
J. MEDVED et al.: CHARACTERISATION OF NON-METALLIC INCLUSIONS IN Pb-Ca-Sn ALLOYS
143–149

CHARACTERISATION OF NON-METALLIC INCLUSIONS IN
Pb-Ca-Sn ALLOYS

KARAKTERIZACIJA NEKOVINSKIH VKLJU^KOV V ZLITINAH
Pb-Ca-Sn

Jo`ef Medved1*, Gregor [egel2, Tilen Bala{ko1, Maja Von~ina1

1University of Ljubljana, Faculty of Natural Sciences and Engineering, Department for Materials and Metallurgy, A{ker~eva 12,
1000 Ljubljana, Slovenia

2MPI-recikla`a metalurgija, plastika in in`eniring d.o.o., @erjav 79, 2393 ^rna na Koro{kem, Slovenia

Prejem rokopisa – received: 2024-02-27; sprejem za objavo – accepted for publication: 2024-01-13

doi:10.17222/mit.2024.1119

Non-metallic inclusions in two Pb-Ca-Sn lead alloys used in the manufacture of lead-acid batteries were investigated and cate-
gorised. Samples of recycled lead alloys were analysed using scanning electron microscopy (SEM) in combination with energy
dispersive X-ray spectroscopy (EDS). This technique enabled the analysis of the chemical composition of the alloys and the
identification of non-metallic inclusions. Differential scanning calorimetry (DSC) confirmed the presence of non-metallic inclu-
sions in two different recycled alloys. Non-metallic inclusions in lead alloys are detrimental, negatively impacting both the cast-
ing process and the mechanical and electrochemical properties of the alloys. Results indicate that oxide inclusions are predomi-
nant in Pb-Ca-Sn alloys. Non-metallic inclusions with stoichiometric compositions of PbO2, Pb2O3, Al2O3, and CaO were
identified. Most of these inclusions were found near the surface of a sample, i.e., in the area most exposed to the atmosphere.
The introduction of a protective atmosphere during the melting process could significantly reduce the occurrence of non-metal-
lic inclusions.
Keywords: Pb-Ca-Sn alloys, non-metallic inclusions, differential scanning calorimetry

Avtorji v ~lanku predstavljajo raziskavo in kategorizacijo nekovinskih vklju~kov v dveh svin~evih zlitinah Pb-Ca-Sn, ki se
uporabljata za izdelavo kislinskih v`ignih akumulatorjev. Vzorce odvzete iz recikliranih svin~evih zlitin so avtorji pregledali z
vrsti~nim elektronskim mikroskopom (SEM) z uporabo prigrajene energijske difrakcijske spektroskopije (EDS), ki omogo~a
mikroanalizo kemijske sestave zlitin in vklju~kov prisotnih v preiskovanih zlitinah. Prisotnost nekovinskih vklju~kov v dveh
razli~nih recikliranih zlitinah so avtorji potrdili z diferen~no vrsti~no kalorimetrijo (DSC). Nekovinski vklju~ki, ki se pojavljajo
v svin~evih zlitinah, so neza`eleni in negativno vplivajo na potek litja ter mehanske in elektrokemijske lastnosti zlitin. Rezultati
ka`ejo, da se v zlitinah Pb-Ca-Sn nahajajo ve~inoma oksidni vklju~ki. Identificirani so bili nekovinski vklju~ki s kemijsko
sestavo, ki opredeljuje stehiometrijo oksidov PbO2, Pb2O3, Al2O3 in CaO. Najve~ vklju~kov je bilo prisotnih blizu povr{ine
vzorca, ki je imela najve~ stika z atmosfero. Zagotovo je dele` nekovinskih vklju~kov mogo~e zni`ati z uporabo za{~itne
atmosfere med taljenjem.
Klju~ne besede: zlitine Pb-Ca-Sn, nekovinski vklju~ki, diferen~na vrsti~na kalorimetrija

1 INTRODUCTION

Lead is the cornerstone of lead-acid batteries, the
most common type of rechargeable battery and the pre-
ferred power source for most internal combustion engine
vehicles. Lead alloys are favoured for their low melting
points, ease of processing, cost-effectiveness, good func-
tionality within batteries, and outstanding recyclability.1

Lead paste and lead grid are the heart of a lead-acid bat-
tery, but also the most challenging components to re-
cover during recycling.2 Traditionally, high-temperature
pyrometallurgical processes have dominated the recy-
cling industry. However, significant advancements have
been made in recent years to reduce energy consumption,
costs, and air pollutant emissions associated with this
method.3–5 While pyrometallurgy remains the primary

method for secondary lead recycling, pressure is mount-
ing to develop cleaner and more sustainable alternatives.
The traditional smelting method emits lead particles and
sulphur oxides, prompting a search for solutions with a
lower environmental footprint.6 The importance of lead
recycling is further highlighted by the fact that over half
of all lead now comes from secondary sources. Notably,
some researchers suggest that secondary lead, primarily
derived from recycled lead-acid batteries, has become
the main source of this metal in many regions.7

