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Abstract 

Cement is widely used in engineering applications, but it has both the characteristics of high brittleness and poor bending resistance. 

In this paper, the effects of different amounts of graphene oxide on the flexural strength and compressive strength of cement mortar 

were studied by doping a certain amount of graphene oxide with cement mortar, and the strengthening mechanism of graphene oxide 

on cement mortar was obtained through microstructure detection. It is found that graphene oxide has a significant enhancement effect 

on the macroscopic mechanical properties of cement mortar, and graphene oxide provides nano-nucleation sites and growth templates 

for cement mortar, accelerates the hydration process, reduces the voids between hydration products, greatly increases the 

compactness, and improves the macroscopic properties of cement-based materials.  

Keywords: Graphene oxide; Cement mortar; Mechanical properties; Microscopic analysis 

 

1 Introduction 

Cement is an essential material component in the 

construction of engineering buildings 
[1]

. When cement is 

mixed with other building materials, it forms a 

high-strength cement mortar 
[2]

. However, its own 

characteristics such as high brittleness and poor bending 

resistance restrict the performance of construction 

projects 
[3]

 Therefore, improving the performance of 

cement-based materials has become a research hotspot 

for scholars at home and abroad. The mechanical 

properties of cement-based materials mainly depend on 

the ratio of aggregate, water, cement and the amount and 

shape of hydration products formed 
[4]

. Many scholars 

use reinforcing materials such as steel bars, glass fibers, 

and polypropylene fibers to achieve the purpose of 

improving cement-based materials, but these materials 

can only inhibit the generation of cracks at the macro and 

micro scales, and cannot affect the shape and quantity of 

hydration products, and cannot do anything about 

nanoscale cracks 
[6]

.  

Graphene oxide, known as an oxide of graphene, 

has entered the field of vision of scholars with more 

activity and can improve the material properties 

through oxygen-containing functional groups. Lu 

Shenghua et al 
[6-7]

 Graphene oxide was prepared by 

improved Hummers method and ultrasonic dispersion 

method, and mixed into cement slurry, and its 

microscopic morphology was observed by scanning 

electron microscopy (SEM), and it was found that 

graphene oxide had a promoting effect and template 

effect on the formation of cement hydration crystal 

products, and could promote the formation of neat and 

regular flower-like nanocrystals in cement hydration 

products, so as to achieve the effect of enhancing 

toughening. Zhu Pan et al 
[8]

. The mechanical properties 

of ordinary Portland cement with graphene oxide were 

studied, and combined with the images under the 

scanning electron microscope, it was found that the 

addition of graphene oxide improved the pore structure 

of the cement-based materials, and made the cement 

hydration process form a strong interfacial force, thereby 

greatly improving the mechanical properties of the 

cement-based composites.  

In 2023, Team Lei Fan 
[9] 

used the large-scale 

Atoms/Molecular Parallel Simulator (LAMMPS) to 

confirm that carbon nanotubes (CNTs) enhance the 

interfacial interaction and overall coherence of double 

graphene oxide (GO) layers and calcium silicate hydrate 

(CSH) matrix, despite a slight marginal deterioration in 

tensile strain. Adding one CNT increases the normalized 

pull-out energy ( nor

pull outE  ) and normalized shear stress 

(
nor

shear ) values of the D-GO/CSH model by 24.56% and 

25.93%, respectively. Furthermore 
[10]

, incorporating 

hexagonal boron nitride (hBN) nanosheets with defect 

sizes enhances the interfacial interaction between hBN 

and the CSH matrix compared to pure hBN-reinforced 
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CSH nanostructures. Specifically, introducing defective 

hBN with an R3 defect size of 17.275 Å boosts failure 

strain and stress by 35.53% and 31.58%, respectively. In 

2024 
[11]

, demonstrated that employing sp3 bonds, 

different functional group types, and chirality can 

augment the interfacial interaction between CSH and GO. 

The 
nor

pull outE   and 
nor

shear  of the OH-sp3 model increase by 

44.93% and 49.25%, respectively, compared to the 

control group, while those of the zigzag-cen model 

increase by 12.36% and 9.89%, respectively. Wang. Z M, 

et al. 
[12]

 conducted mechanical property tests on 

GO-modified cement mortar. The results showed that the 

highest compressive and indirect tensile strength of 

cement mortar at 28d were enhanced by 13.1% and 

41.3%, respectively, after the incorporation of GO. Lv. S 

H, et al.
 [13] 

Investigated the effect of graphene oxide of 

different sizes and contents on the shape of cement 

hydration crystals and the strength of cement paste, and 

found that the graphene oxide could promote the 

formation of rod-like crystals and polyhedral structures, 

which made the cement paste denser. Long. W J, et al. 
[14] 

showed that after doping 0.05% and 0.2% of GO, the 

compressive and flexural strengths of cementitious 

composites were increased by 12-26% and 2-20%, 

respectively, at the age of 28d. For this reason, we 

investigated the effect of graphene oxide on cement 

mortar, and explored the strengthening mechanism of 

graphene oxide on cement mortar based on two different 

scales: macro and micro. 

2 Experimental Studies 

2.1 Raw materials 

 

Figure 1  Graphene oxide microstructure diagram  

In this experiment, Conch brand P O42.5 grade 

ordinary Portland cement was used, the main physical 

indexes are shown in Table 1, the sand used is river sand, 

the particle size is 0.01-4mm, the fineness modulus is 2.7, 

the water reducer is FK-A polycarboxylic acid 

high-performance superplasticizer powder, the water 

reduction rate is 26%, the graphene oxide is 

SH-GO-1280 type graphene oxide, which is prepared by 

the improved Hummers method, the thickness is ～1nm, 

the oxygen content is ＞54%, and the purity is 99.9% , 

the peelability rate is 99%, and the graphene oxide 

microstructure is shown in Figure 1.  

2.2 Preparation process  

2.2.1 Dispersion preparation  

Preparation of graphene oxide standard dispersion: 

first take the whole mass of polycarboxylate 

superplasticizer (cement mass fraction is 0.6%) and put it 

in a 500ml beaker, add deionized water (0.35 times the 

mass of cement), and stir thoroughly until no 

agglomeration appears. Graphene oxide with cement 

mass fractions of 0.02%, 0.05% and 0.08% was weighed 

and added to the evenly mixed superplasticizer solution, 

and the magnetic heating mixer was used to stir evenly 

for 10 min. Then, it was dispersed in an ultrasonic 

cleaner (JP-040S) for 20 min to obtain a graphene oxide 

standard dispersion.  

2.2.2 Specimen preparation  

The standard dispersions of graphene oxide with 

different dosages were controlled separately, and the 

fixed water-cement ratio was 0.35, and the cement 

mortar specimens without graphene oxide were used as 

the control group, and a total of 4 groups were set up.  

Accurately weigh the corresponding quality of 

cement and river sand, now mix the cement with 

graphene oxide standard dispersion and stir slowly with a 

cement mortar mixer for 30 s, then pour river sand, slow 

stirring for 1 min, high-speed stirring for 2 min, in 

accordance with GB\T17671-1999 "Cement Mortar 

Strength Test Method (ISO Method)" on the cement 

mortar vibrating table, the frequency is 60 times/min, the 

vibrating is 2 min, and the compaction is formed. 

Demold within 20～24 h and put it into a standard curing 

box for curing.  

2.2.3 Test methods  

According to GB\T17671-1999 "Cement Mortar 

Strength Test Method (ISO Method)", the compressive 

strength and flexural strength of each group of specimens 

are tested in 3D. The cross-section of the specimen that 

has undergone 3D flexural strength and compressive 

strength tests was observed and tested with SU1510 

scanning electron microscope. 

3 Test Results and Analysis 

3.1 Experimental macroscopic observation 

In the process of preparing cement mortar, under the 

premise of a certain ratio, with the continuous increase of 

graphene oxide content, the experimental group showed 

poor fluidity, increased viscosity, and darkened color of 

cement mixture. Mainly because the specific surface area 

of graphene oxide is much larger than that of cement, the 

water consumption of cement mortar increases 

significantly with the increase of graphene oxide content 
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in the case of consistent water-cement ratio.  

3.2 Macroscopic mechanical properties  

The compressive strength and flexural strength of 

graphene oxide in 3D were recorded in different amounts. 

After the addition of graphene oxide, the 3D compressive 

strength and flexural strength of cement mortar were 

increased by 8.87% and 8.11%, respectively, and the 

compressive strength and flexural strength increased by 

16.8% and 12.36%, respectively. It can be found that 

when the content of graphene oxide in cement mortar is 

within a certain range, increasing the content of graphene 

oxide can significantly improve the macroscopic 

mechanical properties of cement mortar. This is because 

graphene oxide can promote the formation of more 

hydration products of different shapes in cement, fill the 

cracks at the nanoscale, inhibit development, and act as a 

link in the cement hydration products.  

