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Abstract: Multicomponent aluminum-based alloys doped with chromium (Cr) and molybdenum
(Mo), fabricated by spark plasma sintering (SPS), derived from a powder mixture prepared by me-
chanical alloying, were studied in this work. The morphology of the pristine and worn surfaces was
analyzed using a scanning electron microscope equipped with an energy-dispersive X-ray spectros-
copy system. The obtained alloys exhibited higher hardness (73 and 72) for the Al-Mo and Al-Cr
alloys, respectively, compared to reference bronze. Besides improved hardness, SPS-sintered alloys
also showed a lower value of the weight and linear wear and the highest score-resistance compared
to bronze. The enhanced tribological behavior is related to the formation of secondary structures on
the friction surfaces of rubbing pairs, which in turn reduce wear. For the first time, the present re-
search has demonstrated the effectiveness of the addition of Mo and Cr for the fabrication of sin-
tered multicomponent Al-based alloys with a tailored microstructure that induces the formation of
secondary structures on the tribosurfaces due to the self-organization processes during friction.

Keywords: Al-Sn-Pb alloy; mechanical alloying; spark plasma sintering; microstructure; mechani-
cal behavior; tribological properties; secondary structures

1. Introduction

Today, most monometallic plain bearings are produced by casting bronze alloys to
meet demanded mechanical and tribological properties. However, for bronze bearings, a
significant disadvantage is the Rebinder effect in an emergency, where molten copper
droplets become a surface-active substance for steel, causing the appearance of cracks at
the boundaries of steel grains up to the complete fracture of the steel counter body. There-
fore, research on the development of new antifriction aluminum alloys that can replace
bronze in the manufacture of monometallic plain bearings is relevant. Moreover, replac-
ing bronze with aluminum alloy gives a noticeable economic effect since aluminum is 2.5
times cheaper than copper in terms of unit weight cost and 3.3 times lighter.

Monometallic bearings are usually produced by casting. In this regard, the alloys
used in their manufacturing should have favorable casting properties: high fluidity, low
tendency to form shrinkage porosity, and cracking. Therefore, silicon (Si) is the main al-
loying element of aluminum casting alloys as it provides all these qualities [1-4].
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Various bearings require different combinations of the service characteristics of anti-
friction materials, which results in the necessity for fabrication of a whole range of alumi-
num alloys with different running-in ability, scuff, and wear resistance as well as to min-
imize wear of the steel counter body. To extend the service life of bearings and provide
their resistance to wear different technological methods are used. The coating is one of the
most common processes. So far, different materials and products have been developed
and investigated for these purposes. The possibility of production of multilayer coatings
in a titanium-nitride/chrome-nitride system with high hardness (up to 57 GPa) was re-
ported by Sobol et al. [5]. Another work showed that the developed coating composition
based on Ti-TiN-TiAlCrN drastically improved the operational life of the cutting inserts
(more than double) [6]. Ren et al. demonstrated that diamond-like carbon (DLC) coatings
could be considered as promising surface coatings of engine parts in terms of friction and
wear performance [7]. Summer et al. reported that various polymer-coated bearings tested
provide enhanced friction and wear performance in comparison to other bearing types
(e.g., lead-based electroplated) [8]. The production of complex-shaped dielectric products
of superhard and tough nanocomposite coatings with wide interfaces, which were devel-
oped with a combined source of metal atoms and pulsed beams of fast neutral molecules
with the energy of 50-200 eV, was described in [9]. The formation and microstructure of
the Ti-TiN—(Ti, Al, Si)N coating were investigated. It was found that the (Ti, Al, Si)N
nanolayer structure of the coating made it possible to restrain the growth of grains within
the nanometric range [10-12]. However, despite their diversity and variety of deposition
techniques, coatings alone cannot be always effective in both sliding performance and
wear resistance characteristics of materials (bearings, cutting tools, engines, automotive
brakes) especially when working in boundary and mixed friction lubrication conditions
(start-stop cycles) under high load applications. In addition, plain bearings are usually
designed to have loading capacity to withstand heavy weight from the shaft. Thus, in
order to perform both the antifriction and load-bearing functions, a certain set of mechan-
ical and tribological properties of the alloys from which the bearing materials are made is
required. To balance colliding properties, new alloys are being developed by adding dif-
ferent elements responsible for mechanical and tribological performance. Magnesium,
zinc, and nickel are used as major alloying elements in the vast majority of Al-Sn-Cu
antifriction alloys. Copper [13,14] is added to aluminum alloys to strengthen them. The
strengthening maximum is between 4% and 6% Cu, depending upon the influence of
other constituents present. The mechanical alloying of Mg to Al-Sn alloys was reported
to increase strength and wear performance by improving the distribution of Sn. Lu et al.
found that the appropriate addition of Mg could increase wettability and improve the
distribution of Sn phase, strength, and ductility of the alloy [15]. The addition of zinc to
aluminum (in conjunction with some other elements, primarily magnesium and/or cop-
per) produces heat-treatable aluminum alloys with enhanced strength. Zinc substantially
increases strength and allows precipitation hardening. Low melting zinc phases show
chemical activity that contributes to the formation of protective secondary structures on
the rubbing surface, and increases the running-in ability and wear resistance [16,17].
Nickel is added to aluminum-copper and aluminum-silicon alloys to improve hardness
and strength at elevated temperatures and to reduce the coefficient of thermal expansion
[18,19]. Tin [20-23] and lead [24-27] are present as soft structural components in these
alloys that act as solid lubricants. Therefore, to achieve high values of both mechanical
and tribological properties, the composition of Al-based alloys can include many alloying
elements and form different intermetallic phases such as CuAlz, AlsNi, AlsNiz, Al>CusNi,
AloFeNi, AlFeMnSi, and AlsCu2MgsSis, etc. The addition of chromium (Cr) and molyb-
denum (Mo) improves the strength and wear resistance of the alloys. Nasef et al. reported
that Al-based alloys with 10 wt.% of Cr showed higher wear resistance and improved
mechanical properties than compositions without chrome [28]. The tensile and aging
properties of the Al-Si—-Cu-Mg alloy modified with additions of Cr, Ti, V, and Zr were
examined by Shaha et al. [29]. It was shown that the modified alloy formed the different
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dispersoid phases with a variety of morphologies that enhance the strength of the alloys
at elevated temperatures. The presence of Mo enhances the strength properties of the Al-
based alloys [30,31]. In addition, molybdenum interacts with sulfur (S), which is usually
part of the chemical compositions of lubricant and forms molybdenum sulfide (MoSz),
which in turn could significantly improve the tribological performance of friction surfaces
[32,33]. Due to the synergistic interaction of all the constituent alloying elements with each
other and with the aluminum matrix, special friction layers (tribofilms) are formed on
friction surfaces referred to as “secondary structures” by the authors of the present work.

