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Abstract. This study investigates a two-stage processing approach for a charge of Pb–C composite powder material composed of lead 

(PS1) and graphite (GISM) powders in a high-energy mill under ambient air conditions. The study aims to determine the influence 
of graphite content (Cg ) and mechanical activation time (τ) on the particle size distribution of the charge. The results indicate that 
the particle size distribution can be effectively described using the Rosin–Rammler equation. Furthermore, a correlation between 
the equation's parameters and the quality of the resulting hot compacted materials, as well as an index derived from the generalized 
desirability function, has been identified. The study delves into the mechanism behind the formation of the Pb–C powder charge 
during mechanical activation, which involves the creation of loosely bound agglomerates of composite particles. These agglomerates 
can be easily disrupted during manual processing of the charge in a mortar. Notably, the research reveals that the extremum of the 
particle size distribution shifts towards smaller average sizes of the Pb–C composite particles that constitute the agglomerates. The size 
of these formed agglomerates is shown to depend on both the graphite content in the charge and the duration of mechanical processing. 
Using multicriteria optimization, the study identifies the optimal values for technological factors (τ = 1.8 ks, Cg = 0.15 wt. %) for charge 
preparation in the two-stage mechanical processing mode. These optimal values result in an enhanced set of physical and mechanical 
properties for the Pb–C hot-compacted composite material, including shear strength (σshear = 6.3 MPa), hardness (HRR = 109), 
and electrical conductivity (L = 1.812 Ω–1) of Pb–C. X-ray diffraction analysis conducted during the study reveals the formation of lead 
oxides during the mechanical activation of the Pb–C charge. Additionally, it indicates an increase in the half-width of the diffraction 
profile of lines (111) and (222), which subsequently decreases after the hot-compaction process. Comparative data involving the use 
of lead-based chip waste and lead powder-based composites are also presented in the study. These data suggest that a lower optimum 
graphite content is required for lead powder PS1 (Cg = 0.15 wt. %) compared to chip waste (Cg = 0.5 wt. %). 
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IntroductionIntroduction
When producing powder composite materials 

(CM) based on mechanically activated mixtures, sinte-
ring, and hot compaction technologies are employed. 
The mechanical properties of powder materials are 
dependent on the technological parameters of mechani-
cal activation (MA) [1] of the charge in high-energy 
mills. Previous studies have established a relationship 
between the particle size distribution and the chemical 
composition of the charge, as well as the structure and 
properties of the powder material, and the results of cold 
compacting (CC) and hot compacting (HC) [2].

At Platov South-Russian State Polytechnic University 
(NPI), research has been conducted on the mechanical 
activation [1–3] of various powder mixtures in dry and 
liquid media (Fe–Al, Al–Si, Al–C, Fe–Mn, BrAZh, and 

D-16 shavings, as well as Pb shavings with the addi-
tion of graphite). During the MA of a powder charge, 
multi-stage processes of dispersion and agglomera-
tion are observed, leading to the formation of composite 
particles with structural heredity. These processes affect 
the activation of compaction during sintering and the sub-
sequent hot additional compaction of workpieces [1–4]. 
The kinetics of dispersion and agglomeration depend 
on the MA modes and the composition of the charge. 
The use of liquid media and the introduction of graphite 
prevent the formation of agglomerates due to the for-
mation of an interparticle interface [3–7]. Preliminary 
studies [3] revealed that when graphite is introduced 
into the charge in excess of 0.5 wt. % and subsequent hot 
compaction of the material, cracks occur in the powder 
material. 

  sasha_vasilev55@mail.ru
Аннотация. Изучена двухэтапная обработка в высокоэнергетической мельнице в воздушной среде шихты композиционного 