3.3 Microscopic analysis 

In this experiment, SEM microscopy was carried 

out on the cross-sections of cement mortar with different 

graphene oxide dosage in the control group with an age 

of 3 days, and the results are shown in Figure 2.  

Figure 2a and 2b are the microstructure scans of 

the cement mortar control group, and it can be observed 

that the connections between the hydration products of 

the cement mortar control group are relatively scattered, 

and the hydration products are mostly flower cluster 

crystals and the distribution and stacking are relatively 

random, resulting in a large number of voids between 

the crystals inside the cement matrix. Figure 2c and 2d 

are microscopic scans of cement mortar doped with a 

small amount of graphene oxide, and it can be observed 

that the volume of the granular crystal hydration 

products of cement increases significantly after a small 

amount of graphene oxide is added, and these crystals 

are stacked on top of each other and distributed more 

evenly. This is because graphene oxide acts as a 

nano-nucleation site, which accelerates the hydration 

process. Figure 2e and 2f are microscopic scans of 

cement mortar with increased graphene oxide dosage, 

and the directional rod-like structure of C-S-H and C-H 

phases is formed in the cement. These rod-like 

structures act as a link and act as a bridge in the 

hydration products, with significantly reduced voids 

compared to the control group. Figure 2g and 2h are the 

microscopic scans of cement mortar after the further 

increase of graphene oxide incorporation, and it can be 

found that the hydration products appear in the regular 

C-H phase block and polyhedral state, and the needle 

rod crystals are significantly reduced. This is due to the 

fact that graphene oxide provides a growth template for 

cement mortar and makes the hydration products 

intertwine and penetrate into a dense and uniform 

microstructure during the aggregation process, which 

significantly improves the strength of cement mortar. 

  

  

  

  

Figure 2  (a) (b) cement mortar control group, (c) (d) 

cement mortar test group mixed with some GO, (e) (f) 

cement mortar test group with increased GO content, (g) 

(h) cement mortar test group with further GO content 

4 Conclusion 

The incorporation of graphene oxide leads to an 

increase in water consumption per unit of cement. If the 

water consumption is not increased or the use of 

superplasticizer is increased, the fluidity of the cement 

mortar will become poor, the viscosity will become 

larger, and the strength will be reduced.  

In a certain dosage range, the macroscopic 

properties of cement mortar can be significantly 

improved by increasing the amount of graphene oxide, 

and the compressive strength and flexural strength can be 

increased by up to 16.8% and 12.36%.  

The mechanism of action of graphene oxide 

reinforced cement mortar is to produce different 

shapes and more quantities of hydration products to 

increase the compactness of cement mortar and reduce 

porosity.  

The microstructure and crystalline composition of 

hydration products greatly influence the macroscopic 

mechanical properties of cement-based materials. 
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Graphene oxide can promote the hydration process of 

cement mortar, and has a promoting effect on the 

properties and quantity of hydration products.  
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Abstract 

The changes in austenite grain size of the specimens with coarse ferrite grains under different heat treatment process were 

investigated. The focus was on studying the effect of annealing on refining coarse ferrite grains, as well as the influence of the ferrite 

grain size on the main technical indicators of gas carburizing. The results show that coarse ferrite grains may not necessarily cause 

the coarse austenite grains, but may result in mixed austenite grains. After annealing treatment, the coarse ferrite grains can be 

significantly refined and homogenized. Moreover, the coarse ferrite grains have no significant effects on hardness and intergranular 

oxidation of gas carburizing. 

Keywords: grain size; coarse ferrite grains; austenite; gas carburizing 

 

1 Introduction 

The grain size has significant effects on the 

properties of metals and is determined by grain growth 

and grain refinement 
[1]

. Case hardening steels for 

automobile gears are generally inherent fine grain size. 

But during the forging process of the automobile gears, 

the phenomenon that the ferrite grains become coarser 

and resulting in the mixed grains still occasionally 

occurs. However, the gear blanks need to be heat 

treated such as normalizing, quenching and gas 

carburizing. During these subsequent heat treatment, 

whether the grain size of the gears will change and how 

the coarse ferrite grain size affects the austenite grain 

size, it is not clear. In this work, the changes of coarse 

ferrite grains after quenching or gas carburizing and the 

effects on the main technical indicators of gas 

carburizing are studied, as well as the changes of coarse 

grain size after annealing. 

2 Experimental 

2.1 Test materials 

The specimens were taken from 20CrMnTiH3 hot 

rolled bars with a diameter of 80 mm. The chemical 

composition was listed in Table 1. 

Table 1  Chemical composition of the specimens (wt. %) 

Grades C Si Mn P S Cr Ti 

20CrMnTiH3 0.19 0.23 0.89 0.03 0.22 1.16 0.058 

2.2 Test methods 

(1) The bars with a diameter of 80 mm were heated 

to 1300 ℃ for 30 min, then forged into gear blanks, 

slowly cooled to room temperature. The specimen was 

taken from the outer circle of the gear blank (labeled as 

Specimen 0 #). After rough grinding, fine grinding, 

polishing, etching with 4% nitric acid alcohol, the 

ferrite grain size of the specimen was observed by 

optical microscope.  

(2) Austenite grain size comparison: Two specimens 

were taken from the Specimen 0 #, labeled as Specimen 1 

# and Specimen 2 #. Specimen 1# was heated to 860 ℃ 

for 1 h, then quenched in water. Specimen 2 # was 

annealed firstly (heated to 850 ℃ for 6 h, cooled to room 

temperature in the furnace), and then treated in 

accordance with the Specimen 1# processing. The 

austenite grain size of the specimens was observed by 

optical microscope after polishing and etching with a 

new grain corrosive at 75 ℃～80 ℃ for 13 min. 

(3) Carburized layer comparison: Two specimens 

were continued to take from the Specimen 0 #, labeled 

as Specimen 3 # and Specimen 4 #. Specimen 3 # was 

treated as the procedure: carburized in a box-type 

furnace in accordance with the procedure show as the 

Figure 1, then tempered at 180 ℃ for 2 h. Specimen 4 

# was annealed as the Specimen 2 #, grinded off the 

surface oxidized layer, and then treated as the 

Specimen 3 #. The case hardening, depth and 

microstructure of the carburized layer of the two 

specimens were measured. 

Copyright © 2024 by author(s). This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 License. 
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Figure 1  Carburizing process of the specimens 

3 Results and Discussion 

3.1 Effect of annealing on ferrite grain refining 

As shown in Figure 2, after high-temperature heated, 

the microstructure of the specimen was a typical 

overheated structure. The grain boundaries tended to be 

significantly coarse and the grains grew up significantly. 

The minimum diameter of the ferrite grain was 100 μm 

and the maximum diameter was 450 μm, the average 

diameter was 210 μm, the grade of the average grain size 

was 1.5. After annealing, the ferrite grain size was 

obviously refined, and the average grain diameter was 25 

μm with an average grain size of Grade 7.5 (Figure 3). 

 

Figure 2  Ferrite grain size of specimen 0 # X100 

 

Figure 3  Ferrite grain size of specimen 2 # after 

annealing X100 

As the specimen was insulated above Ac3 

temperature, recrystallization occurs during the heat 

treatment of a deformed material and the grain structure 

is reconstruction 
[2]

. At first the generation of small new 

grains is observed. The original coarse grains were 

reaustenitizing and tended to fine austenite grains in 

recrystallization process. It can be obtained fine grain in 

the subsequent cooling 
[3]

. 

3.2 Effect of heat treatment regime on austenite grain size 

Compared Figure 2 with Figure 4a), it can be seen 

that there was a huge difference between ferrite grain 

size and austenite grain size for the inherent fine grain 

steels. The ferrite grain size for the gear blank was only 

1.5 while the austenite grain size could reach 7.5. 

Therefore, for the forgings which need quenching 

and tempering or gas carburizing, the evaluation of grain 

size should be based on the austenite grain size rather 

than ferrite grain size. This is because that the estimation 

of grain size base on ferrite grain size is highly 

misleading, as there may be a phenomenon that ferrite 

grains grow up while austenite grains do not truly grow. 

In addition, coarse ferrite grains have obvious 

inheritance tendency. Parts with coarse ferrite grain size 

may cause mixed grains during subsequent quenching or 

gas carburizing. As shown in Figure 2 and Figure 4, the 

ferrite grains were obviously refined after annealing 

treatment, and correspondingly, the austenite grain size 

became significantly more uniform after quenching. 

