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Abstract: Slags from the metallurgical recycling process are an important source of resources classified
as critical elements by the EU. One example is lithium from Li-ion battery recycling. In this context, the
thermodynamic properties of the recycled component system play a significant role in the formation
of the Li-bearing phases in the slag, in this case, LiAlO2. LiAlO2 crystal formation could be engineered
and result in varying sizes and occurrences by different metallurgical processing conditions. This
study uses pure ingredients to provide a synthetic model material which can be used to generate
the valuable phase in the slag, or so-called engineered artificial minerals (EnAMs). The aim is to
investigate the crystallisation of LiAlO2 as an EnAM by controlling the cooling conditions of the
model slag to optimise the EnAM formed during crystallisation. Characterisation of the EnAMs is an
important step before further mechanically processing the material to recover the valuable element
Li, the Li-bearing species, respectively. Investigations are conducted using powder X-ray diffraction
(XRD), X-ray fluorescence (µXRF), and X-ray Computer Tomography (XCT) on two different artificial
lithium slags from MnO-Al2O3-SiO2-CaO systems with different cooling temperature gradients. The
result shows the different EnAM morphology along the height of the slag, which is formed under
different slag production conditions in a semi-pilot scale experiment of 5 kg. Based on the different
EnAM morphologies, three defined qualities of the EnAM are identified: granular, dendritic, and
irregular-shape EnAM.

Keywords: engineered artificial mineral (EnAM); slag characterisation; LiAlO2 (lithium aluminate);
X-ray micro-CT; micro-XRF

1. Introduction

The increase in the demand for electric automobiles as one of the initiatives for reduc-
ing climate change has also increased lithium-ion battery (LIB) consumption [1]. The World
Economic Forum reported that 2 billion electric vehicles are required by 2050 to reduce emis-
sions to be able to balance the global greenhouse gas emissions from human activities [2].
An LIB pack for a single vehicle contains around 8 kg of lithium [3]. McKinsey [4] has
forecasted that the market growth of LIB until 2030 could reach 30% annually. The question
would be whether there are enough lithium supplies to produce Li-ion batteries, especially
when the demand surges every year and the lithium resource scarcity increases [2]. To
overcome this problem, several studies on Li-ion battery recycling have been carried out to
try to recover lithium [5–10].
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For pyrometallurgical recycling, two processes, referred to as direct and multi-step
smelting, are outlined and economically analysed for the recycling of Li-ion batteries. In the
direct smelting approach, batteries are disassembled and subjected to a shaft furnace with
distinct temperature zones, including a preheating stage, a pyrolysis zone for volatiliza-
tion, and a final smelting reduction phase. The multi-step method involves additional
mechanical pre-treatments, including pyrolysis and sieving, resulting in a fine fraction that
requires pelletization before entering the electric arc furnace step, ultimately leading to
comparable product phases with variations in mass balances and metal distribution. From
these processes, various products and byproducts are generated, including a metal alloy,
exhaust gas and flue dust, and slag [11,12].

Slag from the pyrometallurgical recycling of LIBs is a source of critical elements [13,14].
The pyrometallurgy process uses heat energy to melt and separate the metals (such as
cobalt, nickel, copper, and iron) from the pre-processed/pre-treated LIBs [13,15–17]. The
rest of the materials will be considered by-products/waste, oxidized, and separated and
finally solidified as slag. Lithium, as a light and non-noble element, also goes to slag and
forms phases that are associated with Al and Si [18]. This slag is usually used as an additive
for cement in construction [19]. The remaining valuable element, which, in this case, is Li,
is thus lost in any material cycle, since it is immobilized within the slag structure. Lithium
aluminate (LiAlO2) is one of the phases potentially formed from the reaction between Li
and Al in the lithium battery slag [20,21], which requires further attention as Li should
be kept in the battery material cycle. Prior studies on slags without manganese (Mn)
demonstrated effective Li-enrichment through chemical optimisation; the presence of Mn
complicates recovery due to dispersion among oxides and silicates, which are known to be
particularly unsuitable for flotation [8]. Therefore, the slag has to be treated, so that, with
further mechanical processing, it becomes possible to extract the lithium via extracting the
lithium aluminate.

During the solidification of the slag, the crystal formation depends on the metallurgi-
cal processing conditions, such as chemical composition [22] and cooling conditions [23].
Rapid cooling will result in a higher content of an amorphous component because the solid-
ification process occurs without the development of a crystalline structure [24]. Controlled
cooling conditions can lead to a defined phase transformation and consequently allow for a
better understanding of how the slag formation should be manipulated for more-effective
subsequent mechanical processing.

Crystal formation plays a central role in optimising the recovery of the critical elements
due to the EnAM concept. Given that the degree of liberation is size-dependent, it is
possible to liberate crystals after crushing and milling them at a larger size, when the
initial crystal size is larger as well. This will enhance the efficiency of the mechanical slag
processing since less energy is required for comminution. The next step is the physical
separation, where both the grade and the recovery depend on the degree of liberation
achieved in the upstream process steps [25,26]. Further downstream liberation also affects
the hydrometallurgical extraction of lithium, which uses flotation as a pre-concentration
step and is one of the prevalent methods for lithium extraction [15].