Processes of friction and wear are realized on a background of the raised gradient
relations of temperature, stresses, the concentration of alloying elements, and defects of a
crystal structure and represent a complex set of physical and chemical phenomena as a
consequence of what the self-organization processes appear on the friction surface in tri-
bopairs [34,35]. The essence of this phenomenon is that under the influence of an external
perturbation any thermodynamically open nonlinear system is rearranged in such a way
that its response maximally compensates for the internal cause that caused such an inter-
nal change [36,37]. The following processes are manifestations of self-organization in fric-
tion: formation of secondary structures with a different, in the limit higher strength and
wear resistance in comparison to the initial one; development of equilibrium roughness
irrespective of the initial microgeometry of friction surfaces; increase in the actual contact
area due to linear wear and, as a consequence, decrease in contact loads; realization of
selective transfer, etc. The external form of self-organization is the reduction and stabili-
zation of practically all energy, force, and tribotechnical parameters of friction and wear
process, in particular friction coefficient, temperature, wear rate, etc. The enforcement ad-
dition of appropriate chemical elements to the tribosystem assists in the formation of nec-
essary secondary structures. Studies on the role of chemical elements in secondary struc-
tures have been carried out [38,39]. The studies showed an example of optimization of
magnesium content in antifriction material in terms of ensuring its presence in secondary
structures to reduce wear rate [40,41]. In addition, it was reported that chromium and
molybdenum), which are part of the steel, were detected in secondary structures on the
friction surfaces of aluminum-based alloy [39]. The presence of these elements accelerates
the processes of self-organization and adaptation on the rubbing surface. Therefore, the
improved mechanical and wear properties of multicomponent aluminum alloys can be
achieved by adding low-melting and refractory elements. However, it should be pointed
out that traditional metallurgical methods make it practically impossible to simultane-
ously alloy aluminum with both refractories (chromium and molybdenum) and low-melt-
ing metals (tin, lead, zinc). The former is distributed unevenly, while the latter burn out
at high temperatures. Therefore, alternative manufacturing methods are needed.

Mechanical alloying (MA) technology is an effective way to create forced miscibility
in immiscible systems with controllable microstructure, which cannot be obtained by
other means. Through this technology, it is possible to influence the different phases
formed in an alloy by changing the composition of the initial powders and their milling
technology [42-45].

In addition, the oxide film continuity on the aluminum particles is broken during this
process. The oxide-free surfaces easily interact with each other, which further increases
the strength of the sintered material. The separated oxide film particles, which have higher
hardness and wear resistance compared to the aluminum matrix, form fairly evenly dis-
tributed conglomerates within the alloy. As a result, there is an additional resource for
improving tribotechnical properties-alloy becomes more consistent with the first rule of
Charpy, according to which the antifriction material should consist of hard, evenly dis-
tributed strong inclusions and softer and more ductile matrix.

Then for the fabrication of bulk samples derived from mixtures prepared by mechan-
ical alloying spark plasma sintering (SPS) technique was used. This consolidation method
offers considerable advantages such as faster and shorter processing time compared to
conventional sintering methods, due to simultaneous application of mechanical pressure
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and electric pulse. The advantages of this technique are associated with a high densifica-
tion rate and fine microstructure and consequently better properties [46-49]. Moreover,
SPS allows the breaking of the continuity of oxide film on the surface of aluminum parti-
cles. In our previous study, we had confirmed the effectiveness of the MA and spark
plasma sintering method for the preparation of tailored mixtures of metallic powders, en-
abling microstructural characteristics that could be favorable for the formation of second-
ary structures on the tribosurfaces [48]. However, the evaluation of the mechanical and
tribological behavior of the obtained compositions was not presented.

The present investigation aims to analyze the impact of Cr and Mo on mechanical
properties of SPS-ed multicomponent aluminum alloys derived from powders synthe-
sized by MA technology, evaluate the effect of the presence of these elements on the for-
mation of favorable secondary structures on the friction surfaces, and tribological behav-
ior of shaft-plain bearing couple. To facilitate their reach into secondary structures these
elements were added to the raw powder mixture. Of particular interest are the studies on
microstructure, mechanical properties, and tribological behavior of SPS-ed multicompo-
nent aluminum alloys.

2. Materials and Methods
2.1. Compositions Processing

Table 1 shows the nominal chemical compositions of studied alloys. The studied al-
loys were labeled Al-X where the X demonstrates the presence of Mo or Cr in composi-
tion.

Table 1. Nominal chemical composition of studied alloys.

Chemical Composition, wt.%

Designation of All
esignation ot A%loy Pb Cu Mg Zn Si Mo Cr Al
Al-Mo 2 13 19 17 0.45 1 - 82.65
ALCr 2 43 1.9 17 0.45 - 1 82.65

Pure metal powders (Table 2) were mechanically alloyed in a high-energy mill using
isopropanol as liquid media to avoid powers oxidation. First of all, two different mixes,
Sn + Mg + Pb and Al + Si + X were mixed separately for 48 and 24 h, respectively. Then
obtained mixes were combined into one and copper and zinc powders were added to the
mixture. The resultant mixture was homogenized for 12 h. It should be clarified that hard
metal balls were used for homogenization and each mixture was dried, grounded in an
agate mortar, and passed through a 63 um sieve. More detailed information concerning
the mixing process was provided in the previous study [48].

Table 2. Raw powders properties.