Therefore, for parts with coarse ferrite grains, annealing 

is still necessary to refine the grains and prevent the 

occurrence of mixed grains.  

In addition, it is generally believed that the higher the 

heating temperature, the larger the grain size. Although the 

carburizing temperature was 920 ℃ and the quenching 

temperature was 860 ℃, there was no significant 

difference in grain size between the two specimens. 

It is because the Ti element is added to 

20CrMnTiH3, which forms TiC or Ti (C/N) second 

phase particles in the steel to pin austenite grain 

boundaries and prevent grain growth 
[4]

. Through EPMA, 

Yuxuan Shi et al. 
[5]

 confirmed that the second phase 

particles TiN with diameter of 3-4 μm were separate out 

in 20CrMnTiH3. According to Zener's theory, the 

relationship between grain radius R, second phase 

particle radius r, second phase particle volume 

percentage f and grain boundary angle θ satisfies the 

following conditions 
[5]

: 

𝑅 =
4𝑟

3𝑓(1+𝑐𝑜𝑠𝜃)
             (1) 

From equation (1), it can be seen that when a 

significant amount of second phase particles with a 

dispersed and uniformly distributed state separated out, 

they can prevent the austenite grains growth. 

Based on the above experimental results, it can be 

concluded that annealing treatment can effectively 

prevent the structural heredity of the ferrite grains 

growth. This is because annealing treatment is beneficial 

100μm 

100μm 
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for the precipitation of second phase particles 
[6-7]

. The 

second phase particles can be pinned around grain 

boundaries, hindering grain growth and facilitating the 

formation of uniform and fine grains. Additionally, after 

annealing, an equilibrium microstructure is formed, and 

during the subsequent quenching process, the 

equilibrium microstructure is more likely to form a state 

of uniform and fine grains distribution 
[7]

. 

 

 

Figure 4  The austenite grain size of the specimens  

a) Specimen 1 #: quenched; b) Specimen 2 #: annealed then 

quenched; c) Specimen 3 #: gas carburized; d) Specimen 4 #: 

annealed then gas carburized 

Table 2  Austenite grain size of specimens under 

different heat treatment process 

Specimen 

No. 
Heat treatment Results 

1 # 

Specimen with coarse 

ferrite grains was 

quenched. 

The percentage of fine 

grain area was 90%, and 

the average austenite grain 

size can reach Grade 7.5. 

Some individual grains 

can reach 100 μm, the 

grain size reached Grade 

3.5. 

2 # 

Specimen with coarse 

ferrite grains was 

annealed then quenched. 

The austenite grains were 

significantly 

homogenized, the mixed 

grains were basically 

eliminated, and the 

average grain size can 

reach Grade 7.5. 

3 # 

Specimen with coarse 

ferrite grains was gas 

carburized. 

There was no significant 

difference in austenite 

grain size from Specimen 

1 #. 

4 # 

Specimen with coarse 

ferrite grains was 

annealed then gas 

carburized. 

There was no significant 

difference in austenite 

grain size from Specimen 

2 #. 

3.3 Effect of grain size on hardness and intergranular 

oxidation of gas carburizing parts 

The hardness and intergranular oxidation of 

Specimen 3 # and 4 # with gas carburizing were 

measured. It can be found that there was no significant 

difference between the two specimens in the main 

technical indicators of gas carburizing, including 

microhardness gradient, effective case hardening depth 

(The effective case hardening depth is defined as the 

distance perpendicular to the surface over which a 

hardness equivalent to 509 HV1 or greater is maintained 

in the hardened case.), and intergranular oxidation. 

Therefore, it can be concluded that the ferrite grain size 

has no obvious effect on hardness and intergranular 

oxidation of gas carburizing (the ferrite grain size of 

Specimen 3 # refers to Specimen 0 #, and the ferrite 

grain size of Specimen 4 # refers to Specimen 2 #). 

 

Figure 5  Com parison of microhardness gradient 

across the carburized case 

 

Figure 6  Intergranular oxidation of the specimens 

4 Conclusion 

(1) In the inherent fine grain steels, there may be 

significant differences between ferrite grains and 

austenite grains. For forgings which need to be 

quenching or gas carburizing, the grain size should be 

evaluated based on the austenite grain size. 

(2) Parts with coarse ferrite grain size may exhibit 

mixed grains after quenching. However, after annealing 

treatment, the coarse ferrite grains can be refined and 

homogenized to avoid mixed grain size during 

quenching. 

(3) The ferrite grain size has no significant effect on 
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the main technical indicators of gas carburizing, such as 

microhardness gradient, effective case hardening depth 

and intergranular oxidation. 
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Abstract 

To elucidate the high temperature rheological capability of graphene modified rubber asphalt， three contents of graphene and crumb 

rubber were prepared by a combination of mechanical agitation and high speed shearing machine ,then used dynamic shear 

rheological test (DSR) and multiple stress creep recovery (MSCR) tests to evaluate. The hardness and softening point with rotational 

viscosity of samples raised with the addition of graphene, especially the addition of 0.04%. Dynamic shear rheological test revealed 

that the dynamic shear modulus G*, rutting factor G*/Sin δ, and zero shear viscosity (ZSV) of graphene-modified rubber asphalt 

were greatly influenced along with graphene-increased, on the contrary, phase angle δ which characterize the viscoelastic ratio of 

asphalt decreased. Multiple stress creep recovery (MSCR) tests showed that the graphene-enhanced rubber asphalt had 

high-temperature stability through non-recoverable creep compliance (Jnr). Based on these findings, graphene-modified rubber 

asphalt binders with the addition of 0.04% graphene had good viscoelastic properties as well as high temperature rutting resistance 

performance. In the meantime, G*/Sin δ, ZSV, and Jnr100, Jnr3200 have good correlation, which can reveal the excellent 

high-temperature stability performance of asphalt. 

Keywords: Graphene; High Temperature rheological properties; MSCR; Zero shear viscosity; Rutting 

 

1 Introduction 

Rutting is caused by the accumulation of 

irreversible and permanent deformation for the repeated 

heavy wheel loadings on the various pavement layers 

under High-temperature especially, it is one kind of the 

main damaged of pavement at present. The deformation 

of rutting is a serious safety hazard to vehicles because 

hydroplaning can occur in the presence of rutting in rainy 

weather, setting off serious traffic accidents, and it has 

been taken into independent detection index of highway 

technical conditions account. Therefore, asphalt 

pavement designs and constructions are the most 

important to prevent the occurrence of rutting 

deformation problems 
[1-2]

. The structure stability of 

asphalt pavement is correlate to the normal use of 

transportation, and the use of high-quality modified 

asphalt is one of the key measures to solve the 

problem of pavement stability, so the development of 

modified asphalt with excellent performance has 

important practical significance for the construction of 

asphalt pavement 
[3-5]

. 

Multiple stress creep recovery (MSCR) tests 

provide a reasonable basis for construction of high 

temperature 
[6-7]

 ,which in a tropical climates and 

repeated heavy wheel loadings on asphalt pavement, 

therefore, MSCR is used to evaluate the rutting 

resistance of asphalt under different stress levels, 

which characterized by non-recoverable creep 

compliance Jnr
[8]

. Dynamic shear rheology test (DSR) 

can overcome limitations when measures asphalt 

binders, rheological properties in a wide scale of 

temperatures and frequency, based on rheological in 

many previous studies, the rutting resistance can be 

used to show the high temperature performance of 

asphalt pavement 
[9-10]

. 

Graphene is a kind of nanomaterial with high-tech 

and wide application potential, it has been used as an 

asphalt modifier in practical engineering for its excellent 

properties 
[11]

. Many studies 
[12-14]

 show that the additive 

of graphene enhances the miscibility of modifiers in 

asphalt binders, increases its high temperature 

performance of modified asphalt with elasticity and 

rutting resistance properties. However, there are few 

studies on the dynamic rheological properties of 

graphene-modified asphalt, so this paper conducts 

research on it 
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In this paper, the high temperature rheological 

performance of graphene modified rubber asphalt was 

valuated using dynamic temperature, frequency scanning 

and MSCR tests by dynamic shear rheometer, 

encouraging to the practical engineering application of 

graphene-modified rubber asphalt. 