Pb-Ca-Sn alloys are the predominant choice in lead-
acid batteries, particularly those designed for valve-regu-
lated applications. This popularity stems from their low
maintenance requirements, extended service life, and
continued performance even during standby periods.1,8,9

The specific ratio of these alloying elements varies de-
pending on the desired battery characteristics.9 Among
these elements, tin plays a crucial role in enhancing the
electrochemical properties of the corrosion layer that
forms on the surface of Pb-Sn alloys. This translates to
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reduced resistance during battery operation under cyclic
loads.10 Calcium, when added in tiny amounts, signifi-
cantly strengthens the alloy. Pb-Ca-Sn alloys exhibit ex-
cellent precipitation hardening, with the calcium content
dictating the proportion of precipitates like
(Pb1–xSnx)3Ca, CaSn3, and CaSn.1,11,12 While a powerful
deoxidizer, excess calcium can be detrimental as it forms
calcium oxides, which compromise both the mechanical
and electrochemical properties of the final alloy.13 Be-
yond these primary alloying elements, Pb-Ca-Sn alloys
boast superior casting properties, enhanced mechanical
strength, and optimized electrochemical interactions.1

However, the presence of impurities like Cu, Sn, Ag, Zn,
As, Sb, and Bi in raw lead requires careful control.14

Managing these impurities is critical for the safe and ef-
ficient operation of lead-alloy plants, particularly with
respect to corrosion phenomena.15

Non-metallic inclusions are compounds formed by
the physicochemical reactions between metals and
non-metals during metal production, typically during
melting or casting processes.15 Oxides, particularly
aluminates, silicates, and spinel inclusions, constitute the
majority of inclusions in various metals.14 Additionally,
sulphide and nitride inclusions can form in lead alloys.16

Non-metallic inclusions in two distinct Pb-Ca-Sn al-
loys were investigated using electron microscopy and
differential scanning calorimetry (DSC). The analysis
aimed to identify, categorize, and characterize these in-
clusions within the microstructure. DSC analysis con-
firmed the presence of non-metallic inclusions. A com-
prehensive understanding of the types of inclusions
present in Pb-Ca-Sn alloys can facilitate a deeper insight
into their formation mechanisms and contribute to the
production of higher-quality alloys.

2 EXPERIMENTAL PART

Two distinct lead alloys, labelled A and B, are essen-
tial components in lead-acid battery production. Alloy A,
which is characterised by a lower tin content and higher
calcium concentration, is employed for the positive pole
grid. Conversely, alloy B, which has a higher tin content
and a lower calcium concentration, is used for the nega-
tive pole grid. Both alloys contain traces of additional el-
ements, but the exact chemical compositions are not dis-
closed to protect proprietary information.

Samples were extracted from both the centre and the
edge of ingots, embedded in epoxy resin, and then pol-
ished to a high finish using a BUEHLER EcoMet 30 pol-
ishing machine with a series of progressively finer grit
papers. Due to the softness of lead alloys, sample prepa-
ration required meticulous care. After polishing, the
samples were etched for 3–5 s in a 3:1 acetic acid-hydro-
gen peroxide solution. Given the rapid oxidation of lead
surfaces, the samples were examined under a microscope
immediately after etching.

Two samples of each alloy were analysed using a
Thermo-Fisher Scientific Quattro S FEG-SEM electron
microscope equipped with an energy dispersive spec-
trometer (SEM/EDS) to characterise the inclusions pres-
ent in the lead alloys.

Differential scanning calorimetry (DSC) was per-
formed using a NETZSCH STA Jupiter 449c. Two sam-
ples were extracted from each alloy, A and B: one from
the centre of the ingot, where the melt was shielded from
the atmosphere during solidification, and another from
the edge of the ingot, where the melt was exposed or
close to the atmosphere during solidification. An empty
corundum crucible served as a reference. Each sample
was heated to 400 °C at a rate of 10 K·min–1 under a pro-
tective argon (Ar 5.0) atmosphere and subsequently
cooled to room temperature at the same rate. The result-
ing DSC heating and cooling curves were used to deter-
mine the melting and solidification enthalpies.