Some research has been carried out into artificial lithium slag systems, focusing on the
phase composition and speciation [20,21,27,28]. Pure ingredients are used in the artificial
slag to provide a synthetic model material with the valuable phase formation in the slag,
EnAM, respectively. The phase of interest or the EnAM is LiAlO2, as the recoverable [29]
and stable lithium phase within the lithium slag [8]. Another study on EnAM generation
in a copper-containing WEEE slag with different cooling rates relative to its position
has also been carried out to investigate the phase formation, internal structure, and its
recyclability [23]. Depending on further processing, different grain morphology may
generate different results. Variation in grain sizes and shapes across the slag body may
lead to different breakage and, therefore, liberation mechanisms [30,31]. Adjusting the
slag-forming parameters is an important factor in optimising the EnAM formation, and
resulting in a higher potential to optimise the recovery of lithium from the slag [32].
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In this study, a technical scale experiment for producing artificial lithium slag is tailored
with the aim of forming optimised Li-EnAM grains. The different types of crystals formed
in the synthetic lithium slags with different cooling conditions used for solidification are
studied. By using the characterisation method in this study, one can analyse the grain
morphology throughout the whole sample to understand the slag structure and the crystal
formation within the whole slag body produced in 3D. The outcome of this study is
important as an evaluation prior to the mechanical processing phase. The results will be
applied to optimise the lithium slag processing conditions by investigating the crystals
formed under different process conditions. The main objective of this study is to analyse
the valuable lithium phases formed in relation to their production parameters to find the
optimum condition for further processing steps.

2. Materials and Methods
2.1. Sample Material
2.1.1. Slag Production

The artificial slag composition developed in this study was based on the chemical
compositions in the work by Elwert et al. [21] shown in Table 1. The artificial slag feed
composition consists of, Li2O, MnO, Al2O3, SiO2, and CaO. For the experiments, lithium
was used in its carbonate form (99.99%, Alfa Aesar, Karlsruhe, Germany) instead of lithium
oxide, because of availability issues. Li2CO3 decomposes to Li2O during the heating
process, due to the CO2 release, so for further explanations and calculations, Li2O was
regarded. Manganese oxide and Alumina, α-phase, from Alfa Aesar with a purity of
>99.99% were used. Burnt lime from Carl Roth (Karlsruhe, Germany) with a CaO content
of ≥96% was used. Quartz was sourced from Heraeus Quarzglas GmbH & Co. (Hanau,
Germany). For the calculations and experiments, a content of 100 wt.% for all materials
was assumed. The detailed composition of the artificial slag used in this study can be seen
in Table 2 below. Both Slag A and B were produced using the same feed composition. The
SiO2, CaO, and Al2O3 contents for the artificial slag were chosen to achieve a melting point
below 1500 ◦C with a good compromise on viscosity.

Table 1. Composition of high-manganese-content lithium-containing slag investigated by Elwert
et. al. [21].

Slag System Li2O MnO2 MgO Al2O3 SiO2 CaO

High
Manganese

Content
8.3% 9.5% 1.4% 44.5% 17.5% 16.1%

Table 2. The feed composition and cooling rate of the artificial slag.

Sample Name Li2O MnO Al2O3 SiO2 CaO Cooling Rate

Slag A
8.5% 10.4% 45.3% 18.9% 16.9%

50 ◦C/h
Slag B 25 ◦C/h

The experiments were carried out in an electric furnace (Thermo-Star, Aachen, Ger-
many) heated by SiC rods, with an internal volume of 35 L and power of 46 kW, under
an air atmosphere (Figure 1). For the experiments, clay–graphite crucibles type A20 from
Atlantic Schmelztiegel Christoph Goebel GmbH (Grossalmerode, Germany) were filled
with the slag feed. The crucible has a bottom diameter (d), upper diameter (D), and height
(h) of 140 mm, 200 mm, and 255 mm, respectively. The crucible has a wall thickness of
around 30 mm. The compounds were heated up to 1500 ◦C and, successively, the molten
slag was kept at this temperature for 5 h for homogenization. After the holding time, the
controlled cooling procedure was started as the slag was firstly cooled down to 1050 ◦C
and then kept at this temperature for another 6 h. This holding time serves to create a
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better solidification process and homogenization of the slag and increases the grain size
regarding the LiAlO2 phases. Subsequently, the slag was again controlled and cooled down
to room temperature. During the experiments, the slag temperature was monitored with a
precision thermocouple (Type C), following either the 50 or 25 ◦C/h cooling rates specified
in Table 1, ensuring a controlled phase transformation in order to perform a thorough
3D characterisation. Here, two cooling rates have been studied, 50 and 25 ◦C/h (Table 2).
Higher cooling rates resulted in a material with an elevated amorphous content, so these
cooling rates were chosen to evaluate the 3D characterisation techniques.
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Figure 1. Electric furnace heating: (a) heating up the furnace during one experiment; (b) schematic
design of the furnace.

