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Abstract. This study presents the results of research on optimizing powder mixing parameters for the Al-15Sn—5Pb (vol. %) system for
application in selective laser melting technology. The primary focus is on ensuring the uniform distribution of soft-phase particles
(Sn and Pb), which is essential for obtaining products with a homogeneous structure and improved tribological properties. The initial
materials used in the study were aluminum (ASD-1), tin (PO-1), and lead (PS-1) powders. Before mixing, the powders were sieved
using mesh sizes ranging from 50 to 25 um. The sieved powders had a nearly spherical shape and good flowability characteristics
(less than 25 s/ 50 g). The effect of mixing time on the homogeneity of the powder mixture was studied using the discrete element
method and a modified Hertz—Mindlin model. The obtained mixtures were analyzed using X-ray phase analysis, micro-X-ray spectral
analysis, and graphical analysis methods. Subsequent experimental validation confirmed the reliability of numerical calculations
and enabled the assessment of optimal mixing parameters. It was established that the optimal mixing time for achieving a uniform
distribution of the initial powder particles falls within the range of 60 to 120 min. It was also found that the complex motion pattern
of a Turbula-type mixer reduces the impact of gravitational segregation, thereby improving the uniform distribution of soft-phase
particles (Sn + Pb). The proposed approach can be used for developing new powder preparation methods for additive manufacturing
technologies and for creating composite materials with enhanced performance characteristics.
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AHHoTayums. B pabote npecTaBieHbl pe3ylbTaThl UCCIEAOBAHUS 10 ONTUMHU3ALMU I1apaMETPOB CMEILIMBAHUS TTOPOIIKOB CHCTEMBI

Al-15Sn—5Pb (06. %) Ui NpUMEHEHNs UX B TEXHOJIOTHU CEJIEKTHBHOTO JIA3epPHOro cruiaBieHus. OCHOBHOE BHUMAHUE YAEJICHO
o0ecredeHnIo0 PaBHOMEPHOTO PACIpeIeIeHUs acTUL] MsIrkoit ¢asbl (Sn u Pb), HE0OX0AMMOTo ISl MONTYUYSHHUS] U3/SNUI C OIHO-
POIHON CTPYKTYPOH M YJIy4LIEHHbIMH TPUOOTEXHMYECKMMH CBOMCTBaMU. B KauecTBe MCXOIHBIX MaTepHaOB HCIIONB30BAINUCH
nopouiky amomMuans (AC-1), onosa (I10-1) u ceunua (I1C-1). Ilepen cmemmBannemM NpoBOAMIICS X IPOCEB Yepe3 CUTa C pa3Me-
pamu siaeex ot 50 10 25 mkm. [IpocesiHHbIe MOPOIIKK UMeTH Gopmy, OIH3KYI0 K chepruecKoil, 1 XOpOoLIHe XapaKTePUCTUKH TEKY-
yectu (MeHee 25 ¢ / 50 r). C ncrnoap30BaHUEM METO/IA JUCKPETHBIX IEMEHTOB U MoauduimpoBanHoit mogenu ['epria—MunamnHa
U3Y4YEHO BIUSIHUE BPEMEHM CMENIMBAHUS HA CTENEeHb TOMOT€HHOCTH MOPOIIKOBON cMecH. MccnenoBaHus MONMyueHHBIX cMeceit
HPOBOIMIMCH C HOMOLIBIO PEHTIeHO(a30BOr0, MUKPOPEHTI€HOCIIEKTPAJILHOTO U IpaMuecKoro MeTo/10B aHanu3a. [locnenyromas
SKCIIEpPUMEHTAIbHAs BaIUAAIMs MOATBEPANIA JOCTOBEPHOCTh PE3YIbTATOB YHCIEHHBIX PACUETOB M MO3BOJMIA OLEHUTh ONTH-
MaJlbHbI€ TTapaMETPhl CMELIEHHs. YCTaHOBIEHO, YTO ONTUMAJIbHOE BPEMs CMEIIUBAHUS, TO3BONISIOIIEE MOITYyUYHTh PABHOMEPHOE
pacrpeesieHie HCXOAHBIX MTOPOIIKOBBIX YaCTHIL, HAX0AUTCsI B HHTepBaje oT 60 10 120 mun. OOHapyKEHO, YTO CIOKHbII XapakTep
nBIKeHus: cMecurens tuna «TypOyna» CHIKAaeT BIMSHME T'PAaBUTALMOHHOM cerperanuy, yaydllas paBHOMEPHOCTh pacrpese-
JIeHHs 4acTUL MArKoH ¢asel (Sn + Pb). [IpennoxkeHHbIH 01X01 MOXKET ObITh HCIIONIL30BAH /IS Pa3pabOTKHU HOBBIX METOJMK MO0~
TOBKHM MOPOIIKOB ISl aJIUTUBHBIX TEXHOJIOT U M CO3/IaHNsI KOMITO3UIIOHHBIX MAaTE€PUAJIOB C yTyUIlIE€HHBIMH 3KCITyaTallHOHHBIMU