Average Size of

Powder Powder, dso um Purity, % Manufacturer
", ds0
“Pl h ” L .
Aluminum (Al) 50 + 10 99.9 asmotherm .td
Moscow, Russia
i “Plasmotherm” Ltd.,
#Ane (2 H0=10 990 Moscow, Russia
Tin (Sn) 80+ 10 991 JSC“ZMS ,.Ryazan,
Russia
IIZ 7 R
Lead (Pb) 75 + 15 999 JSC “ZMS”, Ryazan,

Russia
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“PKF Cvetnaya metallur-
Magnesium (Mg) 80+13 99.1 gia” Ltd., Yekaterinburg,
Russia
“PKF Cvetnaya metallur-
Silicon (5i) 120 +30 99.0 gia” Ltd., Yekaterinburg,
Russia
JSC “Uralelektromed”,
Copper (Cu) 45+13 99.5 Verkhnyaya Pyshma,
Russia
“NPK Metotekhnika”
Ltd., Moscow, Russia
“Plasmotherm” Ltd.,
Moscow, Russia

Molybdenum (Mo) 50 + 20 99.5

Chromium (Cr) 100 +25 99.2

Obtained suspensions were dried using a vacuum drying oven and sieved through
a 63 pm mesh.

2.2. Hybrid Spark Plasma Sintering (HSPS)

Afterward, obtained mixtures were placed in a die-punch setup made from isostatic
graphite (grade C4, DonCarb Graphite, Rostov, Russia) and dense samples were produced
by H HP D-25 SD hybrid spark plasma sintering (FCT Systeme GmbH, Rauenstein, Ger-
many). In contrast to conventional SPS, the hybrid technique requires additional re-
sistance or induction heating thus avoiding temperature gradients in the case of materials
manufacturing with larger size or diameter [50].

Sintering was performed in a vacuum and a constant pressure of 50 MPa was applied
from the beginning of the heating step to the end of the dwell. For all the sintering exper-
iments, the heating from room temperature to 500 °C was controlled by a preset heating
program and completed within 10 min, at a heating rate of 50 °C/min. The final tempera-
ture and pressure were maintained for 5 min. The temperature was controlled during sin-
tering by a pyrometer situated at the top of the machine and focused at the center of the
blank (3 mm over the top surface). As-sintered discs of 80 mm diameter of approximately
15 mm in height were produced.

2.3. Microstructural Characterization

A scanning electron microscope (SEM) VEGA 3 (Tescan, Brno, Czech Republic) was
used for the characterization of surfaces polished down to 1 um. The energy-dispersive
X-ray spectroscopy (EDS) spectra were conducted in specific regions at 20 kV voltage and
12 ©A beam current for 5 min to obtain well-resolved peaks for the chemical microanalysis
of sintered samples. Bulk densities of the sintered specimens were determined by using
the Archimedes method in water.

2.4. Mechanical Properties Measurement

To determine maximum tensile strength (o, MPa) a total of 10 cylindrical sample
pieces with length 55 mm and diameter of 5 mm were turned out from sintered discs. The
tests were performed at room temperature using electromechanical universal testing ma-
chine Instron 5989 (INSTRON Company, Norwood, MA, USA).

The hardness of the polished down to 2.5 um (4000 Grit) samples was determined by
the Brinell hardness test using Wilson Hardness BH 3000 (Buehler, Lake Bluff, IL, USA)
with a steel ball d =2.5 mm and an applied load of 156 N.
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2.5. Tribological Behaviour

A “rotating roller-fixed shoe” type wear test was performed under mixed lubricated
conditions in a friction machine “SMC-2” (Tochmashpribor, Ivanovo, Russia), using steel
roller and being the Al-based alloy samples the materials tested (Figure 1).

A Aluminum alloy B '
shoe R20 mm Aluminum alloy
shoeR22.5mm
Engine oil
feeder

~

/ \ Steelroller

R20mm

Figure 1. Experimental setup for wear and score resistance (A) and running-in (B) tests.

The lubricant (M14V2 engine oil) supply rate and viscosity were 0.2 g/min and 14
mm?/s, respectively. Six characteristics for each sample were recorded: score-resistance,
running-in ability, alloy wear, steel counter body wear, friction coefficient, and tempera-
ture.

The chemical composition of steel rollers with a diameter of 40 mm and a width of
10 mm is presented in Table 3.

Table 3. The chemical composition of the steel roller.

Elements Composition, wt.%
Ni Cr Mn Si C Mo Fe Cu P S Al \4 Nb
2.80 0.68 0.63 0.30 0.35 048 9442  0.087 - 0.01 0.018 0.185 0.013

The sample's roughness (Ra) before wear tests was measured using stylus profilome-
ter Hommel Tester T8000 (Hommelwerke GmbH, Villingen-Schwenningen, Germany)
and the value was 0.8 um. The steel roller rotational speed was 500 rpm for all experi-
ments.

2.5.1. Score-Resistant Measurement

Before score-resistance tests the friction pair underwent running-in stage at the load
of 304 N until 90-95% of contour area of contact is reached. The load during score-re-
sistance tests applied gradually every 10 min starting by 137-187 N until the seizure is
observed which was determined by either a step-like continuous increase in friction
torque or an appearance of intensive smoke from the lubricant. Once the phenomena were
detected, the tests were stopped and the current load value is taken as score-resistance.
The general view of samples prepared for score-resistance test is shown in Figure 1A. A
friction surface of a radius of 20 mm was obtained by milling sintered blank discs.
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2.5.2. Wear Resistance Tests

Wear tests were preceded by the same running-in stage as in the case of score-re-
sistance experiments. After that wear tests were performed for 40 h at the load of 617 N.
Within the process six main parameters were monitored such as friction coefficient, the
temperature on the roller surface, weight loss of the specimen, and the steel roller. To
measure the temperature Testo 830-T2 pyrometer (Testo SE & Co. KGaA, Lenzkirch, Ger-
many) was used. To determine weight loss, the steel roller and the aluminum alloy shoe
were weighed before and after the tests on a calibrated analytical balance GR-300 (A&D,
Tokyo, Japan) with an accuracy of 0.0001 g. All the specimens and rollers after wear tests
were cleaned from lubricant residuals and waste with water and pure acetone in an ultra-
sonic bath for 20 min. Each test was repeated three times per specimen to ensure the sta-
tistical significance of the results obtained.

2.5.3. Running-in Ability

To evaluate the running-in ability of the materials, the specimens were tested at sev-
eral loading values increased from 304 N to 1058 for 10 min at each stage according to the
scheme shown in Figure 1B. Once a stage is completed the experiment was interrupted
and a contact area was measured by a digital caliper (Mitutoyo, Kawasaki, Japan). Com-
pared to the previous experiments, the radius of friction surface of the specimens is
larger—22.5 mm (Figure 1B).

