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a b s t r a c t

The widespread use of ternary lithium-ion battery cathode Li(NixCoyMn1−x−y)O2 (LNCM) materials in energy 
storage equipment has resulted in an increase in the demand for insulating refractory of roller kiln. 
However, the severe corrosion during LNCM calcination will result in desquamate and damage of the in-
sulating refractory. In this study, the corrosion resistance of bubble alumina brick (bubble alumina), mullite 
and CA6 (calcium hexaaluminate) insulating refractories was thoroughly investigated. This study combined 
the laboratory scale experiments on the interfacial reaction and after life cycle analysis on industrial in-
sulating refractory to investigate the interactions between the insulating refractories and LNCM precursor 
mixture powders after the calcination temperature of 950 °C for 10 h and the corrosion behaviour of the 
LNCM precursor to different insulating fire bricks after the heat treatment temperature of 950 °C for 10 h 
every time and repeated 10 times according to the actual LNCM preparation system. The phase composition 
and microstructure of the three insulating refractories before and after corrosion were characterised to 
obtain a comprehensive understanding of the corrosion mechanism and behaviour. Results showed that the 
CA6 has excellent corrosion resistance and has the potential to be used in the lithium battery industry.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

Energy storage equipment is essential in modern social life [1,2]. 
Rechargeable lithium-ion batteries (LIB) are widely used in elec-
tronic portable devices, plug-in hybrid electric vehicles (PHEVs), 
electric vehicles (EVs), wearable electronics and medical devices due 
to their high capacity [3–5]. In the LIB technology, the cathode 
material is the key to determining the cost and energy density of the 
battery. The cathode material is distinguished by its low price, easy 
production, environmental friendliness and good electrochemical 
performance. Ni-rich ternary cathode materials Li(NixCoyMn1−x−y)O2 

(LNCM, x ≥ 0.8) have great application potential in LIB due to its 
advantages of high capacity, long life cycle, low cost and excellent 
structural stability at high temperatures [6,7].

In the industrial production, LNCM materials are mainly prepared 
through high-temperature solid-state reactions because of the 
simple equipment and production process [8,9]. LNCM materials are 
calcined in a roller kiln, and the insulating refractory is the mainly 
component of the roller kiln [10–12]. Bubble alumina brick (bubble 
alumina) is extensively used as an insulating refractory for the high- 
temperature equipment due to its high melting point, high re-
fractory and suitability for oxidation and reduction atmospheres at 
high temperatures [13,14]. This material is typically applied in a 
metallurgical reactor, a coal gasifier and a chemical reactor in the 
steel industry [15–17]. Mullite (3Al2O3·2SiO2) is the only stable phase 
in the Al2O3–SiO2 system, has the advantages of high density and 
purity, high structural strength and low creep rate at high tem-
perature, low thermal expansion rate, strong resistance to chemical 
erosion and thermal shock [18]. Mullite insulating fire brick is ty-
pically used to prepare LNCM materials during the synthesis process, 
whilst the life cycle of mullite material is limited due to the harsh 
application environment [19]. Calcium hexaaluminate (CA6) is a 
high-temperature calcium aluminate phase with the highest Al2O3 

content in the CaO–Al2O3 system [20,21]. CA6 has high 
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refractoriness, excellent chemical stability, good CO erosion re-
sistance, low thermal expansion coefficient and other excellent 
characteristics, and it has been used in the chemical industry, alu-
minium smelting and backing materials. However, fewer studies 
have been conducted on the CA6 insulating refractory/fire brick for 
LIB cathode material synthesis.

In LIB cathode materials, the lithium source of the nickel-rich 
LNCM materials is more aggressive than that of other conventional 
cathode materials [22]. LiOH is the lithium source used in high- 
nickel LNCM materials. During calcinations, the corrosion of vapours 
from the LNCM material precursors causes desquamate and damage 
of the insulating refractory, resulting in the contamination of LNCM 
materials and normal production operation [23–25]. Accordingly, 
the corrosion mechanism of insulating refractory for synthesising 
LNCM cathode materials is indispensable to control and improve the 
purity of the LNCM materials and the life of the insulating refractory. 
Currently, several studies mainly focus on the interactions of LNCM 
and saggar materials [19,22,26]. However, studies on LNCM and in-
sulating refractory are limited. In our previous study, we have in-
vestigated the interaction behaviours of mullite insulating refractory 
with LNCM materials between 1000 °C and 1300 °C [27]. The result 
showed that the insulating refractory with excellent resistance to 
alkali corrosion should be selected for LNCM preparation. However, 
the study used more severe experimental conditions to accelerate 
the degradation of the tested materials, and the test temperatures 
were above 1000 °C. Consequently, the study cannot actually simu-
late the real LNCM production situation.

