing technological operation is
shown in Figure 2. The microstructure is com-
posed of a metal matrix and uniformly distributed
MoS, solid lubricant particles. Its metal matrix
consists of an alloyed a-solid solution based on
aluminum and hardening phase particles [20]. In
turn, the Al solid solution is a eutectic that forms
at a silicon content of 11.6 wt.%, which corre-
sponds to the Al-Si phase diagram.

As can be seen from Figure 3, the structure
of the new composite is homogeneous, which in-
dicates the effectiveness of the developed manu-
facturing technology. Such structure of the new

20.00kV

x3500

=15.9mm

Figure 2. The structure of the composite based on
grinding waste AK12M2+7%MoS,, unetched state

material provided better tribological properties
with respect to the base material (Table 2).

As can be seen from the Table 2, the compos-
ite based on AK12M2 alloy waste is not inferior
to cast aluminum alloy in terms of mechanical
properties, and it exceeds cast alloy in terms of
tribological properties, when friction takes place
without liquid lubricant. This is due to the pres-
ence of MoS, solid lubricant in the composite vol-
ume, which is constantly smeared on the contact
surfaces and minimizes wear. Under such friction
conditions, an antifriction film is permanently
formed at the wear areas on the contact surface.
The product of wear is then dust (powder with
micrometer-sized particles), causing a superlu-
bricating effect, which reduces the value of the
coefficient of friction and prevents the occurrence
of dry friction.

In this case, the value of the coefficient of
friction is 0.19-0.21 and 0.47-0.61, respective-
ly, in the case of contact between the counterface
and new aluminium composite with molybdenum
disulfide and cast aluminium alloy, which in the
latter case is consistent with the data available in
the literature [24]. Thus, it should be concluded
that the addition of MoS, results in a nearly three-
fold reduction in the value of the coefficient of
friction determined during tribological tests con-
ducted under a load of 2.5 MPa. Moreover, with
the increase of the load to 4.0 MPa, the value of
the coefficient of friction is only slightly high-
er and amounts to 0.22-0.24. The coefficient of
friction and wear cannot be determined for a cast
aluminium alloy specimen due to the seizure and
adhesion of the contact surfaces under friction
conditions of 2.5 MPa and more without lubri-
cation. The cast alloy cannot operate without lu-
brication. Based on this, it should be concluded
that the maximum allowable sliding speed is 3.0
m/s under a load of 4.0 MPa for the composite
sample with molybdenum disulfide additive and
1.0 m/s under a load of 2.5 MPa for the sample
of cast alloy. In this case, the slight reduction in

Table 2. Comparative mechanical and tribological properties of the studied composite and cast alloy

Friction coefficient (f) and wear rate (1),

. Maximum Maximum
Composition, 3?;:'?3 HBS [um/km], at load, [MPa] allowable allowable
[wt. %] R [I\/?Pay] 2,5/31,25/15 2.5 4.0 sliding speed, load,
L f | f | [m/s] [MPa]
AK12M2 + (6-8) MoS, | 180-185 62-65 0.19-0.21 |36-41| 0.22-0.24 |48-56 3.0 4.0
AK12M2 cast alloy [19] | 186-190 64-68 0.47-0.61 | >600 | adhesion of surfaces 1.0 2.5

Note: friction without liquid lubricant.
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mechanical properties caused by the reduction
in the size of the active cross-section, including
the bending strength R from 186-190 MPa for
the base material to 180—185 MPa for the materi-
al with the addition of molybdenum disulfide, is
quite acceptable in terms of increasing the tribo-
logical properties of the new aluminium compos-
ite based on waste.

Images of the surfaces subjected to tribologi-
cal tests are shown in Figure 3. According to the
attached microscopic documentation, the main
mechanism of wear of aluminium alloy is delam-
ination of the surface layer, and the film delami-
nation has been shown in Figure 4a. According to
[21], in the case of aluminium alloys, the above
type of wear is caused by plastic deformation of
the surface layer, followed by the initiation and
propagation of cracks, resulting in the formation
of wear debris and their subsequent separation
from the substrate. This type of wear is caused by
different properties of the surface layer compared
to the core - the surface layer, which often con-
tains oxides on its surface [22], is characterized
by lower ductility, making its main wear mech-
anism micro-cracking and delamination [23],
[24]. In addition, it should be noted that the exit
of MoS, from the middle to the surface leads to
the formation of microgeometric notches, which
contribute to the formation of microcracks on the
friction film’s surface with subsequent delamina-
tion of the fragments.

The mass transfer effect is observed during
friction of a new Al-composite with molybdenum
disulfide on a counterface made of steel 45. The
formed friction film covers both contact surfaces.

The effect of mass transfer is demonstrated by
the transfer of molybdenum disulfide and other

components of the aluminium composite to the
surface of the steel 45 counterface.

The main mechanism of wear is the mi-
croploughing of the contact zones in accordance
with the direction of friction [29, 30]. The fric-
tion surface film is deformed, cracked and peeled
off on both contact surfaces. The wear products
are pulverised at the same time. Since the formed
friction film is very mobile, its detachment and
crushing leads to localisation of plastic deforma-
tion in a thin surface layer without affecting the
deeper layers. As mentioned earlier, the friction
film contains MoS, and oxides of the friction
pair’s elements. Thus, in this case the character
of wear is oxidative without abrasive phenomena
leading to scratching of contact surfaces and their
subsequent seizure.