2.1.2. Thermochemical Simulation

For thermochemical simulation, the phase diagram module from FactSageTM was
used, with the databases FactPS and FTOxid. The predicted ternary diagram for the SiO2-
CaO-Al2O3, as shown in Figure 2, was calculated with a fixed amount of 8 wt.% of Li2O
and 10 wt.% MnO according to the defined composition of the artificial slag. The diagram
was used to evaluate the liquidus temperature of the artificial slag. As highlighted by a
red circle in Figure 2, the composition of the artificial slag used (EnAM) lies in a liquidus
surface field between 1400 and 1450 ◦C; below 1500 ◦C, as desired. To evaluate the viscosity
and the density of the artificial slag, the values in the diagrams shown in Figure 3 were
calculated at the previously selected process temperature of 1500 ◦C. The viscosity model is
based on the calculation of Gibbs Energy (FactSageTM). As can be seen in (a), the expected
viscosity of the artificial slag is between 0.15 and 0.2 Pa·s and the density lies in the range
of 2.8 g/cm³.

A solidification simulation was performed on the slag, based on the chemical compo-
sition presented in Table 2, using FactSageTM 8.2. Given that the simulation aims to predict
the slag composition during the solidification process, the FToxid and FactPS databases
were selected. The Scheil–Gulliver model was employed for this simulation, wherein
the formed species are disregarded from the equilibrium and the overall mass balance.
The solidification simulation was initiated with the slag in its fully liquid state, with a
temperature step of 25 ◦C. Higher cooling rates could not be simulated in the model. The
main mineral phases formed after solidification are represented in Table 3.
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Table 3. Predicted mineralogical composition of the slag after the solidification process according to
FactSageTM 8.2.

Phase LiAl5O8-Spinel Li2Ca2Si2O7 LiAlO2 Li2SiO3 Mn-Al Spinel Gehlenite

wt.% 15.83 14.95 10.02 8.4 16.46 21.63

The primary lithium-containing phase formed based on the simulation is LiAl5O8-
Spinel, while Li2Ca2Si2O7 is predicted as the second major mineral phase, followed by
LiAlO2 and Li2SiO3. Regarding the phases without lithium, Mn-Al spinel and gehlenite are
the major minerals formed that do not contain lithium. Other minerals, each comprising less
than 3 wt.%, are omitted from the representation. According to the simulation, the initial
precipitated phase is a Li-Al spinel solid solution. Subsequently, LiAl5O8 precipitates, fol-
lowed by the crystallisation of LiAlO2-gamma. In addition to the precipitation of LiAl5O8,
gehlenite is also formed. Mn-Al spinel is one of the last solid solutions to precipitate during
the simulated solidification process. However, the existing thermochemical simulation
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faces constraints due to the absence of a solid solution database. Consequently, the thermo-
chemical outcomes may not accurately represent the actual experimental results. Based on
prior studies on similar slag systems [8,20,21,27,28], it was observed that only LiAlO2, as a
Li-Al species, is identified in the experimental slag. It is worth noting that LiAl5O8, while
theoretically plausible, is not found in the system based on these mentioned studies.

2.2. Methods for Characterisation

In this study, the characterization of lithium slag is conducted using X-ray micro-
computed tomography (XCT), which provides 3D imaging of its inner structure. XCT offers
valuable insights into the internal structure and grain morphology of the slag without
destroying the sample. However, this method does not provide chemical or mineralogical
phase composition, and therefore additional characterisation methods are necessary to
complement the XCT result [34].

For this purpose, X-ray fluorescence (µXRF) analysis is utilized to provide element
distribution information, while powder X-ray diffraction (XRD) identifies the mineralogical
composition. The mineralogy of the slag phases is investigated on the flat surface of the
middle part of the sample using µXRF and crushed samples are prepared for powder XRD
analysis. These two analyses complement the morphological information provided by the
XCT analysis, presenting a comprehensive view of the slag’s properties. The integration
of the above-mentioned methods facilitates a correlative characterization of the EnAM,
offering a multi-dimensional understanding of the slag’s characteristics.

The methodology of this study is illustrated in Figure 4. Initially, each slag sample
is cut in half, vertically, down the middle, with a diamond cutter. This cut provides a
flat surface on the centre of the slag body which is essential for µXRF which requires a
horizontal surface. Subsequently, drill core samples with a 6 mm diameter are taken from
the slag for XCT measurement to evaluate the grain structure and morphology in 3D. The
drill cores are then crushed for XRD analysis to determine the phase composition present.

Minerals 2024, 14, x FOR PEER REVIEW 6 of 19 
 

 

The primary lithium-containing phase formed based on the simulation is LiAl5O8-
Spinel, while Li2Ca2Si2O7 is predicted as the second major mineral phase, followed by 
LiAlO2 and Li2SiO3. Regarding the phases without lithium, Mn-Al spinel and gehlenite 
are the major minerals formed that do not contain lithium. Other minerals, each 
comprising less than 3 wt.%, are omitted from the representation. According to the 
simulation, the initial precipitated phase is a Li-Al spinel solid solution. Subsequently, 
LiAl5O8 precipitates, followed by the crystallisation of LiAlO2-gamma. In addition to the 
precipitation of LiAl5O8, gehlenite is also formed. Mn-Al spinel is one of the last solid 
solutions to precipitate during the simulated solidification process. However, the existing 
thermochemical simulation faces constraints due to the absence of a solid solution 
database. Consequently, the thermochemical outcomes may not accurately represent the 
actual experimental results. Based on prior studies on similar slag systems [8,20,21,27,28], 
it was observed that only LiAlO2, as a Li-Al species, is identified in the experimental slag. 
It is worth noting that LiAl5O8, while theoretically plausible, is not found in the system 
based on these mentioned studies. 