порошкового материала Pb–C на основе порошков свинца (ПС1) и графита (ГИСМ). Установлено влияние содержания 
графита (Сг ) и времени механоактивации (τ) на гранулометрический состав шихты. Показано, что распределение частиц 
по размерам может быть описано уравнением Розина–Раммлера. Выявлена взаимосвязь между значениями параметров 
этого уравнения и уровнем качества получаемых горячепрессованных материалов, а также величиной показателя, 
оцениваемого значениями обобщенной функции желательности. Рассмотрен механизм формирования порошковой шихты 
Pb–C в процессе механоактивации, связанный с образованием малосвязанных агломератов композиционных частиц, легко 
разрушающихся при ручной обработке шихты в ступке. Установлено, что экстремум функции распределения частиц 
по размерам смещается в область меньших значений средних размеров композиционных частиц Pb–C, составляющих 
агломераты. Выявлено, что размер образованных агломератов зависит от содержания графита в шихте и времени 
механической обработки. На основе многокритериальной оптимизации определены оптимальные значения технологических 
факторов (τ = 1,8 кс, Сг = 0,15 мас. %) приготовления шихты, полученной в режиме двухэтапной механической обработки, 
обеспечивающие повышенный комплекс физико-механических свойств (прочность на срез σср = 6,3 МПа, твердость 
HRR = 109, электропроводность L = 1,812 Ом–1) горячепрессованного композиционного материала Pb–С. В результате 
рентгеноструктурного анализа выявлено формирование оксидов свинца в процессе механоактивации шихты Pb–C, а также 
увеличение полуширины дифракционного профиля линий (111) и (222) и последующее ее снижение после операции горячего 
прессования. Получены сравнительные данные применения стружковых отходов на основе свинца и композиционных 
материалов на основе порошка свинца, свидетельствующие о более низком оптимальном содержании графита в случае 
использования порошка свинца ПС1 (Сг = 0,15 мас. %), чем стружковых отходов (Сг = 0,5 мас. %).  

Ключевые слова: механическая активация, порошок свинца, порошок графита, композиционный материал, сетка электрода, 
многокритериальная оптимизация, механическая обработка
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For the production of electrodes for lead-acid batte ries, 
lead-based CMs with the addition of graphite, as well as 
various carbon-containing additives (carbon nanotubes, 
fullerene black, graphene, activated carbon, etc.) are 
employed [8–20]. Pb–C composite material has also found 
applications in lithium-ion batteries [20]. The conducted 
studies have shown that the maximum amount of graph-
ite in CM should not exceed 1 wt. % with an optimum 
content ranging from 0.2 to 0.5 wt. % [12; 14; 17; 18]. 
Graphite content above 1 wt. % leads to deteriora-
tion of the rheological properties of the active material 
paste. The introduction of graphite improves the electri-
cal conductivity, mechanical properties, and chemical 
efficiency of the Pb–C composite material. Modifying 
the composition of CM with graphite, unlike other com-
ponents, is characterized by a lower cost and increased 
safety [20].

The objective of this study is to perform multicriteria 
optimization of the graphite content in the charge and 
processing time, with the goal of achieving an improved 
set of physical and mechanical properties for hot-com-
pacted Pb–C composite material. 

ExperimentalExperimental
Lead powders PS1 (Specifications TU 48-6-123-91) 

(Fig. 1) and artificial special low-ash graphite (GISM, 
State Standard GOST 18191-78) were utilized as the ini-
tial materials. The two-stage technology for prepar-
ing the charge [1–4], carried out in a SAND-1 plane-
tary ball mill (Armenia), involved mixing (τ = 1.2 ks, 
n = 150 s–1) followed by subsequent mechanical activa-

tion (τ = 0.6÷3.6 ks, n = 290 s–1). The design of experi-
ments and the obtained results are presented in Table 1. 
The process layout for obtaining hot-compacted samp-
les included preliminary cold compaction (500 MPa) 
of the charge, followed by heating in a furnace (Т = 473 K, 
τ = 0.3 ks) in an ambient air and dynamic hot compac-
tion with extrusion elements (W = 36.6 MJ/m3) [4].

The particle size distribution of the activated charges 
(in accordance with State Standard GOST 18318-94) 
was determined both before and after manual processing 

Table 1. Design of experiments and results 
Таблица 1. План проведения и результаты эксперимента

Сg , wt. % τ, ks d0 , μm d1 , μm AGI α0 β0 α1 β1 / Remark

0.15
0.6

64 41 1.56 0.184 0.54 0.394 0.442 0.826/0.935 *
0.85 88 47 1.87 0.162 0.52 0.194 0.576 0.817/0.877 *
0.15

3.0
127 94 1.35 0.615 0.99 0.013 1.038 0.941/0.939

0.85 221 141 1.57 0.003 1.11 0.008 1.072 0.847/0.891 *
0

1.8
101 93 1.09 0.015 1.01 0.013 1.069 0.972/0.950 *

1.00 140 54 2.59 0.027 0.81 0.196 0.554 0.891/0.940 *

0.50
0 23 22 1.05 2.467 0.15 0.942 0.413 0.699/0.914

3.6 165 134 1.23 0.002 1.34 0.004 1.232 0.943/0.922
1.8 107 92 1.16 0.002 1.42 0.027 0.892 0.942/0.939

0.15 1.8 141 111 1.27 0.001 1.59 0.013 1.002 0.839/0.935
0.85 148 65 2.28 0.020 0.86 0.149 0.576 0.855/0.918 *

0.50
0.6 114 67 1.70 0.138 0.51 0.173 0.542 0.819/0.899 *
3.0 122 102 1.20 0.012 1.00 0.010 1.096 0.927/0.924 *

0 0 20 – – 0.154 0.88 – – 0.730/–
* Formation of cracks on external surface of a sample.