XapaKTePUCTUKAMH.
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Introduction

The growing demand for high-performance anti-
friction materials in advanced engineering applications
is driving the development of new metallic powder
compositions designed to produce components with
enhanced tribological properties [1-3]. This trend,
combined with the rapid adoption of additive manu-
facturing technologies, imposes stricter requirements
on the preparation of multicomponent powder mixtures.
The extreme nonequilibrium conditions of the selective
laser melting (SLM) process, characterized by intense
heating (>10°K/s) and cooling rates (103-10% K/s),
necessitate a high degree of homogeneity in the ini-
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tial powder mixture, as any inhomogeneities can lead
to structural defects and anisotropy, ultimately degra-
ding the properties of the final components [4; 5].

Aluminum alloys are among the most widely used
materials across various industries due to their unique
combination of strength and low density, enabling
the production of lightweight yet durable machine
components. The integration of aluminum alloys into
3D printing technologies further enhances their appeal
by providing additional design flexibility in terms
of shape and structure [6]. The Al-15Sn—5Pb (vol. %)
system is a specialized alloy intended for antifriction
applications, such as sliding bearings, where tin and
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lead act as solid lubricants, reducing wear during fric-
tional contact [7-9]. However, the tendency of these
inclusions to segregate during both powder mixing and
solidification in the 3D printing process necessitates
stringent control over the composition of the pow-
der mixture to ensure their uniform distribution in
the final product [10]. Additionally, the relatively low
evaporation temperature of lead (1749 °C) compared
to the typical process temperatures of aluminum alloy
SLM (>2000 °C) requires precise energy input control
to prevent selective evaporation [11].

Mixing powders with significant density differences
poses a fundamental challenge [12]. Inthe Al-15Sn—5Pb
system, where the density ratio of lead to aluminum is
approximately 4.2:1.0, this issue becomes particularly
pronounced. Traditional drum mixers, which operate
mainly by gravitational forces, tend to promote segre-
gation rather than effective mixing in such systems, as
denser lead and tin particles naturally migrate down-
ward. This results in localized inhomogeneities in
the powder mixture, which is critical for its subsequent
use in SLM [13]. One potential solution to this prob-
lem is the use of a Turbula-type mixer manufactured
by Vibrotechnik (Russia), which combines rotational
and translational motion in a rhythmic three-dimen-
sional pattern. This complex motion induces intense
mixing conditions that counteract gravitational effects,
thereby reducing segregation driven by density dif-
ferences. The powder layer periodically experiences
near-weightlessness, followed by abrupt directional
changes, which help prevent agglomeration.

The objective of this study was to evaluate
the effectiveness of the modified Hertz—Mindlin model
in predicting the quality of the resulting powder mix-
ture composed of components with significant density
variations, as well as to determine the optimal mix-
ing parameters for the AIl-15Sn—5Pb system using
a Turbula-type mixer. The research focused on iden-
tifying the minimum mixing time required to achieve
compositional homogeneity sufficient for the success-
ful application of powder mixtures with large density
differences in the SLM process.

Materials and methods

The experiments were conducted using alumi-
num (ASD-1), tin (PO-1), and lead (PS-1) powders.
The powders were sieved through meshes with an upper
cell size limit of 50 pm and a lower limit of 25 um.