The above-mentioned tribotest conditions were performed on the borderline of fric-
tional seizure in order to accelerate the formation process of secondary structures on the
rubbing surfaces. Otherwise, it would take a very long time (several years) for the for-
mation of secondary structures under normal operating conditions of a friction pair. Un-
der the proposed in this work severe conditions the tribological characteristics of studied
compositions were determined within 40 h. In these regimes, the lubricant inevitably un-
dergoes decomposition [51] followed by tribopolymerization [52].

The studied multicomponent aluminum alloys are planned to be used as a material
for monometallic plain bearings instead of bronze ones, which are extensively used due
to optimal complex of mechanical and tribological properties. Therefore, it is of particular
interest to compare their properties. That is why for comparison purposes the bronze Cu-
45n-4Zn-17Pb was chosen due to outstanding tribological properties among other alloys,
that are used for the manufacture of journal bearings. The reference material was tested
using the same equipment and under the same conditions as those used for Al-based al-
loys.

3. Results and Discussion
3.1. Microstructure Characterization of Al-Mo Alloy
The microstructure of the sintered and polished Al-Mo alloy is presented in Figure
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Figure 2. SEM image of the Al-Mo alloy.

Table 4 shows the chemical composition of the sintered Al-Mo alloy resulting from
the EDS analysis.

Table 4. Chemical composition of sintered Al-Mo alloy.

Elements Composition, wt.%
Sn Pb Cu Mg Zn Si Mo Al C o
419+02 144+0.1 373+02 049+0.2 153+0.2 032+0.1 0.72+0.1 65.85+0.8 586+04 1586+0.6

Figure 3 shows SEM-EDS elemental distribution maps in the Al-Mo alloy.

Figure 3. SEM-EDS elemental distribution maps for aluminum (A), silicon (B), molybdenum (C), copper (D), oxygen (E),
zinc (F), tin (G), lead (H), magnesium (I) and carbon (J) in Al-Mo alloy. The scale in Figure F also applies to rest of images
(scale: 25 um).
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The microstructure of SPS-ed Al-Mo alloy presents an aluminum matrix with a var-
ying diverse set of hard and soft phase inclusions. Small inclusions of silicon (Figure 3B)
and molybdenum (Figure 3C), magnesium (Figure 3I), and zinc (Figure 3F) particles were
uniformly distributed in the sintered composite. The presence of 0-phase (CuAl), which
was also alloyed with zinc, magnesium, tin, and lead, was found. Aluminum interacts
with Cu, Si, and Mo, characterized by small equilibrium inclusions. The existence of alu-
mina and small inclusions of solid phases in the tin-lead phases (Figures 3G, H) were ob-
served. Zinc does not form phases and has a relatively homogeneous distribution with
some areas of high concentration related to Cu. More detailed information concerning the
microstructure characterization, EDS chemical identification of elements, and their con-
centration in Al-Mo alloy was provided in the previous study [48].

3.2. Microstructure Characterization of AI-Cr Alloy

Figure 4 shows microstructure with the EDS spectra of sintered Al-Cr alloy.

Fiod P

,?‘-—u7 X ) 2

: ( , A Sk o -
Figure 4. BSE mode (A) and SE mode (B) with EDS analysis points SEM images of the Al-Cr alloy.

Table 5 below shows the chemical composition of SPS-ed Al-Cr alloy using the EDS
technique.

Table 5. Chemical composition of sintered Al-Cr alloy.

Elements Composition, wt.%
Sn Pb Cu Mg Zn Si Cr Al C o
441+02 124+02 477+02 123+02 22502 033+0.1 402+03 6347+09 385+04 1443+0.6

Figure 5 shows SEM-EDS elemental distribution maps in the Al-Cr alloy.
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Figure 5. SEM-EDS elemental distribution maps for aluminum (A), silicon (B), chromium (C), copper (D), oxygen (E), zinc
(F), tin (G), lead (H), magnesium (I) and carbon (J) in Al-Cr alloy. The scale in Figure F also applies to rest of images (scale:
25 um).

The basis of this composition is aluminum matrix alloyed by Cu and Zn (Figure 5D,
F). Besides these elements, areas containing Si, Mg, Sn, and Pb (Figures 5B,G-I).

The material provided indicates that aluminum particles (Figure 5A) around chro-
mium-based inclusion (Figure 5C) were deformed more intensively than away from the
Cr inclusion.

Practically all particles are delineated by elongated inclusions of aluminum com-
bined with oxygen (Figure 5E), copper (Figure 5D), or tin (Figure 5G). Magnesium is char-
acterized by an increase in content in certain zones of the matrix and some inclusions,
with little presence in other types of inclusions (Figure 5I). Lead (Figure 5H) and zinc
(Figure 5F) are relatively evenly distributed. The presence of small inclusions and an increase
in the content on the side surfaces of Cr inclusion were observed for silicon (Figure 5B). As
regards carbon (Figure 5]) no patterns of distribution on the polished surface were ob-
served because in the original state it practically does not exist and only the background
of carbon is recorded.

The phase composition of Al-Cr alloy was determined using 23 analyses at randomly
selected EDS spectra of local analyzes at 23 different points, according to the scheme pre-
sented in Figure 4B. EDS elements concentration data of the Al-Cr alloy are reported in
Table 6.

Table 6. EDS chemical identification of elements and their concentration in Al-Cr alloy.