2.2. Methods for Characterisation 
In this study, the characterization of lithium slag is conducted using X-ray micro-

computed tomography (XCT), which provides 3D imaging of its inner structure. XCT 
offers valuable insights into the internal structure and grain morphology of the slag 
without destroying the sample. However, this method does not provide chemical or 
mineralogical phase composition, and therefore additional characterisation methods are 
necessary to complement the XCT result [34]. 

For this purpose, X-ray fluorescence (µXRF) analysis is utilized to provide element 
distribution information, while powder X-ray diffraction (XRD) identifies the 
mineralogical composition. The mineralogy of the slag phases is investigated on the flat 
surface of the middle part of the sample using µXRF and crushed samples are prepared 
for powder XRD analysis. These two analyses complement the morphological information 
provided by the XCT analysis, presenting a comprehensive view of the slag’s properties. 
The integration of the above-mentioned methods facilitates a correlative characterization 
of the EnAM, offering a multi-dimensional understanding of the slag’s characteristics. 

The methodology of this study is illustrated in Figure 4. Initially, each slag sample is 
cut in half, vertically, down the middle, with a diamond cutter. This cut provides a flat 
surface on the centre of the slag body which is essential for µXRF which requires a 
horizontal surface. Subsequently, drill core samples with a 6 mm diameter are taken from 
the slag for XCT measurement to evaluate the grain structure and morphology in 3D. The 
drill cores are then crushed for XRD analysis to determine the phase composition present. 

 
Figure 4. Overview of the work carried out in this study: (a) the whole slag sample; (b) after cutting 
the slag in half using a diamond cutter to obtain a flat surface in the middle of the slag; (c) micro X-
Figure 4. Overview of the work carried out in this study: (a) the whole slag sample; (b) after cutting
the slag in half using a diamond cutter to obtain a flat surface in the middle of the slag; (c) micro X-ray
fluorescence (µXRF) element mapping on the slag’s flat surface to see heterogeneous structure along
the slag; (d) drill core sampling of 6 mm diameter from different position where different structures
can be identified for X-ray computer tomography (XCT) and X-ray diffraction (XRD) measurement.

2.2.1. Micro X-ray Fluorescence (µXRF)

An overview of the slag is important to ensure that the sampling for other measure-
ment methods is representative and reflects the features of interest. To obtain an overview
of the slag and its internal structure, 2D elemental mapping using M4 Tornado (Bruker
Nano GmbH, Berlin, Germany) is carried out. The M4 Tornado uses micro X-ray fluores-
cence (µXRF) to give composition and visualise elemental distribution [35]. The µXRF
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detector counts X-ray fluorescence energy that is emitted when the outer electron fills the
inner shell of the excited atoms, and each atom has different energy spectra.

A challenge in lithium slag characterisation is the fact that lithium has a low atomic
number. Not all elements in the periodic table can be quantified by XRF, especially elements
lighter than sodium (Na), which do not emit radiation of accessible wavelength [36].
Provided that the phase of interest is lithium aluminate (LiAlO2), the assumption that only
Al is present in the element map is used. Despite the thermochemical simulation in Table 3
predicting another Li-Al species (LiAl5O8), it is expected that the experimental slag will
incorporate LiAlO2 as the main potential Li-Al species [28].

The first step is to acquire elemental maps of the whole slag surface and the vertical
cutting plane, respectively, to quantify the inner structure of the slag and to determine
whether it is homogenous or heterogeneous. In µXRF, the resolution is defined by the
excited volume and the spacing between each measurement point. In this first overview
measurement, a spacing of 150 µm is chosen. Additionally, this low-resolution measure-
ment has the advantage of consuming less memory and having a shorter measurement
duration. Based on the spectra and considering the feed composition, the elements present
in the map are analysed. Following this initial analysis, a higher-resolution element map
is acquired for the areas that have different structures to obtain a better insight into the
EnAM structure and morphology, with 50 µm spot distance. The measurement parameters
are listed in Table 4 below. This systematic approach, progressing from a broader overview
to more focused mapping yields a comprehensive understanding of the slag elemental
composition and distribution.

Table 4. Scan parameters for µXRF measurement.

Scan Parameter Low Resolution High Resolution

X-ray source Rhodium (Rh)
Acceleration voltage (W) 50

Electrical power (W) 600
spot size (µm) 20 µm

measurement time/pixel (ms) 30 20
measurement point distance (µm) 150 50

2.2.2. X-ray Diffraction (XRD)

X-ray diffraction (XRD) measurement is used to determine and quantify the different
phases in the slag. The measurement is conducted using Empyrean diffractometer (Malvern
Panalytical, Almelo, The Netherlands). The drill cores are initially crushed using a steel
mortar until <400 µm size fraction is achieved. Further milling of 2–2.5 mL of sample
material with ethanol is performed using XRD-Mill McCrone (Retsch, Haan, Germany),
with 12 min of milling time for each sample. Samples are prepared in a 27 mm diameter
sample holder by applying the backloading technique to minimize preferred orientation
issues. The measurement is carried out at 35 kV and 35 mA in the 2θ range of 5◦–80◦ while
keeping the irradiated area constant (12 × 15 mm2) by means of an automated divergence
slit. For the quantitative phase determination, Rietveld analysis using the open-source
software package Profex/BGMN version 5.1.0 [37] is applied. This analytical method is
suitable for analysing the presence of Li-bearing phases in the slag sample.