Analysis of several scanning electron microscopy
(SEM) images revealed that the average particle size
of all studied powders was 30 um (Fig. 1), with a size
distribution approximating a normal distribution.
The aluminum powder particles had a spherical shape,

whereas the tin and lead powders exhibited both sphe-
rical and dumbbell-like morphologies.

Additionally, powder flowability was analyzed
using funnels with outlet diameters of 2.5 mm (tin, lead)
and 5 mm (aluminum) according to GOST 20899-98
(ISO 4490-78). Measurements of the natural repose
angle showed that its value for all three powders was
approximately 30°. The flowability of the tin and lead
powders did not exceed 20 s/50 g, while that of alumi-
num was 26 s/50 g, indicating their suitability for SLM
technology.

Mixing simulations were performed using the dis-
crete element method (DEM) with the Altair EDEM
software package (Altair Engineering, USA). The par-

". >
200 um
o

i

Fig. 1. SEM images of Al (a), Sn (b), and Pb (c) powders
before mixing in a Turbula mixer

Puc. 1. POM-u3o06pakenust nopouikos Al (a), Sn (b) u Pb (¢)
nepest CMeIMBaHueM B cMecuTee Tuna « TypOynay
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ticle-to-particle and particle-to-wall interactions were
described by the Hertz—Mindlin model, modified
according to the Johnson—Kendall-Roberts (JKR)
theory [14; 15]. This contact interaction model is
widely used in powder mixing simulations to account
for adhesion forces [16-21]. To accelerate compu-
tational time, model scaling was applied, reducing
the container size and powder mass by a factor of three.

The physical parameters of the powders used in
the model are presented in Tables 1 and 2. The fric-
tion and restitution coefficients were averaged based
on data from various sources [22-26]. For Sn and Pb
friction pairs, the friction coefficients were taken from
similar bearing steels with comparable properties.

To analyze the variation in the tin and lead pow-
der content during mixing, the container volume was
conditionally divided into 28 cells, where the fraction
of each metal’s particles was assessed using the for-
mula ZV[j/Vij’ where N, is the number of Sn and Pb par-
ticles, v, is the cell volume, and i and j are the cell
indices along the X and Y axes, respectively (Fig. 2).

In a Turbula-type mixer, the powder mixture was
blended at a container rotation speed of 30 rpm. The mix-
ing duration varied within the range of T = 10+240 min.
From the obtained mixtures, 10 compacts were pro-
duced by pressing, with the powder for each compact
being taken from different parts of the container.

An initial analysis of the composition of the initial
components in the powder mixture was performed
using X-ray phase analysis with a DRON-8 diffrac-
tometer (NPP Burevestnik, Russia) in CuK radiation
(L =1.5406 A) over a 20 range of 10-110°.

For metallographic studies, cross-sections of the

b

Fig. 2. Container model with powders at the beginning («) and
after 3 h of mixing ()
The first digit in Figure b corresponds to the 7 index,
and the second to j index

Al is highlighted in red, Sn in blue, and Pb in green

Puc. 2. Mozienb KOHTEHEpa ¢ TIOPOIIKaMU B Havase (a)
1 ociie 3 4 mepeMernuBanus (b)
[NepBast mndpa Ha pucynke b COOTBETCTBYET HHACKCY i,
BTOpAs —j

Al BbIICJICH KPACHBIM IIBETOM, Sn — CHHUM, Pb — 3eneHbim

The microstructural analysis of the obtained com-
pacts, as well as the elemental composition assess-
ment, was conducted using a LEO EVO 50 scanning
electron microscope (Carl Zeiss, Germany) equipped