No. Spec-
tra

Contents of Elements, wt.%

Sn

Pb

Cu Mg Zn Si Cr Al C 8] Fe

6.4

1.16

0.5 6.09 0.58 29.06 33.46 1.46 21.3 -

0

2.88 0 2.14 0.25 86.42 4.15 4.16 -

o

N

1.61 0.2 1.89 0 88 2.68 4.76 -

1.45 1.9 0 87.8 4.02 4.84 -

1.97 2.09 0 92.39 0 3.54 -

2.94 1.98 0.26 90.15 2.33 2.34 -

0 0 95.97 0.17 1.93 1.93 -

O XN |OT B (BN

o

(o)

8.66 0. 5.7 29.59 50.6 0 3.62 0.39

—_
e

olo|lo|lo|lo|lo|o|x|o

oo |Oo|Oo|Oo|O

0
0
0
0 0 0 0 96.66 0.23 1.41 1.7 -
0
4
0

\O
o |0 |O

0 96.04 0.58 1.35 2.03 -
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11. 11.02 2.29 16.51 7.13 1.1 0 0 40.96 1.4 19.59 -
12. 4.08 222 33.17 2.68 0.74 0 0 46.04 1.84 9.23 -
13. 11.03 1.18 25.3 4.46 0.74 0 0 40.98 1.66 14.66 -
14. 2.64 2.92 29.89 1.93 0.81 0.27 0 47.81 1.98 11.76 -
15. 8.88 1.95 16.88 8.17 0.98 0.12 0 40.34 1.13 21.54 -
16. 7.14 3.61 11.7 8.74 0.98 0 0 42.94 1.07 23.81 -
17. 6.86 5.1 23.47 3.36 0.7 0.22 0 45.36 1.62 13.32 -
18. 18.72 2.1 6.32 6.51 1.05 0.13 0 43.58 1.75 19.84 -
19. 19.42 222 16.94 7.89 0.98 0.18 0.22 31.35 1.67 19.13 -
20. 6.1 1.04 22.06 4.47 1.19 0.23 0 50.95 2.25 11.72 -
21. 17.51 5 14.47 4.65 0.83 0.14 0 36.74 1.86 18.8 -
22. 12.69 1.46 25.67 6.26 0.52 0.17 0 32.3 1.21 19.74 -
23. 2.45 0.99 2.4 1.25 1.76 0.33 0 81.15 2.51 7.16 -

This composition is characterized by the presence of an Al matrix (spectra 2-6, 23)
alloyed by Cu (1.45-2.94%) and Zn (1.76-2.14%). In addition, local areas with Si (0-33%),
Mg (0-1.25%), Sn (0-2.45%) and Pb (0-0.99%) were detected.

Most Al-matrix parts reacted weakly with O: 2.34-7.16%, although there are also
some small inclusions of the aluminum oxide (spectra 1, 17, 21, 22). The existence of phases
based on a solid solution of aluminum in ©-phase (CuAlz), which have further alloyed
with Sn, Pb, Mg, Si, O, and C (spectra 11-22) were observed.

It should be noted, however, that these phases differ the low (Al: 45.36-50.95%, Cu:
22.06-33.17%, Sn: 2.64-6.86%, Pb: 1.04-5.10%, Mg: 1.93-4.47%, Zn: 0.70-1.19%, Si: 0-
0.27%%, O: 9.23-13.32%, C: 1.62-2.25%) and high (Al: 31.35-43.58%, Cu: 6.32-25.67%, Zn:
0.52-1.10%, Si: 0-0.18%, Mg: 4.46-8.74%, Sn: 7.14-19.42%, Pb: 1.18-5.00%, Cr: 0-0.22%, C:
1.07-1.75%, O: 14.66-23.81%) contents of Sn, respectively. For this alloy, it is difficult to
talk about the presence of a soft structural phase in the ordinary understanding, as indi-
vidual Sn- and Pb-based large inclusions. Their maximum total quantity (spectrum 21)
does not exceed 23 wt.%. On the other hand, the presence of numerous small inclusions
of these types combined with the solid solution based on the ©-phase may significantly
affect and improve the efficiency of the antifriction properties of Al-Cr alloy. It should
also be noted that phases without Sn but with Pb were not found.

Cr-based inclusions (spectra 7-10) contain the following elements: 0.17-50.6%, Cu: 0—
8.66%, Si: 0-5.70%, Mg: 0-0.49%, Sn: 0-0.96%, Cr:29.59-96.66%, O: 1.70-3.62%, C: 0-1.93%,
Fe: 0-0.39%.

Unlike Mo in Al-Mo alloy in this composition the Cr particles not only vary in size,
but they also have numerous cracks. Perhaps these particles could be ground by changing
the milling time during the processing stage.

The surface of Cr-based particles underwent mechanical alloying with the formation
of a new Al-based phase with high content of Cr and Si (spectra 9) which have further
reacted with Cu, Sn, Mg, and Fe.

3.3. Mechanical Properties of the Sintered Alloys

The density and mechanical properties of all studied materials are presented in Table 7.
The SPS-ed alloys are outperformed in hardness to bronze, but slightly inferior in
strength.

Table 7. Density and mechanical properties of studied materials.

Designation . o
of Alloy Density o, [% o] Hardness, HB Strength o, [MPa]
Al-Mo 95 73+7 134 +13
Al-Cr 95 72+5 125+ 15

Ref. Bronze 99 65+3 148 +9
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The essential content of oxygen 15.86 (Table 4) and 14.43% (Table 5) for Al-Mo and
Al-Cr alloys, respectively, had a major impact on the mechanical behavior.

On the one hand, most of the oxygen was jointed with Al, the solid inclusions of
which caused an increase in hardness. On the other hand, these inclusions reduce the con-
tact area between aluminum particles, thus decreasing the strength compared to the
bronze.

The difference in strength between Al-Mo and Al-Cr alloys is largely associated with
the presence of Mo and Cr. Molybdenum particles are small and monolithic [21], while Cr
particles were not involved in mechanical alloying, but during milling, cracks appeared
in them (Figure 4A). Therefore, Mo was practically not a stress concentrator, but Cr in-
creases the stress concentration due to particles size and presence of cracks that lead to a
reduction in the strength of Al-Cr alloy. In addition, matrix and solid inclusions in Al-
Mo composition were alloyed by Mo, whereas this behavior was not observed for Cr in
Al-Cr alloy. For this reason, composition with Mo is stronger and harder than a compo-
sition with Cr.

3.4. Tribological Behaviour

These experimental results are reported in Table 8. The density of bronze was nearly
three times that of the sintered alloys, thus for wear comparison weighting values were
recalculated into linear wear.

Table 8. Tribological test characteristics.

Average

Designation of Alloy Wear, Steel Temp., Friction Seizure Linear Alloy
. . Contact
Alloys mg Wear, mg °C Coefficient Pressure, N Wear, mm
Area, mm?
Al-Mo 0.3 1.2 36 0.095 52.1 2832 0.0005
Al-Cr 0.6 4.0 37 0.084 82.2 1600 0.0010
Ref. Bronze 2.7 4.0 38 0.16 39.2 1081 0.0015

The table shows that sintered compositions demonstrate a lower value of the weight
and linear wear by 9 and 3, and 4.5 and 1.5 times for Al-Mo and Al-Cr alloy, respectively,
than bronze.