Fig. 1. SEM image of as delivered PS1 lead powder 

Рис. 1. РЭМ-изображение порошка свинца ПС1  
в состоянии поставки
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in a mortar. This analysis was conducted using a sieve 
analyzer, model 029 (OOO Litmashpribor, Usman). 
Additionally, the hardness HRR (according to State 
Standard GOST 24622-91) of the hot-compacted com-
posite powder material was studied using a TR 2140 
device (OOO ASMA-Pribor, Svetlovodsk, Ukraine). 
The shear strength (δshear ) of the extruded element 
(dee = 3.1 mm) was determined using a UMM-5 uni-
versal machine (OOO “ASMA-Pribor”, Svetlovodsk, 
Ukraine). All measurements of physical, mechanical, 
and operational properties were carried out in compari-
son with a lead-based cast sample, which had a hardness 
of HRR = 60÷70. Electrical conductivity measurements 
were conducted in accordance with State Standards 
GOST 24606.3-82 and 4668-75 (U = 50 mV, I = 10 mА) 
using equipment developed at YuRGPU (NPI) [21], with 
a load of 30 ± 1 N.

To describe the particle size distribution of charge, 
the Rosin-Rammler function reduced to linear form 
was employed [1; 22], allowing for the determina-
tion of parameters α and β as follows:

           y = a + bx, (1)

where y = ln (ln В–1); a = ln α; b = β; x = ln X; B represents 
the content of sieved Pb–C charge, wt. %; X stands for 
the particle size.

Additional grinding in a mortar was carried out 
to assess the degree of agglomeration of charge particles 
during the MA. This is characterized by the agglomera-
tion index (AGI) [23], calculated as the ratio of the ave-
rage particle sizes of the activated (d0 ) and mortar-pro-
cessed (d1 ) charge:

         AGI = d0 /d1 . (2)

The morphology and spectral analysis of Pb–C 
charge particles were investigated using a “Quanta 200” 
scanning electron microscope (FEI Company, USA) 
at the Nanotechnologies Resource Sharing Center 
of Southern Russian State Pedagogical University (NPI). 
Additionally, thermogravimetric analysis in a helium atmo-
sphere was conducted using an STA 449C synchronous 
thermal analyzer (NETZSCH, Germany). 

Table 1 summarizes the following parameters: 
Сg represents the graphite content in the charge, wt. %; 
τ is the time of mechanical activation, ks; d0 indicates 
the average particle size of the charge after activation, 
μm; d1 signifies the average particle size of the blend 
after manual processing in a mortar, μm; α0 , β0 and α1 , 
β1 denote the parameters of the Rosin–Rammler equa-
tion for the charge, respectively, after mechanical activa-
tion and manual processing in a mortar; ,  represent 
the determination coefficients of the Rosin–Rammler 
equation for the charge after mechanical activation and 
subsequent manual processing in a mortar, respectively.

As shown in Figure 2, a range of technological 
parameters has been identified that ensures the produc-
tion of Pb–C composite powder material without visible 
cracks and with cracks on the edge surface of a sample.

Specifically, avoiding cracks is achieved by increas-
ing the MA time of the charge to more than 1.8 ks and 
maintaining the graphite content in the charge at less 
than 0.5 wt. %. This combination of parameters results 
in the formation of hot-compacted material with a smooth 
surface, both on the sides and edges. Additionally, achiev-
ing a similar outcome is possible with Cg = 0.5 wt. % and 
in the absence of MA (τ = 0 ks), i.e., when the mixture is 
obtained solely through agitation.

At high graphite contents, there is an obser vable 
increase in non-metallic inclusions, which in turn 
reduces the plasticity of the material. Increasing 
the duration of MA leads to a more uniform distribu-
tion of graphite throughout the entire bulk of the charge 
and eliminates the occurrence of cracks during 
deformation of the material.