3 RESULTS AND DISCUSSION

3.1 Determination of non-metallic inclusions in the in-
vestigated Pb-alloys

During the investigation of lead alloys intended for
battery grids, several types of non-metallic inclusions
were identified. Both alloy samples predominantly con-
tained oxide inclusions. The majority of these inclusions
were lead and aluminium oxides, which typically form
on a molten metal’s surface due to reactions with atmo-
spheric oxygen. Calcium oxide and calcium magnesium
oxide were also detected, and categorised as exogenous
inclusions. These inclusions are often introduced from
external sources, such as contaminants on the surface of
molten lead.

In general, inclusions in lead alloys are commonly
linked to oxygen exposure, either from the surrounding
air or dissolved within the molten metal. A detailed anal-
ysis of the identified inclusion types follows.

3.1.1 Lead oxides

Lead oxides (Figure 1) primarily form on the surface
as oxide scales. During casting, a turbulent flow can
cause these scales to sink into the melt. Due to the rapid
solidification, they are trapped in the solidified metal
matrix. The inclusions observed in Figures 1a, 1b, and
1d exhibit similar shapes and structures. They all appear
to be oxide scales that formed on the melt’s surface and
were subsequently incorporated into the metal. Lead ox-
ide can also form on a metal’s surface during storage and
can be incorporated into the melt during remelting. As
oxides are brittle, longer oxide scales can fragment. Ad-
ditionally, lead oxide scales are often associated with po-
rosity.

Figure 1a illustrates a lead oxide layer (spectra 1–5)
containing calcium, which is located near the sample’s
surface. Calcium can significantly degrade the mechani-
cal and electrochemical properties of the lead alloy. Fig-
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ure 1b, spectrum 1, reveals the presence of PbO2 inclu-
sions. Similarly, Figure 1c shows a PbO2 inclusion
(spectrum 1). The round shape of this inclusion suggests
that the surrounding melt solidified first, encapsulating
the inclusion. Porosity is evident around the inclusion,
likely due to the higher melting point of PbO2 (290 °C).
Spectrum 2, adjacent to the round lead oxide particle, in-
dicates a composition of lead and aluminium oxide,
while spectrum 3 consists of lead oxide. In Figure 1d,
spectrum 1 shows calcium oxide, spectrum 2 indicates
sodium oxide, and spectra 3 and 4 show lead oxide.

3.1.2 Aluminates

Aluminium is added to the molten lead to deoxidize
the melt prior to the addition of calcium. Aluminium ox-
ide (Figure 2) is readily identifiable. Aluminate inclu-
sions and lead oxide can be distinguished primarily by
their contrast. Aluminate inclusions appear dark under
backscattered electron (BSE) imaging due to their lower
density, whereas lead oxides, with a higher density, ex-
hibit a lighter appearance and less contrast with the lead
metal. Aluminate inclusions are often found in close
proximity to lead oxides, as they are frequently sur-
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Figure 1: BSE images of lead oxides in: a) sample A-edge, b) sample B-centre, c) sample A-centre, d) sample B-centre



rounded by lead oxide. Figure 2a depicts an oxide scale,
while Figure 2b shows lead oxide (spectrum 2) and a
combination of lead and aluminium oxide (spectrum 1).

3.2.3 Calcium oxide

Calcium is a crucial alloying element in lead alloys,
significantly enhancing their strength properties. As a
potent deoxidizing agent, some calcium in the melt oxi-
dizes, forming calcium oxides. Figures 3a and 3b illus-

trate calcium oxide inclusions (circled in orange) in the
alloy microstructure. These inclusions exhibit a spherical
shape. Due to their low density, calcium inclusions often
congregate on the surface of the melt. In Figure 3a,
spectrum 1 indicates aluminium oxide, spectrum 2 shows
calcium oxide, and spectrum 3 represents lead oxide. In
Figure 3b, spectrum 1 corresponds to an inclusion com-
posed of calcium and lead oxide, while spectra 2, 3 and 4
represent lead oxide.
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Figure 2: BSE images of aluminates in sample B-centre

Figure 3: BSE images of calcium oxide in sample A-edge



3.1.4 Calcium magnesite

From the presented data, it can be inferred that the in-
clusion has a CaO-MgO composition. The calcium
magnesite inclusion shown in Figure 4 is classified as
exogenous, as it did not originate from a chemical reac-

tion within the melt but was introduced from an external
source. The inclusion exhibits a sharp-edged shape and
low density, owing to its composition, and resulting in a
distinctly dark appearance. The calcium magnesite inclu-
sion is enveloped by lead oxide, and the structure reveals
a calcium oxide inclusion at its apex.