The wear rate of the steel counter body was three times less for Al-Mo alloy than the
bronze or Al-Cr alloys, although the temperature of steel surface during experiments was
almost the same. The friction coefficient for Al-Cr composition was two times lower and
12% less than for bronze and Al-Mo, respectively. These results support the conclusions
claim that the value of friction coefficients is not a major criterion of materials wear re-
sistance, which was reached in the previous study [48].

The running-in ability of Al-Cr alloy was more than 2.0 and 1.6 times higher than
that of bronze and Al-Mo composition, respectively. Thus, the contact area of Al-Cr alloy
is 1.6 times bigger than that of the bronze specimen or Al-Mo alloy. The Al-Mo alloy
showed the highest score-resistance compared to the bronze (2.6 times more) and Al-Cr
alloy (1.7 times more). Consequently, the SPS-ed alloys outperform the bronze on all tribo-
logical properties, except for the steel wear rate for AI-Cr composition.

Meanwhile, the Al-Mo alloy is superior to the Al-Cr alloy in terms of the score- and
wear resistance and also shows a lower wear rate of the steel counter body. On the other
side, Al-Cr alloy demonstrates better running-in ability and lower friction coefficient
compared to Al-Mo composition.

The obtained tribological properties of these alloys are due to the ability to form var-
ious secondary structures on wear surfaces during friction. Those structures are a product
of the adaptation and self-organization of sintered alloys to the triboprocesses.



Metals 2021, 11, 1900 13 of 21

3.5. Study of the Secondary Structures on the Worn Surface of the AI-Mo Alloy

Figure 6 shows SEM micrographs in the backscattered electron (BSE) and secondary
electron (SE) mode of the worn surface of the Al-Mo alloy.

2

=
o
=
o
]
)
-
%
)
(S
iy
|t

Figure 6. BSE (A) and SE (B) mode with EDS analysis points SEM images of the Al-Mo alloy after friction test.

The elemental composition of the Al-Mo alloy friction surface was determined by
EDS and presented in Table 9.

Table 9. EDS chemical identification of elements and their concentration in Al-Mo alloy worn surface.

Elements Composition, wt.%
Sn Pb Cu Mg Zn Si Mo Al C 0] Cl S Ca
8.34 1.55 1.07 2.39 0.82 0.41 0.64 59.64 7.75 16.49 0.08 0.34 0.48

Unlike the sintered sample (Table 4) this surface is characterized by high Sn and Mg
content, the appearance of marked elements concentration from lubricant (chlorine (CI),
sulfur (S), and calcium (Ca)), increased levels of Al, Si, and Mo while reduced Pb, Cu, Zn,
and C.

Figure 7 shows the SEM-EDS maps of elemental distributions on the Al-Mo alloy
worn surface.
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Figure 7. SEM-EDS maps of elemental distributions on the Al-Mo alloy worn surface for aluminum (A), silicon (B), chro-
mium (C), copper (D), oxygen (E), zinc (F), tin (G), lead (H), magnesium (I) and carbon (J). The scale in Figure F also
applies to rest of images (scale: 25 um).

Table 10 below shows the 32 EDS points analysis data and the concentration of the
element in the AI-Mo composition in accordance with the scheme presented in Figure 6B.

Table 10. EDS chemical identification of elements and their concentration in Al-Mo alloy worn surface.

No. Elements Composition, wt.%

Spectra Sn Pb Cu Mg Zn Si Mo Al C o Cl Fe Ca
1. 5.09 3.7 1.08 0.85 1.02 0.45 052 7024 541 1144 - 0.21 -
2. 491 2.84 0.6 0.64 1 0 0 69.13 921 1153 - 0.14 -
3. 1.1 29 1.61 0.4 1.15 0.16 0 79.59  5.56 7.53 - - -
4. 2.37 1.81 244 0.67 1.17 0.22 0 7692  3.52  10.88 - - -
5. 324 357 0.6 057 125 013 0 7024 486 1553 - - -
6. 343 213 1759 147 065 044 0 585 483 108 012 - -
7. 254 083 08 062 129 0 0 85.68 454 3.64 - - -
8. 52 0.7 4.05 2.31 0.96 0.14 0 7352 419 8.92 - - -
9. 2.77 1.22 0.99 0.58 0.73 0.13 0 6193 7.72 2394 - - -
10. 3.22 0.92 0.96 0.58 1.29 0 1.44 84.6 2.79 4.19 - - -
11. 5.9 098 1335 216 093 023 051 6225 2.84 10.83 - - -
12. 062 099 1.1 046 135 022 0 81.63 422 9.1 - - 0.3
13. 536 067 637 208 118 0.15 0 775 324 345 - - -
14. 3.55 0.69 1.17 1.2 1.18 0.15 0 81.55 42 6.31 - - -
15. 5123 344 037 2173 048 0.31 0 1581 221 443 - - -
16. 2141 124 0.59 8.49 0.7 0.23 0 60.43 2.17 4.75 - - -
17. 235 083 057 071 08 366 027 587 513 2691 - - -
18. 1042 078 048 184 095 018 049 59.63 649 18.73 - - -
19. 28.2 2.8 191 9.14 0 0.3 0 2451 871 2416 027 - -

20. 5193  2.99 0 21.84 0 0.55 0 1171 301 796 - - -
21. 51.21  2.08 0 17.42 0 0.47 0 7.59 476 1614 031 - -
22. 1757 185 0.53 541 0.67 0.21 034 36.69 874 2798 - - -
23. 13.83  2.88 0.48 4.57 0.61 1.74 0 44.3 859 2287 012 - -
24. 494 529 031 2168 035 0.36 0 13 244 715 - - -