Result and discussionResult and discussion
An analysis of the influence of graphite content 

in the charge and the duration of mechanical activa-
tion has shown that as τ increases, the average particle size 
of the activated charge (d0 ) increases across all stu died Сg . 
Manual processing in a mortar results in the crushing 
of agglomerates, leading to agglomeration index values 
(AGI) greater than 1. In this case, the maximum values 
of d0 are observed after processing in a planetary mill 
when both Сg and τare increased. When the graphite con-

Fig. 2. Ranges of technological parameters ensuring  
the production of Pb–C material  

without cracks (A) and with cracks (B)
 – without cracks,  – with cracks 

Рис. 2. Области значений технологических параметров, 
обеспечивающих получение материала Pb–C  

без трещин (А) и с трещинами (B)
 – без трещин,  – с трещинами
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tent in the charge is increased to 0.5 wt. % and the treat-
ment duration is extended to 1.8 ks, the dimensions of d0 
stabilize (refer to Table 1). Manual processing contribu-
tes to the breakdown of agglomerates across the entire 
range of studied Сg and τ. Larger average particle sizes, 
constituting the agglomerates (d1 ), are observed when 
the graphite content in the charge is 0.15 wt. %.

The addition of a higher graphite content (1 wt. %) 
into the charge results in an increased agglomera-
tion index AGI, defined as the ratio of d0 to d1 [1; 2]. 
When the graphite content in the charge is 0.5 wt. %, 
and the MA duration is 1.8 ks, it results in the forma-
tion of particularly resistant agglomerates (d0 ≈ d1 , 
AGI = 1.16). 

An increase in τ to 1.8 ks results an elevated coef-
ficient of determination  of the Rosin–Rammler equa-
tion when reduced to linear form (1). In this instance, 
the calculated parameter α0 decreases. The function α0 (τ) 
exhibits an extreme behavior. Following manual pro-
cessing in a mortar and an extended MA time, there is 
an observed increase in β1 . 

Multicriteria optimization   Multicriteria optimization   
of process variablesof process variables

In pursuit of multicriterial optimization (MCO) for 
the technological factors governing mechanical activa-
tion (Сg , τ), with the goal of enhancing a comprehensive 
set of physical and mechanical properties (ultimate shear 
strength σshear , hardness HRR, electrical conductivity L, 
and porosity P) of the Pb–C composite material, a gene-
ralized desirability function D was determined [3; 24]. 
This function employs the following scale: D = 0.75÷1.0 
indicating an excellent level of quality; 0.68÷0.74 rep-
resenting high quality; 0.6÷0.67 signifying acceptable 
quality; 0.5÷0.59 denoting sufficient quality; and less 
than 0.5 reflecting an unacceptable level. 

The results of the MCO values for Cg and τ, ensuring 
the production of high-quality Pb–C composite material, 
are presented in Table 2, ordered in descending order 
of D values. Analysis of the MCO results has revealed 
that an excellent level of quality (D = 0.81) is achieved 

with a graphite content in the charge of 0.15 wt. % and 
a processing time of 1.8 ks. The experimental results and 
the optimized MA parameters pertain solely to the stud-
ied range of graphite contents and processing times 
in a SAND-1 planetary ball mill.

In order to determine the optimal composi-
tion of the composite material (refer to Table 2), X-ray 
phase analysis of the mechanically activated mixture 
was conducted, and the morphology of its particles was 
investigated (Fig. 3).

Experimental findings have confirmed the forma-
tion of agglomerates during the process of MA in a high-
energy mill. These agglomerates are subsequently bro-
ken down during grinding in a mortar (Fig. 4). During 
manual processing in a mortar, a noticeable shift occurs 
in the extremum of the particle size distribution func-
tion toward smaller average sizes of Pb–C composite 
particles.

Reducing the charge processing time from 3.0 to 1.8 ks 
results in a decrease in the intensity of the PbO lines due 
to a lower degree of oxidation of the powder material 

Table 2. Results of multicriteria optimization of technological factors for producing Pb–C composite material 
Таблица 2. Результаты многокритериальной оптимизации технологических факторов  

получения композиционного материала Pb–C

Сg , wt. 
% τ, ks

Average particle size of 
Pb–C charge, μm

Physicomechanical properties  
of Pb–C HC CM Desirability 

function D Quality level
d0 d1 HRR σahear , MPa P, % L, Ω–1

0.15
1.8 141.4 111.4 109 6.3 18.9 1.812 0.81 Excellent
3.0 126.9 94.3 101 3.8 13.8 0.371 0.67 Acceptable

0.50 1.8 106.8 92.1 87 15.2 24.1 0.142 0.64 Acceptable

Fig. 3. SEM image of the charge after mechanical activation  
and manual processing (Cg = 0.15 wt. %, τ = 1.8 ks) 

Рис. 3. РЭМ-изображение шихты после процесса  
механической активации и ручной обработки  

(Сг = 0,15 мас. %, τ = 1,8 кс)
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(Fig. 5). Increasing the graphite content to 0.5 wt. % 
with a short processing time (τ = 1.8 ks) enables a reduc-
tion in material oxidation during MA.