compacts along their diameters were examined. with an energy-dispersive X-ray spectroscopy (EDS)
Table 1. Physical parameters of powders used in the simulation
Ta6bnumya 1. ®u3nvecKne NapaMeTpbl NOPOIUIKOB, 32J10KeHHbIE B MO/IeJIHPOBAHUE
Powder Particle Particle Poisson’s | Shear modulus, | Particle Number of
diameter, m density, kg/m? ratio Pa-10° mass, kg | particles, pcs
Al 0.001 £ 0.0003 2700 0.33 26.30 0.283 22,391
Sn 0.001 £ 0.0003 7300 0.44 12.15 0.074 4,203
Pb 0.001 £ 0.0003 11 300 0.43 4.90 0.143 1,418
Table 2. Friction and restitution coefficients of the simulated powders
Ta6bnuya 2. Ko3pduuueHTs! TpeHUs U PeCTUTYLHUH MO 1HPYeMbIX 10POLIKOB
Friction pair
Parameter
Al-Al | Sn—Sn | Pb—Pb | Al-Sn | AI-Pb | Sn—Pb | Al-steel | Sn-—steel | Pb—steel
Static friction coefficient 1.1 0.74 0.9 0.5 0.5 1.4 0.50 0.40 0.30
Rolling friction coefficient 0.3 0.20 0.2 0.2 0.2 0.5 0.05 0.05 0.05
Restitution coefficient 0.6 0.50 0.4 0.5 0.5 0.5 0.60 0.60 0.60
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module. The graphical analysis of SEM images
of the compact cross-sections was performed using
Imagel software (National Institutes of Health, USA).

Results and discussion

Simulation

The simulation results for the number of tin and
lead particles in different areas of the container over 3 h
of mixing, approximated by logarithmic dependencies,
are presented in Fig. 3. It was found that at a mixing
duration (1) of up to 30 min, the majority of both lead
and tin particles remain predominantly in the upper
layers of the powder mixture, despite the complex
motion pattern of the container during the process.
This may be attributed to the formation of temporary
agglomerates of Sn and Pb particles, as these powders
exhibit a high tendency toward adhesion due to their
lower hardness and high plasticity compared to alumi-
num, leading to the formation of more stable contacts.
As 1 increases to 60 min, the dependencies of Sn and
Pb particle content in different cells converge within
the 4-6 % range and nearly equalize at 180 min.

Based on these results, it can be assumed that
to obtain a near-homogeneous Al-15Sn—5Pb mixture,
the minimum mixing time in the Turbula mixer should
be 60 min at a container rotation speed of 30 rpm.

Experiment

A typical diffractogram of a compact made from
the AI-15Sn—5Pb mixture and the dependence
of the soft-phase (Sn + Pb) content on the mixing time,

calculated using the corundum number method, are pre-
sented in Fig. 4. It can be observed that at short mixing
times, the soft-phase content is lower (15 vol. %), with
significant variations (6 %) in its values (Fig. 4, b).
These data partially confirm the simulation results,
indicating the presence of soft-phase particle agglo-
merates. The expected tin and lead content levels in
the mixture are reached after 60 min of mixing, con-
firming the reliability of the applied numerical model.
In the 120-180 min time range, the dependence
acquires a linear character, and the variation in soft-
phase element content does not exceed 2 %.

The results of SEM studies, presented in Fig. 5,
indicate that at short mixing times (t = 10—60 min),
an uneven distribution of soft-phase particles is
observed, with large agglomerates of various shapes
reaching 300 pm in size. The use of such powder mix-
tures in SLM would likely result in large defects due
to local inhomogeneities in the initial powder distri-
bution. At T = 120-240 min, tin and lead become more
evenly distributed across the polished section surface,
and the size of soft-phase agglomerates decreases.
Completely eliminating these agglomerates is not fea-
sible due to the inherent tendency of these powders
to adhere. However, at this stage, the powder mixtures
can be considered suitable for SLM technology.

The EDS analysis results of the compact element
composition are presented in Table 3. According
to the data, even at short mixing times, the mixture
contains Sn and Pb levels close to the target compo-
sition. However, due to inhomogeneous distribution
within the powder volume, a significant deviation from
the mean is observed in different sections of the com-
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Fig. 3. Dependences of the content of Sn (a) and Pb (b) particles in the cells (11+47) of the container on the mixing time

Puc. 3. 3aBucumoctu copepxanus yactui Sn (a) u Pb (b) B sueiikax (11-47) xoHTeliHepa OT BpeMeHH MepeMeIInBaHHs
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Fig. 4. Typical diffractogram of the Al-15Sn—5Pb mixture (a)
and dependence of the soft-phase (Sn + Pb) content on the mixing time (b)