N
o1

3.63 4.36 0 1.96 0 022 71.06 6.29 5.64 6.84 - - -
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26. 56.84  2.01 0 21.53 0 0.85 0 10.81  1.87 6.09 - - -
27. 33.04 2.01 0.5 7.96 0.68 7.08 0 35.75 0 12.99 - - -
28. 34.88 3.38 056 1349 0.77 0.26 0 32.88  3.95 9.82 - - -
29. 26.63 1.86 0.3 8.3 0.71 0.5 0 45.32 3.3 13.07 - - -
30. 30.71  1.05 035 1437 0.64 0.35 0 30.03 275 19.74 - - -
31. 4.27 1.01 0.91 1.47 1.19 0.14 0 71.19  6.25  13.58 - - -
32. 5234 252 0 13.89  0.38 0.2 0 8.89 353 1557  2.67 -

The composition of the local zones with an increased level of Al (Figure 7A) very
much depends not only on the mechanical alloying process but also on the thickness of
the secondary structures film on the Al particles surface (spectra 1-5, 7, 8, 10, 12-14, 31)
and the existence of inclusions of Mo and Si (Figures 7C, B). There is increasing copper
content likely due to the presence of fine particles of ©-phase or an abnormally high level
of alloying of Al with copper (spectra 8 and 13). In both cases, for friction, these zones are
elements of the Charpy structure and should contribute to an increase in the specific load
and the creation of an oil-retaining layer.

On the other hand, the copper level (Figure 7D) is not more than 20% (spectra 6 and
11), so it is impossible to speak of full ©-phase in secondary structures of the Al-Mo alloy.
This makes it possible to classify these inclusions as a solid solution of aluminum in CuAl-.

Analysis of spectra 15, 16, 19-21, 24, 26, 27-30, 32 shows the presence of a soft struc-
tural component in the alloy, which is represented by inclusions and films based on tin
(Figure 7G), magnesium (Figure 7I) and lead (Figure 7H).

These phases, usually (except for spectrum 19), are poorly carburized but contain a
significant amount of oxygen. The thinner is the precipitation of soft phases, the higher
the content of Al in the spectrum.

The areas of increased and decreased carbon concentration (Figure 7J) on the Al-Mo
alloy friction surface were found. This reveals a formation of polymer components in pro-
tective films of secondary structures. The areas in the polymer component of secondary
structures (spectra 9, 17, 18, 19, 22, 23, 30) where the carbon content exceeds the concen-
tration of oxygen, were not found.

For oxygen (Figure 7E) the relationship distribution with friction direction is
stronger, while for carbon (Figure 7J) this relationship is a less marked and more rounded
zone with higher concentration is detected, which is likely due to porosity and depres-
sions in the friction surface.

3.6. Study of the Secondary Structures on the Worn Surface of the AI-Cr Alloy

A study similar to the Al-Mo alloy was carried out on the worn surface of Al-Cr in
BSE (Figure 8A) and SE (Figure 8B) mode.
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Figure 8. BSE (A) and SE (B) mode with EDS analysis points SEM images of the Al-Cr alloy after friction test.

The elemental composition of the Al-Cr alloy friction surface was determined by EDS
and presented in Table 11.

Table 11. EDS chemical identification of elements and their concentration in Al-Cr alloy worn surface.

Elements Composition, wt.%
Sn Pb Cu Mg Zn Si Cr Al C o Fe S Ca P
4.3 126  6.02 201 124 176 534 53.51 6.21 16.83 038 035 059 02

Comparing with a sintered composition (Table 5) shows differences in concentration
of basic elements, and appearance of new elements on the worn surface from lubricant
(chlorine, sulfur, and phosphorus) and steel counter body (Ferrum).

Obtained results show that elements that form solid and soft phases have an im-
portant role in the formation of secondary structures. In addition, the role of the polymer
component formed during the decomposition of the lubricant also increases. A significant
presence of sulfur, chlorine, calcium, and phosphorus in lubricant points to the activity of
these processes. The 0.38% Ferrum content (Table 11) reveals average synergies between
steel and sintered alloys.

Figure 9 shows the SEM-EDS maps of elemental distributions on the Al-Cr alloy
worn surface.
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Figure 9. SEM-EDS elemental distribution maps Al-Cr alloy after tribological test for aluminum (A), silicon (B), chromium
(C), copper (D), oxygen (E), zinc (F), tin (G), lead (H), magnesium (I), and carbon (J). The scale in Figure F also applies to
rest of images (scale: 25 um).

Almost complete absence of aluminum inside of large inclusions and its low level in
wear groove was observed according to the EDS distribution map (Figure 9A). Large in-
clusion in the upper part of Figure 9C consists mostly of Cr. In the bottom half of this
inclusion interaction between Cr and Al with the gradual enhancement of concentration
of the latter is occurred. Chromium inclusion is surrounded by numerous small silicon
inclusions (Figure 9B), that have interacted with calcium (Figure 10A).

Figure 10. SEM-EDS elemental distribution maps Al-Cr alloy after tribological test for calcium (A), ferrum (B) and phos-
phorus (C). The scale in Figure A also applies to rest of images (scale: 25 pum).

Ferrum-based inclusions (Figure 10B) are much less and smaller. Many small inclu-
sions of steel are in the groove, which suggests that the steel particle was the abrasive that
formed it. This groove reacted weakly with tin (Figure 9G) and copper (Figure 9D). In
addition, even fewer of these elements on the surface of chromium inclusion were found.
This surface is magnesium-depleted (Figure 9I) but enriched by oxygen (Figure 9E) and
phosphorus (Figure 10C). These findings are supported by the results of randomly se-
lected EDS spectra of local analyzes at 24 different points (Table 12) according to the
scheme presented in Figure 8B.
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Table 12. EDS chemical identification of elements and their concentration in Al-Cr worn surface.