Analysis of the diffraction pattern revealed that par-
ticles within the mechanically activated Pb–C charge 
contain PbO (Fig. 5). Mechanical activation of the pow-
der charge results in the broadening of the profile 
of the lines (111) and (222) of lead due to an increase 
in microstresses and a reduction in the size of the mosaic 
blocks. Subsequent operations involving short-term heat-

ing and HC cause a decrease in the half-width of the dif-
fraction profile of the lines (Table 3).

When substituting lead chips and GK-3 graphite 
used in [3] with PS-1 and GISM lead powder, the opti-
mal graphite content decreases from 0.5 to 0.15 wt. % 
at a processing time of 1.8 ks in a high-energy mill.

Figure 6 illustrates the microstructure of the hot-
compacted composite powder material (T = 473 K, 
τ = 0.3 ks, medium: air, W = 36.6 MJ/m3) based on Pb–C 

Table 3. Calculated half-widths of the diffraction profile of Pb lines  
at optimal values of Cg and τ 

Таблица 3. Расчетные значения полуширины дифракционного профиля линий Pb  
при оптимальных значениях Сг и τ 

Indices
hkl

2θ, deg Half width of diffraction profiles of lines, deg
As-delivered 

powder After MA After HC As-delivered 
powder After MA After HC

111 31.3048 31.3048 31.3829 0.087 0.142 0.096
222 65.2358 65.2358 65.4920 0.094 0.132 0.093

Fig. 4. Particle size distribution, plotted according  
to the Rosin-Rammler equation,  

after MA (a) and manual processing in a mortar (b)
Y(X) – differential particle size distribution function (a);  

Y1 (X) – integral function (b) 

Рис. 4. Распределение частиц по размерам,  
построенное по уравнению Розина-Раммлера,  
после МА (а) и ручной обработки в ступке (b)

Y(X) – дифференциальная функция распределения частиц  
по размерам (а); Y1 (X) – интегральная функция (b)

Fig. 5. Diffraction patterns of lead powder  
in the as-delivered state (a) and the charge  

after mechanical activation and manual processing (b)  
(Cg = 0.15 wt. %, τ = 1.8 ks) 

Рис. 5. Дифрактограммы порошка свинца  
в состоянии поставки (а) и шихты после процесса  
механической активации и ручной обработки (b) 

(Сг = 0,15 мас. %, τ = 1,8 кс)
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charge (Cg = 0.15 wt. %) processed in a high-energy mill 
(τ = 1.8  ks), resulting in improved physical and mechan-
ical properties, including hardness, strength, electrical 
conductivity, and porosity. The Pb–C charge (0.15 wt. %) 
that facilitates the production of hot-compacted mate-
rial with increased hardness and electrical conductivity 
is characterized by extreme parameters of the Rosin–
Rammler equation (α0 = α0min = 0.001; β0 = β0max = 1.59). 
Concurrently, the agglomeration index AGI = 1.16 
indicates the formation of intractable agglomerates 
(d0 ≈ d1 ). Additionally, thermal analysis of the charge 
material revealed a shift (from 598 to 543 K) in the peak 
of the melting onset curve of the material compared 
to PS1 powder in its initial state due to the accumula-
tion of material energy during the mechanical activa-
tion process (Fig. 7). 

ConclusionsConclusions
The results of the studies have revealed several 

important findings. Increasing the duration of mechani-
cal activation to optimal values (τ = 1.8 ks) leads to a 
higher degree of compliance of the charge’s particle size 
distribution with the Rosin–Rammler equation. The opti-
mal parameters for mechanical activation of the charge 
(τ ~ 1.8 ks, Cg = 0.15 wt. %), which correspond 
to the extreme parameters of the Rosin–Rammler 
equation (α0 = α0min = 0.001; β0 = β0max = 1.59), result 
in improved values of the generalized desirability func-
tions for the hot-compacted composite powder material 
(CPM).

Experimental evidence demonstrates that during 
mechanical processing in a high-energy mill, agglo-
merates are formed, but these agglomerates are subse-

quently broken down during manual processing in a 
mortar. In this scenario, the extremum of the particle 
size distribution function shifts toward smaller average 
sizes of the Pb–C composite particles that constitute 
the agglomerates.

When using the optimal values of technological fac-
tors (τ = 1.8 ks, Cg = 0.15 wt. %), the structure of hot-
compacted Pb–C CPMs is formed, leading to improved 
consolidation quality of the composite material. This 
is characterized by the absence of identifiable inter-
faces on the interparticle splice surfaces and enhanced 
mechanical properties (HRR = 109, σshear = 6.3 MPa) and 
electrical conductivity (L = 1.812 Ω–1).
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