2.2.3. X-ray Computer Tomography (XCT)

After different morphologies are observed, drill core samples (6 mm in diameter)
are taken from each different EnAM morphology to be measured with X-ray computer
tomography (XCT). Images are obtained using ZEISS Xradia 510 Versa 3D X-ray microscope
(Carl Zeiss, Oberkochen, Germany). Detailed information on XCT can be found in [38,39].
The scanning parameters are chosen based on the grey values of radiographs to provide a
sufficient signal-to-noise ratio. The scan parameters are listed in Table 5.
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Table 5. Scan parameters for XCT measurement.

Parameter Value

Detector position (mm) 120
Source position (mm) −16

Lens 0.4 X
Acceleration voltage (keV) 80

Electrical power (W) 7
Filter (Zeiss Standard) LE5

Camera binning 2
Voxel size (µm) 8.07

Number of projections 1601
Scan angle (o) 360

Exposure time (s) 1.5
Scan time (hh:mm) 01:24

The reconstruction of the 2D radiographs is accomplished using a filtered back-
projection algorithm implemented in Zeiss Reconstructor Scout-and-Scan version 16.1.13038.
This includes an automatic centre shift and beam hardening correction with a factor of 0.05.
The image data have to be further processed because of the presence of artefacts due to the
XCT measurement, low contrast, and image noise.

The analysis of the 16-bit grey value image stack is conducted using ImageJ 1.53t
(FIJI) and Dragonfly (v.2022.1., Objects Research Systems, Montréal, QC, Canada). These
software solutions are used to process and visualise the reconstructed 3D volume. Image
processing steps that are performed in this study include filtering and segmentation of the
EnAMs using ImageJ (Figure 5). The filtering in ImageJ includes smoothing using a mean
filter with a radius of 1.5 in all slices. This mean filter has a function to smooth the current
image by replacing each pixel’s value with the average grey value of its neighbouring
pixels within the defined radius. Thresholding of the grey value was then carried out to
segment the EnAMs using the value of 16,000 to 32,000. Afterwards, an erosion operation
followed by dilation is performed to remove isolated pixels that surround the pores and
the drill core. The histogram peaks in Figure 5a that occur before and after this segmented
grey value correspond to the background (air) and the slag matrix, respectively. The slag
matrix is shown as bright grey colours in Figure 5b that represent multi-phases in between
the EnAMs.

The segmented EnAM binary images are further processed using Dragonfly software
to obtain the volume and surface area features of the objects. This step is important for
extracting their size and shape distribution. First, watershed transform was used to separate
connected objects that occur due to the adjacent position of the EnAM grains. The binary
images then were set to multi-ROI (region of interest) so that a single EnAM could be
defined as an individual object. Information on each segmented object is obtained from
component analysis in Dragonfly. The size (xv) of each grain throughout this study is
defined according to the volume equivalent sphere diameter (EQPS) and quantified in
µm units.

xV(EQPS) = 3

√
6
π

V (1)

Feature volume (V) and surface area (As) information are used to calculate volume-
equivalent sphere diameter and sphericity as the grain size and shape descriptor, respec-
tively. Sphericity is calculated by comparing the calculated surface area to the equivalent
sphere diameter and the actual surface area is directly obtained from the segmented image
data [40]. The sphericity is calculated using the following equation:

sphericity ψ =
surface area of equivalent sphere

surface area of grain
=

πxv
2

AS
=

3√36πV2

AS
(2)
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3. Results
3.1. Slag Overview from µXRF, XRD and XCT

Referring to the characterisation method mentioned in Figure 4, the results of the
µXRF, XRD and XCT analyses of Slag B (25 ◦C/h) are given in Figure 6. Image (a) on
the left provides an initial overview scan of Slag B with 150 µm resolution. This offers
a broad perspective of the slag’s composition and structure. Meanwhile, images (b) and
(c) show the element distribution at a higher resolution of 50 µm. The different colour maps
represent different elements. The colour’s intensity correlates to the energy counts in the
detector, i.e., the abundance of an element. Images (a) and (c) highlight the overlay of the
element distribution map. The red colour in the overlay map (c) represents the area in
which only Al occurs. Since the EnAM is LiAlO2, the occurrence of Al only (red spots) is
considered to be the phase of interest, as mentioned in Section 2.2.

In Figure 6a, it can be observed that, in Slag B (25 ◦C/h), the upper and lower part of
the crucible show the occurrence of dendritic EnAM, transitioning to granular crystals in
the centre part with a gap in between, as shown in the upper part of Figure 6c. This gap
indicates the region with a less visible occurrence of Al, as displayed in Figure 6b. The
slag’s structure varies along its height and can be grouped into three distinct structures that
differ in their morphological properties.