No study has been conducted on the corrosion mechanisms of 
different insulating refractories for the preparation of LNCM mate-
rials. Different insulating refractories may have varying corrosion 
behaviours during the LNCM calcination due to their distinct che-
mical compositions and structures. Understanding the corrosion 
resistance behaviour is also crucial for selecting the right insulating 
refractory. Currently, the nickel-rich ternary cathode material is ty-
pically heat-treated at 800–950 °C for 10–20 h [28–30]. Conse-
quently, bubble alumina, mullite and CA6 insulating refractories 
were selected under the actual LNCM material calcination conditions 
to compare the corrosion mechanism and behaviour for LNCM pre-
paration.

In this work, the comparison of corrosion resistance for bubble 
alumina, mullite and CA6 insulating refractories were investigated. 
To fully identify and understand the occurring corrosion mechanism 
and corrosion behaviour, this study combined the laboratory scale 
experiments on the interfacial reaction and after life cycle analysis 
on industrial insulating refractories to investigate the interactions 
between the insulating refractories and LNCM precursor mixture 
powders and the corrosion behaviour of LNCM precursor to different 
insulating fire bricks. The interactions between insulating re-
fractories and LNCM materials were analysed and compared to in-
vestigate the corrosion mechanism according to the actual LNCM 
preparation system. The heat treatment temperature of 950 °C for 
10 h every time was selected and repeated 10 times (until corrosion 
was observed on a macro scale in the industrial insulating fire brick) 
to investigate the corrosion behaviour.

2. Experimental

2.1. Material preparation

The bubble alumina, mullite and CA6 insulating refractories were 
supplied by Yixing Morgan Thermal Ceramics Co., Ltd, China. The 
chemical composition and product introduction of the three in-
sulating refractories are listed in Tables 1 and 2, respectively. The 
LNCM precursor mixture powders were prepared by mixing com-
mercially available Ni0.8Co0.1Mn0.1(OH)2 (supplied by Haian Zhi-
chuan Battery Material Technology Co., Ltd, China, ≥99.0 wt% purity) 

and LiOH·H2O (Shanghai Aladdin Biochemical Technology Co., Ltd, 
anhydrous, ≥99.0 wt% purity) powders at a mole ratio of 1:1.05.

Preparation of interfacial reaction test samples: all the insulating 
refractories were firstly crushed and screened (100 mesh) to accu-
rately analyse the corrosion reaction between the insulating re-
fractories and LNCM materials. The insulating refractory powders 
and LNCM precursor mixture powders were then mixed at a weight 
ratio of 1:1 and placed in a polyurethane ball mill jar. Zirconium 
balls (4–6 mm in diameter) were added to the jar, the ball/powder 
weight ratio was 2:1, and the jar was sealed and ball milled at a 
speed of 30 r/min for 4 h. Subsequently, 6 wt% polyvinyl alcohol 
(PVA, 8 % concentration) was added to the mixed powder and stirred 
well. The mixture was uniaxially compacted to cylinders (dia-
meter=25 mm, height=8 mm, weight=15 g) at a pressure of 50 MPa. 
The obtained cylindrical samples were placed in the furnace and 
heat treated at 950 °C for 10 h (Fig. 1a). After the materials were 
reduced to room temperature, the phase composition and micro-
structure were analysed with an X-ray diffractometer (XRD) and 
scanning electron microscope (SEM), respectively.

Preparation of corrosion test samples: a cube-shaped insulating 
refractory (industrial insulating fire brick) with 50 mm sides was cut 
from the industrial sample brick to study the corrosion behaviour of 
an insulating refractory during the ternary cathode material synth-
esis, preserving as much of the original surface as possible. A hole 
with a diameter of 22 mm and a depth of 25 mm is drilled in the 
centre of one surface of the sample. Moreover, a 50 mm × 50 
mm× 6 mm cover was cut for each sample. Then, the corrosion test 
of the bubble alumina, mullite and CA6 insulating refractories was 
carried out. Approximately 8 g LNCM precursor mixture powders 
were placed into different cubes and covered. Thereafter, the in-
sulating refractory cubes with LNCM mixed powders were heat 
treated for 10 h in a muffle furnace at 950 ℃ under an oxidising at-
mosphere before furnace cooling. The above-mentioned corrosion 
test was repeated 10 times (Fig. 1b). After the corrosion test, the 
appearance of the longitudinal section after cutting the cube was 
examined to analyse the bottom morphology and measure the 
thickness of the reaction layer. The macroscopic and microscopic 
analysis of the samples was carried out.