No. Elements Composition, wt.%

Spectra Sn Pb Cu Mg Zn Si Cr Al C (0) Fe S Ca P Cl Na
1. - - 302 019 194 026 - 90.3 - 418 - 012 - - - -
2. 19 067 106 2.02 193 2.06 - 7635 - 1316 025 021 024 015 - -
3. 212 08 1.66 3.04 198 - - 7864 - 1137 - 02 - 017 - -
4. 115 - 224 06 188 0.38 - 8812 - 563 - - - - - -
5. 122 09 1537 095 172 033 055 6885 - 964 - 027 - 021 - -
6. 099 - 303 05 264 037 896 7842 - 509 - - - - - -
7. 081 - 16 051 134 - 453 3926 496 6.06 - 016 - - - -
8. - - 08 027 11 - 7422 19.02 - 422 036 - - - - -
9. - - 036 024 - - 8919 087 34 499 - 023 033 04 - -
10. - - 028 076 041 - 8715 13 237 584 085 052 021 031 - -
11. - - - 273 - 2463 - 8.23 - 5171 - - 127 - - -
12. 143 - 096 18 088 1655 - 3009 - 4034 032 033 712 017 - -
13. 164 - 048 205 077 2018 - 2542 - 3929 027 021 951 018 - -
14. 1.1 - 08 2 077 1564 - 3507 - 3567 025 011 851 - - -
15. - - - 254 - 2124 - 8.1 - 5905 - - 907 - - -
16. - - 024 252 027 2335 - 8.47 - 5229 014 - 1271 - - -
17. 145 058 084 1.07 231 0.12 - 6471 562 2225 - 053 026 024 - -
18. 093 - 063 067 19 - - 6508 - 2997 017 052 013 - - -
19. 208 122 202 233 312 021 - 7398 - 1428 - 02 041 - 015 -
20. 225 189 1.66 165 292 0.66 - 7095 - 866 755 0.62 0.84 035 - -

21. 121 - 179 04 206 031 - 8049 506 673 071 026 082 017 - -
22. 952 111 168 098 199 - - 7605 - 849 - - 019 - - -
23. 284 041 105 11 149 - - 5941 1916 1376 - 032 046 - - -
24. 489 23 074 111 23 049 - 3969 1135 3506 - 101 04 032 01 0.24

Spectra 1, 4-6, 20 and 22 can be attributed to the aluminum matrix and weakly re-
acted with oxygen (less than 10%) and did not react with carbon at all. Matrix areas (spec-
tra 2, 3, and 19) with average oxygen content (10-20%) also contain no more than 0.1%
carbon. Strongly oxidized matrix areas (spectra 11-16 and 18) with high oxygen content
(20-60%) are also practically not carburized. The criterion for the presence of a metal-pol-
ymer film on the surface is the presence of carbon and oxygen simultaneously on the alu-
minum matrix of the alloy in the C/O ratio equal to 0.75 to 3. This ratio was found only in
one zone (spectrum 21) where it was 0.75. In another spectrum (17) this ratio is 0.25. Only
in these two places, this film has attributes of metal-polymer film. In most areas, the film
that covers the aluminum particles is oxide, not polymer. The thickest film was formed in
the maximum contact area with steel (spectrum 21), as confirmed by high iron level (0.71%
Fe) and such elements as sulfur, calcium, and phosphorus from a decomposed lubricant.
Furthermore, as a rule, the matrix is covered with a film consisting of Sn, Mg, and Pb in
combination with oxygen and carbon (spectra 2-6, 17-23). Of particular interest are anal-
yses of local zones of chromium inclusion and around it (spectra 5-10). The interior of the
inclusion is pure Cr doped with Al, Mg, and Cu from the surface and covered by polymer
film based on decomposed lubricant. The bottom part of inclusion increased the content
of Al, Cu, Zn, and Mg with distance from the center in the direction of friction, which
shows the interaction between 0-phase and Al with Cr during friction. The formation of
the film based on solid lubricant is confirmed by increasing Sn and Pb content. Mean-
while, this increases oxygen content, but the level of carbon remains unchanged. Conse-
quently, oxidative friction prevails over the formation of the polymer film. Inclusions with
a high level of Si (spectra 11-16) represent aluminum and silicon oxides reacted with Cu,
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Zn, and Mg during mechanical alloying. All of them had reacted with Ca, partly with P
and S, were covered with thin tin film during friction. The almost total absence of carbon,
chromium, and lead is typically for these inclusions.

4. Conclusions

In this work, the influence of the presence of Mo and Cr on the mechanical and tribo-
logical properties of the multicomponent aluminum-based alloy, prepared by mechanical
alloying and sintered by SPS, was investigated.

According to the mechanical test results, it was observed that the hardness of SPS-ed
alloys was improved, while the strength decreased, compared to bronze. The maximum
hardness and strength values obtained were 73 and 134 MPa, 72 and 125 MPa for the Al-
Mo and Al-Cr alloys, respectively. Meanwhile, the hardness and strength values of
bronze were 65 and 148 MPa, respectively.

The tribological tests showed that the sintered alloys outperformed bronze in weight
and linear wear by 9 and 3 times for the Al-Mo alloys and 4.5 and 1.5 times for Al-Cr
alloys, respectively. The Al-Mo alloy exhibited the highest score-resistance compared to
the bronze (2.6 times more) and Al-Cr alloy (1.7 times more).

Moreover, the Al-Mo alloy wears out the steel counter body 3 times less than the
bronze and Al-Cr compositions. However, the latter alloy had the lowest friction coeffi-
cient of 0.084, which is two times lower than that of bronze and also 12% better than the
Al-Mo. The obtained results for both Al-based alloys can be attributed to the presence of
various constituents in pristine SPS-ed structures that contribute to the formation of sec-
ondary structures on the friction surfaces of rubbing pairs, which in turn reduces wear.

Molybdenum played an active part in the mechanical alloying of matrix and phases
of solid inclusions during the milling stage, resulting in phases strengthening and remain-
ing inclusions of Mo were small to influence as stress concentrators. The Al-Mo alloy
showed a great ability for self-organization on the friction surface with the formation of
advantageous secondary structures. The formation processes of protective films with the
presence of carbon, oxygen, tin, lead, and magnesium, where the main role played soft
metallic component (solid lubricant) based on Sn and Mg is typical for this alloy. This
solid lubricant was strengthened by other alloying elements and actively interacted with
engine oil constituents (carbon, oxygen, chlorine, sulfur, and calcium) on the friction sur-
face of the Al-Mo alloy.

Lower mechanical and tribological properties of the Al-Cr alloy are due to the weak
interaction of Cr with other structural components of the composition. This prompts the
conclusion that it is much preferable to use chromium powder with fine particle fraction
so that most of the particles could react during the self-organization process since coarse
Cr particles are almost excluded from the formation processes of secondary structures. In
this regard, it is important to note that self-organization and hence the generation of sec-
ondary structures are different for alloys with different content of elements.

Further studies are needed for the determination of the optimal content of molyb-
denum in antifriction aluminum alloys with an enhanced set of mechanical and tribolog-
ical properties.
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