The EnAM grains in the centre height of the slag (Slag B_G) have a more granular shape
which is followed by dendritic-shaped grains on the lower part (Slag B_D). In contrast,
the EnAM grains in Slag B_I show an irregular shape and size compared to those in Slag
A_G and Slag B_G. In this context, irregular refers to grains lacking uniformity in size and
shape. To investigate these morphological variations, three drill core samples are taken
from these three different locations in Slag B. The results of the XCT measurement are given
in Figure 6d,e. Additionally, Slag A (50 ◦C/h) shows a similar occurrence, but only with
the granular and dendritic grain sequence, as depicted in Figure A1 under Appendix A.
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Figure 6. Element distribution in Slag B (25 ◦C/h) from µXRF (a–c) and XCT results (d,e) from drill
core sample from selected position: (a) overlay of Al, Si, Ca, and Mn element map to obtain a chemical
overview of the slag’s horizontal flat surface with 150 µm resolution; (b) individual element map;
(c) overlay of element map with 50 µm resolution in the area with different morphology transition;
and (d) cut 3D volume of the drill cores and (e) the reconstructed horizontal cross section.

In the XCT measurement results, different greyscales represent different phases. At
least three different greyscales are observed in the reconstructed XCT images. Based on
the µXRF measurement and considering the density of the components, the dark greyscale
is inferred to be the EnAM as LiAlO2 has the lowest phase density compared to the other
phases. This is confirmed since the results from the XCT images show that the dark grey
phase corresponds to the Al distribution in the elemental map.

The XRD results, presented in Table 6, prove the presence of the different EnAM
crystals. The corresponding XRD patterns are available for reference in the Appendix A,
Figure A2. Samples for XRD were taken from defined positions that show different struc-
tures. LiAlO2 appears to be the sole phase with a composition comprising Al, Li, and O.
Considering the limitations of µXRF in detecting Li, the identification of areas containing
only Al (without e.g., Si, cf. Table 6) represent the EnAM phase.

The gangue phases also vary between the different sampling positions. Sample
G and D contain gehlenite and Mn-Al spinel as the major phase, with 35%–37% and
23%–25%, respectively, whereas sample I has more than 40% of gehlenite followed by 15%
of glaucochroite. Nevertheless, Sample G has the highest mass percentage of EnAM and Li
becomes highly concentrated in the EnAM phase, whereas, in the other areas of the slag
body, some of the target element is dissipated in further phases.

The theoretical metallurgical yield suggests that up to 38% of Li from the feed is
transformed to LiAlO2. It should be noted that the quantification (and balancing) is based on
an assumed 100% crystalline content as we did not find hints of any significant amorphous
content. However, it cannot exclude the possibility that some elemental distribution is
“hidden” in non-crystalline phases or exists as impurities in other phases. In addition,
as some phases denote members of solid solutions (e.g., spinels and glaucochroite) with
varying compositions, a full balancing is therefore difficult. Nevertheless, the results from
XRD and the other methods are consistent.
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Table 6. XRD results from Slag B (estimated standard deviation from Rietveld evaluation below 5%).

Mineral Phase in wt.% Slag B_G Slag B_D Slag B_I

Lithium aluminate (LiAlO2) 14.4 11.2 14.1
Eucryptite (LiAlSiO4) 6.8 6.8 10.8

Lithium manganese silicate (Li2MnSiO4) 9.6 7.7 9.1
Mn-Al spinel (MnAl2O4) 23.4 24.8 7.1
Gehlenite (Ca2Al2SiO7) 35.0 37.3 43.5

Glaucochroite (Ca, Mn)2SiO4 10.1 11.4 15.1
Quartz (SiO2) <1 <1 <1

Total Li from LiAlO2 in the sample
(calculated) in wt.% 1.5 1.2 1.5

Total Li in the feed (calculated) in wt.% 3.9
Total Li (feed) transformed into LiAlO2 in % 38.4 29.9 37.6

In relation to the thermochemical simulation we performed, shown in Table 3, this
XRD results and the simulation exhibit several species consistently and demonstrate the
formation of specific phases during the simulated solidification process, including LiAlO2,
gehlenite, and Mn-Al spinel. The crystallisation of LiAlO2 is indicated in the simulation,
aligning with the XRD results and supporting the approach used to identify the EnAM. The
formation of gehlenite and, finally, the generation of Mn-Al spinel in the simulation correlate
with their presence in the XRD results, further validating the simulation’s prediction.
Li2MnSiO4 could not be predicted, as the database does not contain it. It is also noteworthy
that LiAlSiO4 was not predicted by the simulation, despite being identified in the XRD
results. On the other hand, several Li-bearing phases, like LiAl5O8-Spinel, Li2Ca2Si2O7,
and Li2SiO3, predicted in the simulation could not be detected in the XRD data. This
may be due to the assumption used in the simulation that the lithium, silicate, aluminate,
and carbonate are treated as an ideal solution, which is not realistic, as indicated by
Sommerfeld et al. [8]. Additionally, the absence of solid solution database in the simulation
strongly contributes to the discrepancy between the thermochemical simulation and the
real experiment result [41]. The complexity of the real slag system is yet to be described
more accurately by future simulations.

3.2. EnAM Morphology from XCT

Due to the high local yield of Li within the sample, the focus of this study will
be the G areas with granular EnAM grain taken from the centre areas of both Slag A
(50 ◦C/h) and Slag B (25 ◦C/h). These granular grains are of primary interest due to their
favourable morphology for further mechanical processing. The visual comparison of Slag
A_G and Slag B_G in Figure 7 gives an idea of different EnAMs formed through different
cooling conditions.