Table 1 
Chemical composition of the three insulating refractories. 

Chemical composition (wt%) Bubble alumina Mullite CA6

Al2O3 98.13 73.41 90.55
SiO2 0.92 23.69 0.240
CaO 0.157 0.151 8.33
Na2O 0.584 0.324 0.398
K2O 0.07 0.516 –
Fe2O3 0.04 0.442 0.05
TiO2 0.03 0.229 0.01
MgO – 0.043 0.077
ZrO2 – 0.307 –

Table 2 
Product introduction of the three insulating fire bricks. 

Unit Bubble 
alumina

Mullite CA6

Bulk density g/cm3 1.45 0.97 0.97
Cold crushing strength MPa 10 3.5 3.5
Cold modulus of rupture MPa 3.5 2.0 2.0
Permanent linear change on 

heating
% (12 h at 
1570 °C)

−0.2 −0.3 −0.21

Thermal 
conductivity 
(at mean 
temperature)

400 °C W/m.K 0.75 0.35 0.23
800 °C W/m.K 0.9 0.39 0.27
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2.2. Characterisation methods

The crystalline phase compositions were investigated by XRD 
with an ARL X’TRA diffractometer with Cu Kα radiation. The dif-
fractometer was operated at 40 kV and 35 mA in the 2θ range of 
20°–80° with a step size of 0.02°. The microstructures were analysed 
with an SEM (JSM-5900, JEOL, Japan) system coupled with an energy 
dispersive X-ray spectroscopy (EDS) system. A pore size distribution 
was measured by using mercury porosimetry (AutoPore IV 9500, 
Micromeritics).

3. Results and discussion

3.1. Characterisation before corrosion

The phase compositions of the three insulating refractory are 
illustrated in Fig. 2. The samples show sharp diffraction peaks, in-
dicating the well-developed crystals of the three insulating re-
fractories. The phase of the bubble alumina sample is only alumina. 
The crystal composition of the mullite sample is mostly mullite and 
alumina, which is in consistent with previous studies [27]. The main 

peaks of the CA6 sample are assigned to the CaAl12O19 phase, and a 
small amount of alumina phase is observed. Given that the sufficient 
alumina source promoted CA6 generation through a solid-state re-
action at the interface and impeded the continuous reaction, a small 
amount of alumina was present in the CA6 insulating refractory [31]. 
However, the peak intensities of alumina in the CA6 sample sharply 
decrease compared with those in the bubble alumina and mullite 
samples.

Fig. 3 displays the SEM images of the three insulating re-
fractories. The distribution of grain size for the bubble alumina 
sample is relatively uniform, and certain pores are present between 
the grain and the formation different sizes of intermittent pores. The 
microstructure of the mullite sample shows the similar composition 
and structure. The grains are columnar and the network structure 
formed by the mullite grains is enclosed. The overall morphology of 
CA6 sample is similar, with the majority of plate-like crystals. The 
stacking of the plate-like grains and their card-house structures can 
stabilise the open-porous structure. The microstructure of the CA6 

sample is relatively finer than that of the bubble alumina and mullite 
samples.

Fig. 4 shows the pore size distribution of the three insulating 
refractories. The pore size of the bubble alumina sample varies from 
2 µm to 200 µm, indicating that the pore size distribution range is 
wide and there are lots of large pores. The pores in the mullite 
sample are mainly distributed from 5 µm to 70 µm and concentrated 
at 5 or 70 µm, indicating that the distribution shifts from small to 
larger pore sizes. The pore size of the CA6 samples is mainly dis-
tributed between 2 µm and 5 µm, indicating that the sample has only 
small pores, and all the pores concentrated in a small range. The 
above-mentioned results suggest that the pore size of the CA6 

sample is significantly smaller than that of the bubble alumina and 
mullite samples.

3.2. Interactions between the insulating refractories and the LNCM 
powders

The phase evolution of the insulating refractories at the calci-
nation temperature of 950 °C for 10 h is shown in Fig. 5. A compar-
ison of the XRD results before and after the corrosion of the three 
insulating refractory shows that the chemically reacted with the 
LCNM precursor is lithium, whilst Ni, Co and Mn do not chemically 
react with them. This condition arises because only LiOH is volatile 

Fig. 1. Sample for corrosion testing: (a) preparation of interfacial reaction test samples and (b) preparation of corrosion test samples. 