2 Materials and Methods 

2.1 Materials 

The base asphalt used in this study is Maoming 

AH-70. The crumb rubber powders with 40 mesh with a 

measured density is 1.12g/cm
3
 and there is no apparent 

impurity and it is provided by Changzhou Jingcheng 

Chemical Co Ltd, China. Graphene is a single-layer 

graphene (SSA: 50-200 m
2
/g, carbon content is 98%) 

which is purchased from Shenzhen Turing Evolution 

Technology Co., Ltd ， and the relevant technical 

indicators of graphene are shown in Table 1: 

Table 1  Graphene-related parameters 

Test metrics Unit 
Technical 

requirements 
Result 

Bulk density g/ml 0.01-0.02 0.013 

Carbon content % — 98 

Specific surface 

area 
m2/g 50-200 185 

water content % ＜2 1.3 

Monolayer rate % ＞80 95 

2.2 Preparation of graphene modified rubber asphalt 

binders 

The contents of graphene (0%,0.02%,0.04% of 

original asphalt) modified rubber asphalt binders were 

prepared by glass rod and high shear mixer to achieve 

homogenous dispersion of the graphene and rubber in 

asphalt binders, and the preparation method followed: 

The base asphalt was heated to the melting flow state in 

an oven under 135 ℃ and the weight of 300 g was 

melted into a container, a layer of the asbestos net is 

laid on the heating furnace. The melting asphalt 

container was heated to keep the glass bar stirred 

continuously and the temperature of asphalt was 

recorded with a thermometer at any time. Keep the 

asphalt temperature 175 ℃ and stir for 10 minutes. The 

crumb rubber powder and graphene were prepared in 

advance then mixed into the asphalt and stirred 

successively until all the modifiers were immersed in 

the asphalt. Then a high-speed shearing machine was 

used to rotate for 1 hour at a speed of 5000r/min, then 

the mixture was kept in static condition for 1.5h below 

175°C. The preparation process of graphene modified 

rubber asphalt binders is illustrated by a flowchart as 

shown in Figure 1. 

static for 

1.5h at 

175℃

AH70#300g

shearer 5000r/min

stir for 1h at 175℃

shearing for 15min at 175℃

graphene
40mesh rubber 

60g

graphene 

modified 

rubber 

asphalt 

binders

 

Figure 1  The preparation process of 

graphene-modified rubber asphalt binders 

2.3 Experimental Methods 

2.3.1 Physical properties tests 

Penetration, softening point, and rotational viscosity 

are used to be the three main index to value high 

temperature performance of asphalt binders, which 

followed the standards of JTG E20-2011 T0604-2011, 

T0604-2011, and T0625-2011method. 

2.3.2 Dynamic temperature sweep test 

DSR test of graphene-modified rubber asphalt was 

carried out with Bohlin CVOR-ADS dynamic shear 

rheometer which produced by Malvern Instrument 

Company. The strain is controlled by 2% with a fixed 

frequency at 10rad/s. The dynamic temperature of 

graphene-modified rubber asphalt was obtained by 

temperature sweep at 46-82℃ (with an interval of 6℃). 

Rutting factor (G*/Sin δ), Phase angle, and Dynamic 

complex modulus of samples were measured under the 

linear viscoelastic region of asphalt binders. 

2.3.3 Dynamic frequency sweep test 

To analyze the performance of high temperature 

viscoelasticity parameters of graphene-modified rubber 

asphalt, the Dynamic frequency sweep test selected the 

temperature at 64 ℃  as data analysis basis, the 

frequency was set to 0.1Hz～10Hz, and the strain was 

controlled to 2%. 

2.3.4 Multiple stress creep restoration test (MSCR) 

THE MSCR test is carried out through the dynamic 

shear rheometer, and stress levels are fixed in 100Pa ，
3200Pa at 82℃. One second shear creep load is applied 

on the sample, following by nine-second recovery, and 

then ten cycles of creep and recovery were conducted 

under the shear load. 

3 Results and Discussions 

3.1 Physical properties tests 

Physical property tests which consisted of 

penetration, softening point, and viscosity at 135℃ 
[15-16] 
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were conducted on three contents of graphene-modified 

rubber asphalt binders according to JTG E20-2011. The 

test results are shown in Table 2: 

Table 2  Physical properties of three contents of 

graphene-modified rubber asphalt binders 

Different 

dosages of 

graphene 

Penetration 

25℃ 

(0.1mm) 

Softening point 

(℃) 

135℃ Rotational 

viscosity 

(Pa• S) 

0% 43.1 69.3 7.39 

0.02% 44.5 79.4 7.46 

0.04% 41.2 82.4 9.89 

The change of viscosity owning to graphene 

addition in the rubber asphalt (135℃) is shown in Table 

1. It can be found that the viscosity of rubber asphalt 

with graphene is significantly higher than that of rubber 

asphalt. It can be concluded that the addition of graphene 

increases the viscosity of rubber asphalt and enhance the 

resistance of rubber asphalt to external forces to a certain 

extent. Obviously the viscosity test showed that graphene 

modified rubber asphalt has better rutting resistance, 

excessive viscosity will make asphalt consume more 

energy during the pumping and mixing, and emitting 

more greenhouse gases, which is not conducive to 

environmental protection. In the softening point test, the 

joining of graphene can improve the softening point and 

the high temperature stability, comparing to the rubber 

modified asphalt in the certain extent 
[17]

. Penetration is 

an important index to evaluate the physical properties of 

asphalt. In this test, when graphene content is 0.04%, the 

hardness of modified asphalt was higher, which indicated 

that it was stable at high temperatures. 

3.2 Dynamic temperature sweep test 

Dynamic shear rheometer is a basic test instrument 

of viscoelastic materials. In the pavement performance 

specification of asphalt, SHRP pointed out that in the 

process of strain control, the swing plate rotates at 

specified frequency to complete a specified period, and 

the same time ,required torque, shear stress, shear strain, 

and phase angle are measured 
[18]

. The shear stress S, 

shear strain D, dynamic complex modulus G*, and phase 

angle of asphalt specimens are calculated as follows: 

𝑆 =
2T

π𝑟3
                 (1) 

𝐷 =
θ·r

h
                  (2) 

𝐺 ∗=
𝑆𝑚𝑎𝑥−𝑆𝑚𝑖𝑛

𝐷𝑚𝑎𝑥−𝐷𝑚𝑖𝑛
              (3) 

δ = 2πf ∙ ∆t               (4) 

In the formula, T is the maximum torque; R is the 

radius of the swing plate (12.5mm), h is the height of the 

specimen (1mm); theta is the rotation angle of the swing 

plate; S max, S min, D max, D min stands in for the maximum 

or minimum shear stress and strain that the specimen 

bears; and t is the lag time. 

There is little doubt about that performances of 

pavement mainly depending on the viscoelastic and 

mechanical behavior of asphalt. Until now, the complex 

modulus G*, phase angle δ, and rutting factor G*/Sin δ 

of three modified asphalt binders at different 

temperatures were measured by dynamic shear 

rheological test to characterrize the high temperature 

performance 
[19-20]

. The results of G*, δ and G*/Sin δ of 

modified asphalts with temperature is shown in Figure 2: 

 
(a) Complex modulus -temperature- phase angle relationship of 

different modified asphalt 

 
(b)Rutting factor -temperature relationship of different 

modified asphalt 

Figure 2  The result of dynamic temperature sweep test. 

In terms of the research of SHRP, the higher 

temperature, the anti-rutting performance of asphalt 

worser, it is well accepted that improving the anti-rutting 

performance of asphalt is very important 
[22]

. Figure 2(a 

showed that the complex modulus G*, rutting factor 

G*/Sin δ are obviously related to temperature. With the 

increasing of temperature, the rutting factor G*/Sin δ 

decreases gradually. At relatively low temperature, 

rubber asphalt with 0.04% graphene content is larger 

than rubber asphalt with 0.02%, 0%graphene addition. 

After the temperature is higher than 64℃, the addition of 
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graphene enhance Dynamic complex modulus G*, 

Rutting factor G*/Sin δ of rubber asphalt. When the 

G*/Sin δ bigger, the permanent deformation of asphalt 

binder decrease due to energy dissipation. It showed that 

graphene-modified rubber asphalt binders have better 

rutting resistance and stability at high temperatures 
[23]

.  

Phase angle δ can be used to characterize the 

viscoelasticity of asphalt 
[24]

. In Fig 2, it is obvious that 

the fluctuation of phase angle of graphene modified 

rubber asphalt is gentle with the increase of temperature, 

and the addition of graphene reduces the phase angle 

with rubber modified asphalt, which indicates that the 

modified asphalt binders have good resilience. 

3.3 Dynamic frequency sweep test 

The loading mode of dynamic frequency sweep 

following the time-temperature equivalence principle is 

used to ensure the test conditions and samples meet the 

linear viscoelastic theory at the same temperature 
[25]

. 