Image (a) presents a 3D view of the drill cylinder of both slag from XCT, followed by
image (b) providing a 2D cross-sectional view from the drill sample. Binary segmentation is
depicted in image (c), where the white colour denotes the EnAM grains. Images (b) and (c)
suggest that Slag B has more space between the single EnAM grains, facilitating liberation,
whereas single grains of EnAM in Slag A seem to be connected to the neighbouring EnAM
grains. This occurrence is also depicted in image (d), where distinct morphologies of both
slags can be observed. This may be attributed to the different cooling rates of the slags. The
slower cooling rate in Slag B seems to facilitate the growth of EnAM grains and allows the
development of a more discrete grain structure. This characteristic may enhance and favour
separation and potential liberation. In contrast, Slag A shows more closely interconnected
EnAM grains. This proves the impact of cooling conditions on the properties of EnAM.
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Figure 7. Visualisation of the EnAM morphology of sample G in Slag A (50 ◦C/h) and Slag B
(25 ◦C/h): (a) 3D visualisation of the drill core sample; (b) 2D horizontal cross-sectional view;
(c) segmented EnAM segmented as the object structure; (d) 3D morphology of the EnAM in drill core
sample; (e) rendering of a single EnAM grain.

Figure 8 contains a probability density graph along with a continuous representation,
through kernel density estimation (KDE), of the probability density of the two-dimensional
EnAMs properties (size and shape) [42] from sample position G of the two slags. Here, a
Gaussian kernel is used in the KDE using Python’s scipy package [43]. The more detailed
information on the processed XCT data is shown in Table A1. The grain size and sphericity
used here are obtained from the calculated value using Equations (1) and (2), respectively,
and are plotted as scatter plots on the left side of Figure 8. Slag A_G has a narrower and
finer EnAM grain size distribution, from 33 µm to 510 µm, whereas the EnAMs in Slag B_G
are distributed between 187 µm and 847 µm. The upper graph in Figure 8 represents the
one-dimensional number-based probability density of the EnAM grain size distribution.
Both size distributions have a median value of x50,0 which is coarser than 100 µm (Table A1).
The visual representation of a representative grain with a size close to x50 is shown in
Figure 7e. Nevertheless, the x90,0 of Slag B_G is more than two times coarser than Slag A_G,
which are 583 µm and 227 µm, respectively.

Another important characteristic is the shape of the EnAM. The sphericity value in the
vertical axis gives the idea that both slags have similar distribution widths, but with shifted
distribution peaks. The EnAMs in Slag A_G have a sphericity which ranges from 0.35 to
0.95, while in Slag B_G this from 0.23 to 0.88. The one-dimensional probability density
of the sphericity graph also shows that Slag A_G has more compact i.e., approximately
spherical, EnAM grains, with a modal value of approximately 0.8. On the other hand, Slag
B_G has a sphericity modal value of between 0.4 and 0.5. This sphericity value shows that
Slag A_G, which has a faster cooling rate gradient, has a more isotropic shape compared
to Slag B_G.

The different relationships between the grain size and sphericity are also shown by
the KDE. In the case of Slag A_G, the narrow grain size distribution has a wider variety
of shapes, containing both compact, almost spherical, grains as well as elongated grains.
Conversely, for Slag B_G, larger grain sizes are characterized by reduced sphericity and
by more dendritic particles, respectively. The volume-based probability density and a
multidimensional scatter plot, where the radius of the circle plot corresponds to the grain
volume, can also be seen in the Appendix A (Figure A3). The volume emphasizes the
contribution of different grain sizes to the overall distribution.
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(25 ◦C/h): volume-based where the radius of circle plots corresponds to grain volume.

4. Discussion

Crystal growth can be affected by microscopic interfacial dynamics and external
macroscopic effects, such as the thermodynamic force. Depending on the equilibrium shape
of the crystal system, dynamic equilibrium growth can lead to complex crystal growth,
like dendritic growth [44]. In the case of LiAlO2, the equilibrium shape of the crystal is
compact, i.e., tetragonal for γ-LiAlO2 [45]. The change in morphology over the height
of the slag (Figure 6) suggests that the temperature gradients during cooling inside the
slag body are neither homogenous nor isotropic. The observed morphological differences
between the upper and lower parts, characterised by dendritic shape formations (D), and
the centre region, identified by granular shape (G), in both slags investigated in this study
reflect the variation of cooling velocities within the different part of the crucible. A similar
occurrence of repeated granular–dendritic layers along the slag height was also observed
in [46], where the crystallisation in dendritic areas indicates a steeper temperature gradient
and a non-equilibrium condition. This study extends the understanding of crystallization
dynamics, showing that the position within the crucible has a more prominent influence on
the shape of the crystal grains compared to the cooling rates setting, as previously expected
in [23].

These insights point to the need to combine these findings with an experimental
measurement or a numerical simulation of the temperature field. This will provide the first
quantitative hint about the temperature regime required for efficient EnAM production in
this slag system. Moreover, enhancing the assumptions and databases employed in the
thermochemical simulation will also be beneficial in narrowing the discrepancy between
the thermochemical simulation result and the complexity of the real experimental result.