The new waste-based aluminium composite
demonstrates high antifriction properties under
specified friction conditions precisely due to the
formation of a complex and multi-component
friction film, which wears and re-forms again on
both surfaces. This is how the self-lubrication
mode is realised.

The results of roughness measurements con-
firmed the presence of friction film. They agree
with the microphotographs of the surfaces sub-
jected to wear tests (Figure 4), where the presence
of friction film is evident. The friction film on the
counterface’s surface appears as a layer with a
striped structure that follows the direction of the
abrasive wear line. This layer forms the parame-
ters that characterize the roughness. The average
values of roughness measurements before and af-
ter tribological tests of the counterface have been
summarized in Table 3. The results of roughness
measurement before and after tribo-tests show
that a layer of lubricating film was formed on the

Figure 3. Friction surfaces: (a) sample, (b) counterface after tribological tests at sliding speed of 2.5 m/s and
load P =3.0 MPa in air
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Figure 4. Measurement of counterface’s surface roughness before tribo-testing (a) and after tribo-testing (b)

Table 3. Roughness parameters of the counterface before and after tribological tests

Roughness parameters, [um]

Counterface
RSm, Ry, Rp, Ra, Rz, Ir
Before tribo-tests 35.01 0.79 0.61 0.16 1.81 220
After tribo-tests 23.31 0.96 0.87 0.22 2.21 220

Note: Tribological tests at V =2.5 m/s, load P = 3.0 MPa.

counterface’s surface. The arithmetic mean value
of Ra parameter after testing increases by more
than 27% and the profile height Rz increases by
more than 18% compared to the surface of the
counterface before tribo-testing.

For softer materials, high surface roughness
can also lead to failures and outages. The Rv
parameter shows a strong correlation with hard-
ness - according to [25], an initial increase in
the hardness of Hardox 500 steel led to a rise
in the Rv parameter, followed by its decrease.
This is due to the detachment of fragments of
the material, without its plastic deformation,
which in the case of materials with higher hard-
ness leads to deeper valleys. In this case, the low
value of the parameter Rv of 0.96 um and Rp
= 0.87 um indicates a smooth surface after the
test and ensures the stability of the contact pair,
with a maximum profile height Rz of 2.21 pm.

The parameters Rv, Rp, Ra and Rz in each case
show lower values compared to high strength
steels [26, 27], and the value of Rsm - the only
parameter describing the horizontal size of the
section —at 23. 31 um indicates that the resulting
valleys are narrow, yielding a height-to-width
ratio (Rz/Rsm) of 0.09. According to Wolf’s
roughness shape indices [25], Ra/Rz and Rv/
Rp ratios of 0.10 and 1.10, respectively, indicate
that indentations predominate over protrusions
in the surface topography. In [28], the results
of tests on several aluminum alloys subjected
to tribological testing based on friction with
sandpaper were summarized. In this case, only
alloy A339 with SiC addition obtained a lower
Ra value (0.18 pm) compared to the results
presented in this manuscript. During pin-on-disc
tests, the Al 7075 aluminum alloy, depending on
the test conditions (changes in the applied load
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and the size of the abrasive particles), shows
an Ra value in the range of 0.38—1.11 pm [29].
The above differences increase especially with
regard to the surface roughness of aluminum
alloys after machining. The obtained value is
also lower compared to the 7075 alloy with 10%
SiC, in which the lowest surface roughness Ra =
3.37 um was obtained at a cutting speed above
220 m/min using a PCD tool [30]. In [31], it was
shown that during cutting, the surface of the
AW-2024 T3 aluminum alloy is characterized by
the lowest Ra value of 0.30 um, which is also a
less favorable result compared to the presented
test results.

CONCLUSIONS

The research results proved the fundamental
possibility of using aluminium alloys grinding
waste in the repeated production cycle. Studies
have shown the high efficiency of using indus-
trial aluminium alloy grinding waste to manu-
facture new high-quality composites. The use of
valuable waste in the repeated production cycle
opens up broad prospects not only for the pro-
duction of new high-quality materials, but also
minimizes the number of hazardous wastes land-
fills and significantly reduces the impact on the
global ecosystem.

The developed technology ensured the for-
mation of the composite’s structure consisting
of the metallic aluminum matrix with evenly
distributed MoS, solid lubricant particles. The
formed structure contributed to the formation
of a high level of mechanical and antifriction
properties when working in the self-lubrication
mode. Comparative tests showed that the com-
posite based on AK12M2 alloy waste is not in-
ferior to the cast aluminum alloy in terms of me-
chanical properties and exceeds it in tribologi-
cal properties under friction conditions without
grease. This is due to the MoS, solid lubricant
in the composite volume, which is constantly
smeared on the contact surfaces and minimiz-
es wear. This permanent self-lubrication mode
eliminates the possibility of the contact surfaces’
seizure, adhesive phenomena and failure of both
the individual friction units. The antifriction film
of MoS, solid lubricant ensured stable operation
under friction conditions at sliding speeds of
1.0-3.0 m/s and loads equal to 2.0-4.0 MPa.
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Summarizing the results, it can be stated that
the technological approach used by the authors to
the utilization, cleaning from contamination and
further use of recovered valuable industrial grind-
ing metal waste is very important on the way to
the creation of new effective materials and parts
made from them. Moreover, this approach will
provide further steps towards protecting the envi-
ronment from contamination and will contribute
to the reduction of landfills.
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