Fig. 2. XRD patterns of the three insulating refractories. 
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in the LNCM precursor [27]. Given that the melting and decom-
position temperatures of LiOH are 411 °C and 435 °C [32], the cor-
rosion atmosphere from LNCM is LiOH when the temperature is 
below 435 °C, and the corrosion atmosphere is Li2O when the tem-
perature is above 435 °C. In Fig. 5, the new phases for all the three 
samples are LiAlO2 and LixNi0.8Co0.1Mn0.1O2 (x＜1) after corrosion. 
This condition is due to all the insulating refractories that contain 
the alumina (Al2O3) phase (Fig. 2), and the observed LiAlO2 should be 
generated from the following solid state reaction:

Al O Li O LiAlO2 .2 3 2 2+ = (1) 

Furthermore, partial Li in the LiOH has reacted with Al2O3, re-
sulting in less Li content in LiOH, which will combine with 
Ni0.8Co0.1Mn0.1(OH)2 to synthesise LNCM ternary cathode materials. 
Consequently, the LixNi0.8Co0.1Mn0.1O2 (x＜1) phase is detected. 
Therefore, the main reaction product is LiAlO2 between the different 
insulating refractories and the LNCM precursor at 950 °C. 
Furthermore, the peak intensities of LiAlO2 for the CA6 sample are 
the weakest amongst the three insulating refractories due to the 
least amount of alumina in the CA6 sample (as shown in Fig. 2).

The microstructures of the LNCM precursor-insulating refractory 
cylinders after heat treatment at 950 °C for 10 h are presented in 
Fig. 6. The bright white part is the phase formed by the reaction of 
the LNCM precursor, and the grey portion is the different insulating 
refractories. In Fig. 6, the LNCM agglomerates and insulating re-
fractory grains of the bubble alumina and mullite samples are sig-
nificantly larger than those of CA6 sample. In Figs. 6b and 6d, LNCM 
reacts with bubble alumina or mullite samples (where the arrows 
are pointing), the reaction will lead to the formation of cracks. Fig. 7
illustrates the EDS images of the mullite sample. All the elements 
have diffused from each other, confirming the reaction between 
mullite and LNCM. However, the LNCM agglomerates and CA6 grains 
are separately distributed in the sample, and the interface is clear 
between them (Fig. 6f), suggesting no obvious reaction between 
LNCM and CA6. The XRD characterisations and SEM observations 
demonstrate that the CA6 sample is the least reactive with LNCM 
amongst the three samples, which has good corrosion resistance to 
the LNCM.

Fig. 3. SEM images of the three insulating refractories: (a) bubble alumina, (b) mullite and (c) CA6 samples. 

Fig. 4. Pore size distribution of the three insulating refractories. 
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3.3. Corrosion resistance results of the different insulating refractories

Fig. 8 shows the macrograph view for the section of the three 
insulating refractories after 10 times of corrosion. The figures de-
monstrate that the bubble alumina and mullite samples suffer sig-
nificant corrosion compared with the uncorroded parts (the outer 
parts of the sample). In Fig. 8a, many large pores are near the in-
terface of LNCM and bubble alumina sample. The LNCM has ser-
iously corroded into the bubble alumina sample. In Fig. 8b, different 
coloured layers appear near the interface of the LNCM and mullite 
sample. In Fig. 8c, the interface of the LNCM and CA6 sample is re-
latively clear, no particularly significant corrosion is observed.

The section colour view of the reaction layer at the bottom of the 
samples is shown in Fig. 9 for further comparison. The corroded 
depth of the samples is measured using the graph. The corroded 
depth of the bubble alumina sample is about 3.6 mm, and the 
number of big pores is decreases with the depth of corrosion. The 
colour of the corroded layer of the mullite sample changes from 
black to green to brown with the depth of corrosion. The corroded 
depth is about 3.1 mm. In particular, the corroded depth of the CA6 

sample is only about 1 mm. Therefore, the bubble alumina and 
mullite samples were severely corroded by LNCM, and the CA6 

sample was only slightly corroded.
The different areas of the corroded layers for the different in-

sulating refractories further conducted by SEM observation are 
shown in Fig. 10. Fig. 10A1–A4 shows the SEM results of the bubble 
alumina sample. The microstructure is relatively porous in Fig. 10A1, 
indicating that the reaction layer is relatively loose. The micro-
structures become dense with the depth of corrosion, as shown in 
Fig. 10A2 and A3. During corrosion, the bulk densities of the original 
sample and the reaction product are different. The bulk density of 