The slower cooling rate of Slag B (25 ◦C/h), compared to Slag A (50 ◦C/h), allows
more time for the crystal to grow, resulting in a coarser grain size in the granular areas. This
prolonged growth time may also be a factor which contributes to the lower sphericity in
the Slag B sample, as the crystal may start to grow in a certain direction instead of equally
growing in all directions. This is also supported by the grain size and sphericity plot in
Figure 8, where the bigger the grain size tends to have the lower sphericity, which may be
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connected to the overall thermodynamic properties of the different crystal plains in LiAlO2.
The shape development will need further research activities.

The gap between the granular grains in Slag B, identified as I, where irregular LiAlO2
crystals are present, may occur due to the effect of density and viscosity differences during
the first cooling and before the second holding time, at 1050 ◦C, of the melted feed materials
which results in segregation, as seen in the µXRF results in Figure 6a–c. At this temperature,
the lithium aluminate crystals initially nucleate, and therefore may have trapped the Ca
and Si elements in this gap. Long molecule chains in silicate increase the melt viscosity
and therefore crystallisation of these melts is slower. Amorphous phases are formed from
these high-viscosity and fast-cooling liquids [47]. However, the XRD results in Table 6
shows that the gap, represented as Slag B_I, contains an adequate amount of LiAlO2. This
may indicate that the LiAlO2 in this area is formed in nano to micron sizes that could
not be resolved with either the µXRF or XCT measurements’ resolution. To conduct a
more detailed analysis of these hardly visible EnAM structures, it may be necessary to use
another imaging technique, such as SEM-EDX analysis, which offers higher resolution for
investigating the EnAM phases.

To improve the recyclability of lithium phases within the slag structure, the size
and shape of the formed crystal play an important role. As mentioned before, that the
recyclability of the lithium aluminate phase normally favours the coarser and granular
shape, adjusting the production conditions to obtain the optimum slag structure may
give better recovery on the potential processing process. However, this also depends on
the breakage mechanism and the liberation of the phase of interest. This will require a
more detailed understanding of how the crystal properties act on the behaviour of the
EnAM materials during the mechanical process. If this is available, a relationship between
mechanical processing parameters and slag crystallisation can be developed. Therefore,
further analysis of the breakage and liberation behaviour of the different slag structures is
necessary to finally evaluate the recyclability. Temperature distribution in this study was
not quantified in detail as the temperature sensor only gives the temperature reading from
one spot. The heat distribution and thermodynamics may need to be studied further as
well to understand the structure build-up during slag crystallisation.

5. Conclusions

Synthetic model materials are used to synthesize lithium slag with different cooling
rates of 50 and 25 ◦C/h. The valuable phase formed in the slag, or so-called engineered
artificial mineral (EnAM), is lithium aluminate (LiAlO2) as the phase of interest. In short,
the main findings of this article can be summed up as follows:

• The µXRF analysis identifies variations in EnAM structures along the height of
both slags.

• Three different qualities of the EnAM are defined based on the different morphology
distributions of aluminium in µXRF to represent the occurrence of LiAlO2, which are
G for granular, D for dendritic, and I for the areas with irregular-shape EnAM.

• XCT images provide a quantified comparison between granular EnAM from the two
slags with different cooling rates.

• The sample with the lower cooling rate (25 ◦C/h) has a coarser grain size in the
granular areas, due to the lower cooling rate. The less spherical shape indicates that
the crystal has a specific direction of growth.

• A faster cooling rate (50 ◦C/h) forms finer and more spherical EnAMs in the centre
area, where the sampling for granular shape grains is taken for both slags.

• An interdisciplinary approach, e.g., metallurgy and mineral processing, is necessary
to give a more detailed evaluation of the recycling process.

Despite challenges in analysing lithium, the correlation between the µXRF, XRD and
XCT methods still provides valuable insights into the diverse EnAM morphologies formed.
XCT imaging is particularly valuable for assessing the size and shape of the EnAMs, which
is an important evaluation for the mechanical recycling process downstream. An optimi-
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sation of the slag production process can also be carried out later by conducting further
experiments with changes to the thermodynamics parameters, such as cooling rate, holding
time, and holding temperature. An assessment of the breakage, liberation and recyclability
of the slag has to be the focus of further studies. Additionally, a comprehensive investi-
gation into the crystallisation process and nucleation of lithium aluminate crystal should
supplement the mineral processing. Deeper insights into heat transfer and thermochemical
simulation during slag production will enhance the understanding of EnAM formation
and enhance the recyclability of metallurgical slag systems.
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Table A1. EnAM analysis from XCT results. 
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segmented EnAM (µm3) 4.1 × 1010 3.6 × 1010 

Figure A1. Element distribution in Slag A (50 ◦C/h) from µXRF (a–c) and XCT results (d,e) from drill
core sample from selected position: (a) Overlay of Al, Si, Ca, and Mn element map to obtain a chemical
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overview of the slag horizontal flat surface with 150 µm resolution; (b) individual element map and;
(c) overlay of element map with 50 µm resolution in the area with different morphology transition;
(d) cut 3D volume of the drill cores and (e) the reconstructed horizontal cross section.
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