The changes in dynamic complex modulus and phase 

angle of modified asphalt were observed at different 

frequencies. The experimental results are shown in 

Figure 3: 

 
(c)Complex modulus -frequency- phase angle relationship of 

different modified asphalt 

Figure 3  The results of the dynamic frequency sweep test 

The results of dynamic frequency sweep test 

showed that the complex modulus of modified asphalt 

increases gradually with the frequency raising, and the 

dynamic complex modulus of graphene content of 0.04% 

showed obvious advantages. From the changed of phase 

angle, the phase angle of graphene modified asphalt 

binders increase to a certain extent with the frequency 

raising, which shows that the viscoelastic component of 

graphene modified asphalt increased and the elastic 

component decreased gradually. However, compared 

with rubber modified asphalt, the elastic property of 

graphene modified asphalt binders is larger, which 

indicated that graphene modified asphalt resisted 

external force deformation at high temperatures.  

Correlation studies have proclaimed that ZSV can 

be used as an key index of high temperature performance 

of asphalt 
[26-27]

. ZSV refers to the viscosities directly 

measured or calculated at a certain temperature when the 

shear rate reach or approaches zero, so it can be used to 

characterize the viscous performance of materials, it is an 

inherent property of materials, also known as absolute 

viscosity 
[28]

. Rutting deformation at high temperatures is 

a slow process, so it is reasonable to use zero shear 

viscosity be a high temperature performance evaluation 

of graphene-modified rubber asphalt binders with 

different content. ZSV can be evaluated by dynamic 

frequency loading test. In this paper, the Zero shear 

viscosity of modified asphalt at 64℃ was predicted by 

using Carreau, Cross, and other related models. The 

Carreau and Cross equations were fitted as follows: 

   (5) 

          (6) 

In the above formulae, D is the shear rate，when D 

→0，there is ƞ a → ƞ0，which is zero shear viscosity，
when D→∞，ƞ a → ƞ∞，shear viscosity, that is, infinite 

shear viscosity.  

According to the fitting results of the experiment, as 

shown in Figure 4: 

 
(d) Fitting curves based on the carreau model 

 
(e) Fitting curves based on Cross model 

Figure 4  Fitting results of zero shear viscosity 
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Figure 4 shows that with the frequency raising, the 

complex viscosity of the three different modified 

asphalts decreases gradually, and there are obvious 

differences, it can be concluded that this is because of the 

addition of graphene enhanced viscosity with modified 

asphalt. Among them, when the content of graphene 

reach 0.04%, the complex viscosity is increasing 

markedly, it can be seen from this graphene improved the 

viscosity with the modified asphalt to a certain extent. 

ZSV of modified asphalt was obtained by two fitting 

methods. The calculation table is as follows: Table 3and 

Table 4. 

Table 3  Carreau fitting parameter results 

Different dosages of 

graphene 
η0 Correlation coefficient 

0% 982.1 0.99 

0.02% 2272.8 0.99 

0.04% 11531.3 1 

Table 4  Cross fitting parameter results 

Different dosages of 

graphene 
η0 Correlation coefficient 

0% 970.8 0.99 

0.02% 5519.6 0.99 

0.04% 121878.8 1 

Table 3 and 4 show that with the addition of 

graphene , the ZSV of rubber modified asphalt increase 

gradually. Moreover, the Zero shear viscosity of 

graphene modified rubber asphalt with the dosage of 

0.04% graphene content was obviously higher than that 

of the other two additions. The result shows that the 

rutting resistance of asphalt is obviously enhanced with 

the addition of graphene, which was beneficial to the 

high-temperature performance remarkably which had a 

good correlation with the rutting factor.  

3.4 Multiple stress creep recovery (MSCR) tests 

MSCR uses the delayed elastic recovery 

performance of asphalt under applied stress levels to 

evaluate the high temperature performance of asphalt, 

and the cumulative strain has a good correlation with the 

high temperature performance of the mixture 
[29-30]

. 

Compared to the G*/Sin δ of sinusoidal loading pattern, 

asphalt will produce creep compliance under stress. After 

stress is removed, some of creep compliance will be 

recovered while non-recoverable creep compliance will 

accumulate to the next load-deformation accumulation, 

which is the special feature of viscoelastic materials 
[31]

. 

The pavement under repeated loading and unloading of 

vehicle load is also a process of cumulative deformation, 

so the MSCR can simulate the asphalt pavement strain 

accumulation process truly and accurately. Different 

from the traditional PG grading requirements, MSCR 

reflects the cumulative deformation of asphalt under 

repeat loading and unloading conditions, and the loading 

pattern is not affected by asphalt deformation 
[32]

. 

Jnr and Jnr-diff under different levels of stress are 

calculated according to the strain collected. The 

calculation methods are as follows: 

𝐽𝑛𝑟 =
ε𝑟−𝜀0

δ
× 100%             (7) 

𝐽𝑛𝑟diff =
𝐽𝑛𝑟(3200𝑃𝑎)−𝐽𝑛𝑟(100𝑃𝑎)

𝐽𝑛𝑟(3200𝑃𝑎)
× 100%      (8) 

Where the ε0 and εr represent the initial deformation 

and residual deformation after 9s Restoration, the ―δ‖ 

represent shear stress, Jnr represents non-recoverable 

creep compliance, while the Jnr-diff represents the rate of 

increase in Jnr value when the stress changes from 100Pa 

to 3200Pa. 

Figure 5 show the MSCR test results of three 

different kinds of graphene modified rubber asphalt 

under two stress levels. The horizontal ordinate is the 

whole time of the test, and the longitudinal coordinate is 

the strain change of the modified asphalt. 

 
(f) Time-strain relationship of different modified asphalt 

(100Pa) 

 
(g) Time-strain relationship of different modified asphalt 

(3200Pa) 

Figure 5  The results of multiple stress creep recovery 

(MSCR) tests 

According to Figure 5, non-recoverable compliance 
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values at 100Pa and 3200Pa stress levels can be obtained 

as shown in Table 5. 

Table 5  100 Pa and 3200 Pa stress levels for 

non-recoverable compliance values 

Different dosages 

of graphene 
Jnr100(KPa) Jnr3200(KPa) Jnr-diff (%) 

0% 0.56 1.06 47.2 

0.02% 0.48 1.08 55.1 

0.04% 0.38 0.84 54 

The results of the MSCR test show that Jnr at 

3200Pa is larger than that at 100Pa, which indicated that 

with the creep load level increasing , the asphalt 

maximum strain level also increase. This is mainly due 

to the higher permanent deformation and lower percent 

recovery during the creep loading level increase Under 

two stress levels, asphalt with a graphene content of 0.04% 

has a smaller Jnr. It could be seen that the content of 

graphene decrease the viscous deformation of asphalt 

and had better high temperature deformation resistance, 

which had a good correlation with the rutting factor and 

zero shear viscosity mentioned above.  

Compared with ordinary rubber asphalt, the rate of 

change of non-recoverable creep stress with the time of 

graphene-modified rubber asphalt Jnr-diff improved with 

the increase of graphene addition, shows that although 

the higher content of graphene, it had better 

high-temperature deformation resistance, but it’s viscous 

deformation was more obvious since the shear stress. 

4 Conclusion 

40 mesh crumb rubber powder and single-layer 

graphene were used as asphalt modifiers in this study, the 

high temperature performances of different addition of 

graphene modified rubber asphalt were characterized by 

using DSR and MSCR, and variance analysis was 

verified feasibility through Jnr and Jnr -diff to evaluate 

high-temperature performance of graphene modified 

rubber asphalt. Based on this limited laboratory survey, 

the following conclusions are shown: 

(1) According to the results of the dynamic 

temperature sweep test, adding graphene to modified 

rubber asphalt leads to the increase of rutting factor, 

which improve the high temperature performance of 

asphalt lead to a higher working temperature range.  

(2) In the DSR test, it was obvious that the addition 

of graphene made the modified rubber asphalt have 

better deformation resistance and elastic recovery ability 

at high temperatures. With the temperature raising, the 

rutting resistance of rubber asphalt with 0.04% addition 

of graphene was the best. Zero shear viscosity (ZSV) of 

modified asphalt is predicted by fitting Carreau and 

Cross models. It was found that the addition of graphene 

significantly improved the rutting resistance of asphalt 

and the high temperature performance of asphalt. 

(3) The strain response and delayed elasticity of 

rubber asphalt and graphene modified rubber asphalt 

were observed by the MSCR test. The results show that 

the high temperature performance of graphene modified 

rubber asphalt is greatly affected by the stress level. 