3.2 DSC analysis of investigated Pb-Ca-Sn alloys

DSC analysis confirmed the presence of non-metallic
inclusions in the investigated alloys. Samples with lower
melting enthalpies show a higher proportion of non-me-
tallic inclusions. The inclusions in the investigated area
do not melt, resulting in a lower overall heat requirement
for melting and solidification per unit mass. Figure 5
presents DSC heating and cooling curves of alloy A, re-
lating to both the centre and edge of the ingot. The melt-
ing of the centre sample starts at 323.1 °C, correspond-
ing to the melting of the Pb-Sn eutectic (Figure 5a).
Subsequently, the lead solid solution melts at 333.9 °C.
The edge sample exhibits a similar melting onset temper-
ature, although the lead solid solution begins to melt at a
slightly lower temperature.

Solidification of both samples starts at 322.5 °C. The
lead solid solution solidifies first, followed by the Pb-Sn
eutectic at 316 °C and 314 °C, respectively (Figure 5b).

The melting and solidification enthalpies of the edge
and centre samples of alloy A show negligible differ-
ences.

DSC analysis results for alloy B are depicted in Fig-
ure 6. The melting of the edge sample commences at
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Figure 4: BSE image of MgO·CaO inclusion in the microstructure of
sample A-edge

Figure 6: a) Heating and b) cooling DSC curves of alloy B

Figure 5: a) Heating and b) cooling DSC curves of alloy A



326.8 °C, corresponding to the melting of the Pb-Sn
eutectic (Figure 6a). Due to a higher tin content, this
eutectic exhibits a lower melting point compared to al-
loy A. The lead solid solution begins to melt at 337.2 °C.
The centre sample of alloy B starts to melt at 327.2 °C,
which is 0.4 °C higher than the edge sample’s eutectic
melting point. The lead solid solution in the centre sam-
ple melts at 337.9 °C.

The cooling curves for the edge and centre samples
of alloy B are shown in Figure 6b. The edge sample’s
solidification begins at 325.7 °C, followed by Pb-Sn
eutectic solidification at 320.4 °C. The centre sample’s
solidification starts at 325.6 °C, only a tenth of a degree
lower than for the edge sample. The Pb-Sn eutectic so-
lidifies at 317.1 °C in the centre sample. Both curves
conclude solidification at 290 °C.

In the case of alloy B, the differences in melting and
solidification enthalpies are more pronounced. This sug-
gests a higher concentration of inclusions in the alloy
with lower melting and solidification enthalpies.

The examination of lead alloys intended for battery
grids revealed the presence of various non-metallic in-
clusions. Both alloy samples were predominantly com-
posed of oxide inclusions. The dominant types were lead
and aluminium oxides, which typically form on a molten
metal’s surface due to reactions with atmospheric oxy-
gen. Additionally, calcium oxide and calcium magne-
sium oxide were identified. These inclusions are often
introduced from external sources, such as contaminants
on the surface of molten lead.

4 CONCLUSIONS

The aim of the study was to investigate and catego-
rise non-metallic inclusions in lead battery alloys
(Pb-Ca-Sn). These inclusions hinder and complicate the
technological process of manufacturing battery grids and
shorten their service life. Understanding and preventing
the formation of non-metallic inclusions in Pb-Ca-Sn al-
loys can improve the technological process and product
quality.

Based on the results presented, the following can be
concluded:

• Oxide inclusions, such as lead oxides (PbO2, Pb2O3),
aluminates (Al2O3), and calcium oxides (CaO), are
the most prevalent in Pb-Ca-Sn alloys. These form
during the production of an alloy in the melt. Exoge-
nous inclusions, which mainly originate from
magnesite refractories, containing MgO, are also
present.

• Inclusions of various compositions often coexist and
are closely associated. For instance, aluminium oxide
is frequently surrounded by a layer of lead oxide. Po-
rosity is also frequently observed in the vicinity of
non-metallic inclusions.

• Non-metallic inclusions can be distinguished by the
following characteristics: size (lead oxide forms long

oxide scales, whereas aluminate and calcium oxides
are usually smaller); shape (inclusions can be sharp-
edged, polygonal, spherical, etc.); colour (lower den-
sity inclusions are darker); and chemical composition
(EDS analysis can be used to examine the chemical
composition of samples).

• Both investigated alloys (A and B) exhibit similar so-
lidification patterns: lead solid solutions solidify first,
followed by the Pb-Sn eutectic. Characteristic tem-
peratures vary between the alloys due to the differ-
ences in the chemical composition. DSC analysis re-
vealed no significant temperature differences
between the samples from different parts of the ingot.
However, variations in the solidification/melting
enthalpy were observed. A lower enthalpy, as seen in
sample B-edge, indicates a higher concentration of
inclusions in the alloy.
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