the new phase LiAlO2 (Fig. 5) is 2.61 g/cm3 [33], whilst that of the 
bubble alumina sample is 1.45 g/cm3 (Table 2). The volume change in 
the reaction process will result in the loose or even peeling phe-
nomenon of the reaction layer. Meanwhile, the permeability of Li2O 
is extremely strong, and it is easy to diffuse into the sample along 
the pores. The diffusion is accelerated with the increase and per-
sistence of the reaction temperature, and the corrosion reaction 
continues. The large pores of the bubble alumina sample (Fig. 4) may 
also facilitate the diffusion. In Fig. 10A2 and A3, the particles in the 
permeable layer are integrated with the matrix, and the edge of the 
particles is passivated. The new phase generated by the reaction fills 
the pores, reducing the porosity of the permeable layer. This struc-
ture can inhibit the further reaction between Li2O diffusion and the 
internal structure to reduce the further damage of corrosion reaction 
to the insulating refractory. Fig. 10A4 shows the porous structure, 
which is consistent with the original brick. In the mullite sample, the 
reaction layer in direct contact with LNCM is the most loose and 
porous (Fig. 10B1). The structure changes from porous (Fig. 10B2) to 
dense (Fig. 10B3) with the depth of corrosion. In Fig. 10B3, the par-
ticles and the matrix are integrated each other, and the large pores 
(mainly concentrated at 70 µm) of the mullite sample may also 
promote the penetration of Li2O, resulting in the densification. The 
structure is also relatively loose and will easily fall off. Fig. 10B4 

shows the porous structure of the original brick. Overall, the cor-
rosion resistance of mullite is better than that of bubble alumina, 
which is consistent with the XRD results (Figs. 5a and 5b). However, 
the corroded depth of the CA6 sample is only about 1 mm, as shown 
in Fig. 9c. The microstructure is relatively dense in Fig. 10C1, and the 
interface between the particles is relatively clear. The microstructure 
in Fig. 10C1 is similar to that of the matrix in Fig. 10C2. This finding 
indicates that the CA6 sample has a good corrosion resistance. This 

Fig. 5. XRD patterns of the insulating refractories mixed with the LNCM precursor after heat treatments at 950 °C for 10 h: (a) bubble alumina, (b) mullite and (c) CA6 samples. 
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phenomenon may be due to two reasons. The first reason is that only 
minimal reaction occurred between Li2O and CA6 (Fig. 5c), indicating 
that almost no new phases are formed. Another reason is that the 
small pores of CA6 (Fig. 4) will inhibit the penetration of Li2O. A little 
penetration occurred, and the small pore can obtain a larger specific 
surface area, resulting in a larger area for the dilution of pollutants 
and a better corrosion resistance. The above-mentioned results fur-
ther confirm that the CA6 sample has the best corrosion resistance 
amongst the three insulating refractories.

4. Conclusion

The comparison of the corrosion resistance for bubble alumina, 
mullite and CA6 insulating refractories used for synthesising LNCM 
cathode materials were studied. The laboratory scale experiments on 

the interfacial reaction and after life cycle analysis on industrial in-
sulating refractories were combined. Based on the phase, macro and 
micro morphology analysis, the conclusion can be drawn: 

(1) The main reaction product was LiAlO2 between the insulating 
refractory and LNCM precursor at 950 °C. The peak intensities of 
LiAlO2 for the CA6 sample were the weakest amongst the three 
insulating refractories. Moreover, LNCM reacted with bubble 
alumina or mullite samples from the interaction analysis. The 
reaction will lead to the formation of cracks. However, no ob-
vious reaction occurred between LNCM and CA6.

(2) The corroded depths of the bubble alumina, mullite and CA6 

insulating fire bricks were about 3.6, 3.1 and 1 mm after the 
heating treatment at 950 °C for 10 h every time and repeated 10 
times, respectively. The bubble alumina and mullite samples 

Fig. 6. SEM images between the LCNM precursor and the insulating refractory after heat treatments at 950 °C for 10 h: (a) bubble alumina sample and (b) the enlarged view; (c) 
mullite sample and (d) the enlarged view; and (e) CA6 sample and (f) the enlarged view.
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were severely corroded by LNCM. However, the CA6 sample was 
only slightly corroded.

(3) The corrosion resistance of mullite was better than that of 
bubble alumina. Moreover, the CA6 had the best corrosion re-
sistance amongst the three insulating refractories, which is 

conducive to the application of high temperature kilns in lithium 
battery industry.

Fig. 7. EDS images of between the LCNM precursor and the mullite sample after heat treatments at 950 °C for 10 h. 

Fig. 8. Macrograph view for the section of the insulating refractory after 10 times of corrosion: (a) bubble alumina, (b) mullite and (c) CA6 samples. 
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6

Fig. 9. Section colour view of the reaction layer at the bottom of the samples: (a) bubble alumina, (b) mullite and (c) CA6 samples. 

Fig. 10. SEM observation for the different sectional areas of the insulating refractories after 10 times of corrosion showed in Fig. 9. 
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