According to the non-recoverable creep compliance (Jnr) 

obtained from the MSCR test, it could be found that the 

rutting resistance of graphene modified rubber asphalt is 

significantly improved compared with rubber asphalt. 

Generally speaking, it shows that the positive effect of 

graphene content on permanent deformation is 0.04%. 

(4) The process of residual deformation is caused by 

repeating loading and unloading in multiple stress creep 

recovery test (MSCR) had a great extent correlation with 

the process of rutting was caused by vehicle loading at a 

certain temperature. 

For the application of graphene to modified asphalt 

pavement, relevant demonstration engineering 

applications have been carried out, but further 

exploration and research are still needed in the macro 

and micro properties of graphene-modified asphalt, so as 

to improve the development requirements of road 

durability. 
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Abstract 

High-entropy materials (HEMs) have better mechanical, thermal, and electrical properties than traditional materials due to their 

special "high entropy effect". They can also adjust the performance of high entropy ceramics by adjusting the proportion of raw 

materials, and have broad application prospects in many fields. This article provides a review of the high entropy effect, preparation 

methods, and main applications of high entropy ceramic materials, especially exploring relevant research on high entropy perovskite 

ceramics. It is expected to provide reference for the promotion of scientific research and the development of further large-scale 

applications of high-entropy ceramic materials. 
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1 Introduction 

With the rapid development of science and 

technology, higher requirements are being placed on the 

performance of materials. For ceramic materials, a single 

principal component ceramic material can no longer 

meet the performance requirements under harsh usage 

conditions. Inspired by the development of high-entropy 

alloys, scientists have introduced the concept of 

high-entropy into the field of ceramics. The concept of 

HEM originates from high entropy alloys (HEAs) In 

2004, Ye 
[1]

 innovatively proposed HEAs. This alloy is 

typically made up of five or more metallic elements in 

equal or almost equal proportions. It is a single 

structured solid solution with multiple main elements. Its 

structure is ordered long-range, but its components are 

disordered. This new discovery breaks through the 

traditional design concept of single principal component 

materials and provides new ideas for the design of new 

materials. As the concept of high entropy gradually 

improves in the field of alloys, it is gradually introduced 

into the field of other materials.In 2015, Rostet al 
[2]

. at 

North Carolina State University, one of the pioneers in the 

field of high entropy in the United States, successfully 

synthesized (Mg0.2Co0.2Ni0.2Zn0.2Cu0.2)O. On considering 

the influence of the configurational entropy on its 

structure, it was named entropy stable oxide (ESO). After 

that, researchers at home and abroad have successively 

studied various high-entropy systems, including 

fluorite-structured 
[3]

, perovskite-structured 
[4]

, 

spinel-structured high-entropy oxide ceramics 
[5]

, as well 

as non-oxide high-entropy ceramics, such as nitrides 
[6]

, 

borides, and so on 
[7]

. Although the research on 

high-entropy ceramics is hot, it is still in its infancy, and 

there is still a lot of work to be done. 

 

Figure 1  Structure of several high-entropy ceramics 

and alloys 

2 Core Effects of High-entropy Materials 

2.1 Thermodynamic high-entropy effects 

The "entropy" of high-entropy ceramics is the 

configuration entropy (ΔSmix), whose relationship with 

the number of components in the HEMs is shown in 
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Figure 2 (a).According to Boltzmann's assumptions 

about the change in entropy and the degree of chaos, the 

greater the variety of elements 
[8]

, the greater the degree 

of chaos. If the effects of atomic vibrational grouping, 

electronic grouping, magnetic moment grouping, and 

other factors are considered at this point, the entropy 

change of HEMs is greater. Multiple major elements in 

each high-entropy material can be added in equal or 

unequal molar ratios, which leaves a wealth of scope for 

the design of high-entropy materials.The high-entropy 

effect can be used to explain the formation of HEAs with 

multiple principal elements as shown in Figure 2(b). On 

the one hand, the high mixing entropy at high 

temperature can effectively reduce the Gibbs free energy 

of the alloy system, thus stabilising the generated single 

phase; on the other hand, high entropy can reduce the 

electronegativity difference, inhibit the formation of 

compounds, and promote the mixing between elements. 

The solid solution phase in HEA will produce a strong 

solid solution strengthening effect, which can 

significantly improve the mechanical properties of the 

alloy such as strength and hardness 
[9]

. 

 

Figure 2  (a) Conformational entropy vs. number of 

group elements; (b) Relationship between the content of 

high entropy alloy element 
[9]

 

2.2 Effects of lattice distortion of structures 

Unlike the lattice distortion of conventional 

materials 
[10]

, the elements in HEMs are numerous and 

often exist in equal molar ratios, so that all types of 

atom have the same chance to occupy fixed positions on 

the lattice. Since the various types of  will be 

randomly distributed in the crystal structure, the 

different sizes of the atoms and the large difference in 

chemical bonding will cause more serious lattice 

distortions within the structure of the high-entropy 

materials. If the sizes of the atoms are very different, 

the lattice will not be able to maintain a normal 

structure because of the high degree of distortion, 

leading to the generation of amorphous phases. 

2.3 Hysteresis-diffusion effects of dynamics 

During the alloy material moulding process, the 

atoms will gradually converge from the chaotic 

arrangement in the molten state, and after the synergistic 

coordination and diffusion of the components, there will 

be a split phase, leading to easy nuclei formation in the 

alloys but not easy to grow 
[11]

.In high-entropy alloys, the 

large difference in atom size, the greater variety of 

elements, the more complex structure, the slower rate of 

internal diffusion and phase transitions and therefore the 

precipitation of nanometer-sized grains, which is not 

possible in conventional alloys, is often observed. This 

phenomenon results in HEAs that do not undergo grain 

growth and recrystallization at elevated temperatures, 

which has the potential to greatly improve the corrosion 

resistance of alloyed materials. 

2.4 Cocktail effect 

For HEMs, the basic properties of different 

components and the interactions between them can lead 

to the emergence of more complex properties of 

high-entropy materials. By changing the amount and 

type of added components, some of the properties of the 

material can be regulated, and even new certain 

properties can appear.The high-entropy effect allows 

high-entropy ceramics to remain single phase at extreme 

temperatures, pressures and chemical environments 
[9]

. 

The kinetic hysteretic diffusion effect allows high 

entropy ceramics to be synthesized at high temperatures 

and maintain structural stability at room temperature. 

The kinetic hysteretic diffusion effect also leads to the 

formation of amorphous or nanocrystalline structures in 

high entropy ceramics, which endows them with 

corrosion-resistant properties. The low amorphous 

thermal conductivity is related to lattice distortion effects, 

and, together with the high hardness, it promotes the 

development of materials for thermal and environmental 

barrier protection. The lattice distortion induced by many 

elements of different sizes produces a solid solution 

strengthening leading to an improvement in their 

mechanical properties 
[12]

, mainly by preventing 

dislocation motion and modifying and eliminating the 

lattice slip regime through the resulting nanograin 

microstructure 
[13]

. The suppression of grain coarsening 

at high temperatures has also been attributed to lattice 

distortion (LD) effects, where the distortion of the lattice 

increases the crystallization energy of the crystals, thus 

reducing the free energy gained by shrinking the surface 

area of the grains. 

3 Method of Preparation of High-entropy 

Ceramic Powder 

3.1 Solid phase reaction method 

The solid-state reaction method often uses 

mechanical alloying technology to prepare powders, 

starting from elemental metal or metal ceramic powders. 

In this process, by using different types of metal ceramic 

powders and adding alcohol or stearic acid as process 

control agents, high energy is applied through 

high-energy ball milling equipment to produce partially 
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or completely mechanically alloyed high-entropy 

ceramic powders. Wang et al 
[14]

. successfully prepared 

single-phase (Hf, Zr, Ta, Nb, Ti) (C, N) with high 

entropy using various oxide powders in a flowing 

nitrogen environment, after high energy ball milling to 

provide higher energy to the powder, at temperatures 

above 1400 ℃. This powder has a single-crystal cubic 

structure and high compositional uniformity. As the 

reaction temperature increases, the grain size of 

high-entropy carbonitrides increases, with the average 

particle size increasing from 0.31 to 1.26 μm. In addition, 

various anions can be introduced through solid-state 

reactions to adjust the composition and content. For 

example, amorphous BCN powder can be obtained by 

mechanically alloying equimolar graphite powder with 

metal nitrogen boron compounds for 10 h. After 24 h of 

high-energy ball milling, a nano-high entropy ceramic 

powder with a face-centered cubic rock salt structure was 

finally formed. 