Puc. 4. Tunmanas qudpakrorpamma cmecu cocrasa Al-15Sn—5Pb (a)
1 3aBHCHMOCTB COZiepKaHus MSIrKoi (hasbl Sn + Pb ot Bpemenu nepemeninBanus (b)

Fig. 5. Typical SEM images of cross-sections of powder compacts
obtained from mixtures after 10 (a), 30 (b), 60 (¢), 120 (d), 180 (e), and 240 min (f) of mixing

Dark phase — Al, bright phases — Sn and Pb

Puc. 5. Tunimunbie POM-CHUMKH MOTIEPEUHBIX CEYCHUI UCCIIEIyEeMbIX KOMITAKTOB M3 MOPOIIKOBBIX CMECeid,
TIOJTyYEeHHBIX rociie nepemernBanus B tedenue 10 (a), 30 (b), 60 (¢), 120 (d), 180 (e) u 240 muH (f)

Temnas dasza — Al, cBersie — Sn u Pb

pacts. After 60 min of mixing, these deviations are
reduced by approximately a factor of two, indicat-
ing the breakdown of large agglomerates. Mixing for
120 min or longer further decreases the deviation from
the average element content within different com-
pact sections to =2 %, suggesting that the elements
have reached a sufficiently homogeneous distribution
throughout the volume.

20

In addition to EDS analysis, graphical analysis
of SEM images was conducted using ImagelJ software
to assess the quantity and size of soft-phase (Sn + Pb)
agglomerates (Fig. 6). The fraction of lead and tin was
determined based on the area occupied by these particles.
For each 1 value, 10 images per compact were analyzed.

The analysis revealed that the tin and lead con-
tent follows an approximately linear trend. However,
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Table 3. Elemental content in powder compacts
depending on mixing time

Tabnmya 3. Conep:xkanue 3J1eMeHTOB B KOMIIAKTAaX
M3 MOPOUIKOBBIX cMeceli B 3aBHCHMOCTH
OT BpeMEeHHM nepeMennBaHus

) Content, vol. %

o i Al Sn Pb
10 81+8 15+8 4+3
30 80+5 15+6 5+£3
60 80+4 15+4 5+£2
120 80+2 16 +2 4+1
180 80+2 16+2 4+1
240 80+2 16 +2 4+1

at short mixing times, as observed in the EDS results,
there is a high relative deviation in particle distri-
bution within the volume (£6 %), which decreases
to 1 % as 1 increases. Despite the relative deviation
reduction occurring as early as T = 60 min, it is also
important to consider the size of Sn and Pb agglo-
merates. The trend in agglomerate area reduction
follows a linear downward pattern. With an increase
in mixing duration, the agglomerate area decreases
by approximately 35 %, from 1400 to 900 um?
at T = 10 and 240 min, respectively. At the same time,
the deviation value also decreases from 16 to 10 %, but
remains relatively high. This is likely due to the for-
mation of agglomerates within the internal volume
of the powder mixture, which, lacking direct contact
with the container walls, were more resistant to break-
down during mixing.

These findings indicate not only an improvement
in mixture homogeneity within a relatively short
period (t=60-120 min) but also the effectiveness
of the modified Hertz-Mindlin model for simulating
the mixing process in powder systems with significant
density differences between their components.

Conclusions

Based on the obtained results, the following conclu-
sions can be drawn.

1. The complex motion pattern of the Turbula mixer
ensures effective mixing of the Al-15Sn—5Pb powder
system, reducing the impact of gravitational segregation
and improving the uniformity of soft-phase (Sn + Pb)
particle distribution. This allows for its further applica-
tion in selective laser melting (SLM) technology.

2. The discrete element method with the modified
Hertz—Mindlin model demonstrated high reliability in
predicting the homogeneity evolution of powder mix-
tures, which was confirmed by experimental data.
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3. It was established that reducing the size of soft-
phase (Sn + Pb) agglomerates and minimizing com-
ponent distribution deviations occur at a mixing time
of 60 to 120 min, making this interval recommended
for practical applications.

4. The obtained results can be utilized to improve
powder preparation quality for additive manufactur-
ing technologies and to develop new powder materials
with enhanced performance characteristics.
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