3.2 Preceramicpolymer pyrolysis 

Although the solid phase reaction method is 

widely used in material preparation, it also has some 

shortcomings, such as the high reaction temperature, 

long reaction time, difficulty in accurately controlling 

the proportion of the product, and easy introduction of 

impurities during the preparation process 
[15]

. To 

overcome these challenges, researchers have developed 

a new method for synthesizing ceramics with high 

entropy under relatively mild conditions, drawing on 

the strategy of precursor preparation of ceramics. This 

method includes the use of the sol-gel method and 

coprecipitation method to realize the mixing of raw 

materials at the atomic level, thereby reducing the 

energy required for the synthesis of HEMs. Moreover, 

sufficient calcination is carried out at relatively low 

temperatures to remove excess crosslinking agents, 

precipitants, or solvents, achieving a low-temperature 

synthesis of high-entropy ceramics. Compared to the 

atoms in solid powders, the powder prepared by 

precursor conversion has a significant improvement in 

atomic diffusion rate, resulting in higher entropy 

ceramic powders with more uniform composition 

distribution and more unified crystal structure. The 

precursor pyrolysis method not only has the 

advantages of mild reaction conditions, controllable 

product particle size, and purer products but also faces 

problems such as low yield, complex process, high 

equipment requirements, and difficulty in reinterring 

product particles. 

3.2.1 Sol-gel method 

The Sol-gel method is a technology that uses 

compounds containing highly chemically active 

components as precursors. In this method, the raw 

materials are mixed uniformly in the liquid phase and 

undergo hydrolysis and condensation chemical reactions 

to form a stable transparent sol system in the solution. 

With the passage of time, the colloidal particles in the 

sol gradually polymerize slowly to form a 

three-dimensional network structure of gel 
[16]

, which is 

filled with solvent that has lost its mobility. After 

drying and sintering solidification processes, materials 

with molecular to nanoscale substructures were finally 

prepared. Zhang et al 
[17]

. successfully prepared 

(La0.2Y0.2Nd0.2Gd0.2Sr0.2) CrO3 ceramic powders 

(La0.2Y0.2Nd0.2Gd0.2Sr0.2) using the sol-gel method. This 

method not only overcomes the limitation that the 

34conventional solid phase method requires 

high-temperature calcination at more than 1300 ℃, but 

also realizes the fine and uniform distribution of powders 

and the uniform dispersion of elements. 

3.2.2 Coprecipitation method 

The coprecipitation method is a technology that 

adds an appropriate precipitant to the electrolyte solution 

containing various ions, to initiate the reaction to 

generate homogeneous precipitates, and then thermally 

decomposes these precipitates to obtain high-purity nano 

powder materials. The advantages of this method are 

twofold. First, it can be directly obtained from 

nanopowder materials with uniform chemical 

composition through chemical reaction in solution. 

Second, the method facilitates the preparation of 

nanopowder materials with small particle size and 

uniform distribution.Wang et al 
[18]

. successfully 

prepared multi-metal MOF precursors by chemical 

precipitation method at room temperature, and obtained 

the general formula through the treatment with high 

entropy alloy CoNiCuMnAl@C nanocatalysts. This 

catalyst not only exhibits excellent redox reaction (OER) 

performance but also exhibits excellent durability. 

3.3 Molten salt method 

The molten salt method uses various low melting 

point salts as reaction media to dissolve the reactants in 

the molten salt for the reaction. Compared to the 

diffusion rate of atoms in solid-phase powders, the 

diffusion rate of salt atoms in the molten state at high 

temperatures is significantly increased, which can 

significantly shorten the preparation time of powders. 

After sufficient reaction, the salt substances were 

dissolved and wash with appropriate solvents to obtain 

HETMCC powder. This method not only has a simple 

process and low synthesis temperature, but can also 

obtain powder with uniform composition. Chu et al 
[19]

. 

synthesized nano (Ta0.25Nb0.25Ti0.25V0.25) C with 

single-phase rock salt structure using four types of metal 

powders and carbon powders as raw materials and 

potassium chloride as molten salt medium under 

first-principles guidance at 1300 °C. The powders 

exhibited good compositional uniformity. 

4 The Application of High Entropy Ceramics 

The high entropy effect significantly improves the 
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mechanical performance of high entropy ceramics 

(HECs), pushing them beyond the traditional boundaries 

of mixture rules and theoretical predictions 
[20]

. This 

emerging paradigm in material design, coupled with 

infinite possibilities of component and microstructure 

combinations, provides HECs with performance 

characteristics that traditional materials cannot match. 

The potential applications of this family of materials are 

extensive, spanning various fields from structure to 

functionality. Specific applications include ultra-high 

temperature thermal protection and insulation for 

hypersonic aircrafts, thermal protection and 

environmental barrier coatings for engine components 
[21]

, 

radiation-resistant materials for nuclear facilities 
[22]

, 

wear-resistant coatings for cutting tools, materials for 

electromagnetic wave absorption and interference 

shielding 
[23]

, anodes for rechargeable batteries, catalysts 

for clean energy and environmental protection, 

thermoelectric devices, and supercapacitors, as illustrated 

in Figure 3. 

 

Figure 3  From applications in ultra-high temperature 

structures to energy and catalytic functional applications 

4.1 Supercapacitor 

Supercapacitors are currently the world's largest 

mass-produced double-layer capacitors, mainly divided 

into carbon-based, metal oxide, and polymer 

supercapacitors based on electrode materials. Among 

them, carbon-based supercapacitors are particularly 

outstanding due to their wide applications, and their 

performance mostly depends on factors such as the 

characteristics of carbon materials, the specific surface 

area of electrode materials, particle size distribution, 

conductivity, and electrochemical stability. By 

introducing HEMs into carbon-based electrode 

materials, it is possible to increase the active sites and 

surface area, improve the electrochemical stability, and 

thus achieve higher capacity and current density. Jin et 

al. successfully synthesized (CrMoNbVZr) N using a 

mechanochemical soft urea method, with a specific 

capacitance between 230 and 54 F/g, significantly 

better than carbon-coated tin oxide nanofibers (118 F/g) 

under the same conditions.  

4.2 Thermoelectric materials 

When disorder is introduced into the material, its 

thermal conductivity can be effectively reduced 
[25]

. This 

reduced lattice thermal conductivity makes high-entropy 

ceramic semiconductors ideal materials in the field of 

thermoelectric. Zhang et al 
[26]

. Successfully prepared a 

novel high-entropy perovskite-type ceramic 

(Ca0.2Sr0.2Ba0.2La0.2Pb0.2)TiO3 (abbreviated as CSBLP) 

using the solid-state reaction method. This high-entropy 

ceramic exhibits both long-range structural order and 

short-range chemical disorder, with uniformly distributed 

nanosized grains ranging from 4 to 6 nanometers in its 

microstructure. Benefiting from the increased 

configurational entropy, the CSBLP ceramic 

demonstrates a high Seebeck coefficient (| S | 272 μV/K 

at 1073 K) and low thermal conductivity (κ is 1.75 

W/m•K at 1073 K) after annealing at 1300 ℃. This study 

demonstrates the feasibility of effectively reducing the 

thermal conductivity of thermoelectric oxides and 

improving their thermoelectric performance through the 

design of high-entropy compositions. 

4.3 Catalyzer 

High-entropy alloys, because of their excellent 

corrosion resistance, have surpassed traditional 

transition-metal alloys and find wide applications as 

electrocatalysts in acidic or alkaline environments. These 

alloys exhibit good catalytic performance in reactions of 

oxidation (methanol, ammonia, and carbon monoxide), 

decomposition (ammonia), and reduction (oxygen). The 

different atomic bonding in high-entropy ceramics 

provides outstanding catalytic activity, and by adjusting 

their unique geometric structure or pore structure to 

increase surface area, their performance can be further 

enhanced. Riley et al 
[27]

. synthesized high-surface-area 

high-entropy oxides (HEO) (CeLaPrSmY) O2-y using a 

sol gel method in the presence of polymer complexing 

agents, followed by calcination at lower temperatures. 

This high-entropy ceramic maintains a single-phase 

structure even at high temperatures and exhibits activity 

without the need for expensive platinum group metals. 

Furthermore, Riley et al. also compared the catalytic 

performance of (CeLaPrSmY)O2-y synthesized by 

solid-phase synthesis with that synthesized by the 

sol-gel method with CeO2 in the oxidation-reduction 

reaction of carbon monoxide. The results showed an 

improvement in the catalytic activity of both HEOs; 

compared to the solid-state samples, the sol-gel 

method-prepared HEOs exhibited higher activity 

because of their larger surface area. 



 

20                                                           Research and Application of Materials Science  Vol. 6  No.1  2024 

 

Figure 4  CO oxidation activity of (CeLaPrSmY) O2 y 

solid and sol gel samples and CeO2 sol gel samples with 

the corresponding specific surface area  

4.4 Thermoelectric materials 

The lower lattice thermal conductivity of HEMs 

makes it possible for them to be used as 

semiconductors in thermoelectric devices. In 2018, 

Roychowdhury et al 
[28]

. successfully prepared a high 

entropy selenide (AgBiGe) Se with a single phase rock 

salt structure in a closed environment using a melting 

reaction method and studied it using GeSe and 

AgBiSe2 as raw materials. The experimental results 

show that at 677 K, its optimal thermoelectric value 

ZT reaches the maximum value of 0.45, demonstrating 

its excellent thermoelectric performance. And at 677 K, 

the thermal conductivity of the material is 3.8 W/m·K, 

which drops to 0.43 W/m·K at 300K. 

4.5 Dielectric materials 

In high-entropy ceramics, multiple sublattice 

structures exist, with each structure being occupied by 

multiple elements. These sub-lattices exhibit not only 

long-range periodicity, but also their structural 

distortions affect electronic behavior, dipole response, 

and band structure. Simultaneously, the random 

distribution of elements leads to compositional disorder, 

thereby reducing short-range order. This characteristic 

makes the dielectric properties of the material easy to 

manipulate. The dielectric constant, as an indicator of the 

degree of polarization of dielectric materials in an 

external electric field, increases with a stronger 

polarization degree. Zhou et al 
[29]

. Studied the dielectric 

properties of the high entropy perovskite oxide 

Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (where Me represents 

Nb
5+

 and Ta
5+

). They found that within the frequency 

range of 1 kHz to 1000 kHz, the dielectric constant and 

dielectric loss decreased slightly with increasing 

frequency. Within the temperature of 303 K～473 K, 

this material exhibited good dielectric constant and loss 

stability at specific frequencies. Specifically, within the 

frequency range of 1 kHz to 1000 kHz, the dielectric 

constant of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 ranged 

approximately 90 ～ 113, while the dielectric loss 

remained between 120～140. 

5 Research Progress in High Entropy 

Perovskite Ceramics 

The basic structure of the perovskite oxides is ABO3, 

which is similar to HEA. In this structure, the anionic 

sublattice is occupied by oxygen elements, and the 

introduction of different cations into the cationic 

sublattice will complicate the structure. Its calculation 

method is: 

])ln()ln-R[(ΔSmix
1

n

1i siteanion

n

i iisitecationii cccc   
 

n is the number of constituent elements, ci is the molar 

fraction of the i-th component, and R is the gas constant. 

The difference from HEAs is that the unique A and B 

cation sites in the perovskite structure need to be 

considered separately. Due to the ability of perovskite 

structures to accommodate a large number of different 

cation substitutions, different systems can be constructed 

by the high entropy of a single cation site or the 

simultaneous high entropy of two cation sites 
[30]

. 

Current research mostly focuses on high-entropy systems 

with single-cation sites.  

Jiang et al. 
[31]

 prepared a high entropy perovskite 

oxide (HEPO) system for the first time, fixing Sr and Ba 

at the A site and trying to fix four elements and replace 

the other four elements at the B site, resulting in a total 

of 13 high entropy perovskite ceramics at the B site. By 

analyzing the difference in particle size (&amp; B) and 

tolerance factor (t), it was found that a t value less than 

1.03 is a necessary condition for the formation of a single 

phase structure. Early research mainly focused on the 

synthesis methods and structural characterization of 

HEPOs. Chellali et al. 
[32]

 and Sharma et al. 
[33]

 

respectively used atomic probe microscopy (APT) and 

electron energy loss spectroscopy (EELS) techniques to 

observe the powders prepared with high entropy 

perovskite oxide (HEPO) and single crystals, and found 

that all elements were uniformly distributed at the atomic 

level. Sakar et al. 
[34]

 successfully synthesized five high 

entropy perovskite ceramics at sites A and B, as well as a 

kind of ten-element system. The existence of an entropy 

stabilization effect in HEPOs was demonstrated through 

cyclic heat treatment in (5A0.2) MnO3. Zhong et al 
[35]

. 

proposed a new concept through phase diagram 

calculations, stating that the "high entropy" 

characteristics of HEPOs involve multiple species such 

as anions, cations, and defects, and their component 

concentrations are difficult to directly determine, which 

is fundamentally different from HEAs. 

Afterward, researchers changed their focus from 

exploring the basic structure of HEPOs to exploring their 

performance. Zhang et al. 
[26]

 prepared thermoelectric 

ceramics (Ca0.2Sr0.2Ba0.2La0.2) TiO3 with low thermal 

conductivity using phonon engineering techniques. 
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Thermal conductivity at 1073 K was 2.5 W/(m·K), and 

thermal conductivity was further reduced to 1.75 

W/(m·K) by introducing Pb at the A site. In the field of 

dielectric materials, high-entropy A-site perovskite 

materials have also received widespread attention. Zhong 

et al. 
[35]

 pointed out in their study that the lattice 

distortion present in high-entropy perovskite oxides of 

site A significantly affects their antiferroelectric phase 

transition behavior. Xiong et al 
[36]

. observed that 

(Ca0.25Sr0.25Ba0.25Pb0.25) TiO3 ceramics exhibit low loss 

(tan) within 25～125 ℃, The coexistence of long-range 

ferroelectricity and quasi relaxation behavior. Pu et al 
[37]

. 

simultaneously found 1.02 J/cm
3
 in 

(Na0.2Bi0.2Ba0.2Sr0.2Ca0.2) TiO3 ceramics 

(Na0.2Bi0.2Ba0.2Sr0.2Ca0.2) The high discharge energy 

density and the significant adiabatic temperature change 

of 0.63 K introduce high entropy perovskite oxides 

(HEPO) into the field of electric heating for the first time. 

Liu et al 
[38]

. observed good thermoelectric properties and 

adiabatic temperature variation in TiO3 ceramics in a 

hexagonal system (Bi1/6La1/6Na1/6K1/6Sr1/6Ba1/6) ΔTmax 

reaches 0.14 K. In addition, Wang et al. 
[39]

 successfully 

prepared relaxation ferroelectric ceramics of 

(Ca0.25Sr0.25Ba0.25La0.25) TiO3 using flash firing 

technology. The material has a slender hysteresis loop 

and a discharge energy storage density of 0.684 J/cm³. 

Although research on the structure and properties of 

high-entropy perovskite oxides is still in its early stages, 

they have shown broad application prospects in the field 

of dielectric ceramics. 

6 Conclusion and Outlook 

Compared to traditional ceramic materials, high 

entropy ceramic materials exhibit significant advantages 

in corrosion resistance, oxidation resistance, thermal 

stability, and high hardness, making them widely 

applicable in fields such as national defense, aerospace, 

and new energy. However, the preparation and 

theoretical research of high-entropy ceramics still face 

some challenges: 

(1) Synthesis difficulty: The synthesis of high 

entropy ceramics usually requires complex preparation 

conditions, such as high temperature, high pressure, or 

specific gas environments, which limit their wide range 

of applications. 

(2) Cost issue: The production of high-entropy 

ceramics often relies on multiple rare or expensive 

elements, which may result in production costs much 

higher than those of traditional ceramics. 

(3) Performance variability: Although some 

ceramics with high entropy exhibit excellent 

performance, not all combinations can achieve the 

expected results, and the consistency and predictability 

of performance still need to be improved. 

(4) Insufficient theoretical research: The theoretical 

foundation for the stability and performance of 

high-entropy ceramics is not yet mature, and more 

theoretical and experimental research is needed to fully 

understand their behavior and properties. 

In summary, although high-entropy ceramics have 

shown many promising application areas as an emerging 

material category, they still face significant challenges. 

Future research work should focus on improving 

preparation techniques, reducing production costs, and 

deepening the understanding of the essential properties 

of these materials.  
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Abstract 

Ceramic coatings play a key role in extending the service life of materials in aerospace and energy fields by protecting materials from 

high temperature, oxidation, corrosion and thermal stress. Non-oxide and high entropy ceramics are new emerging coating materials 

which have been researched and developed in recent years. Compared with traditional oxide ceramics, non-oxide ceramics have 

better high temperature stability, oxidation resistance and erosion resistance. These characteristics make non-oxide ceramics perform 

well in extreme environments. It is particularly noteworthy that the non-oxide high entropy ceramic is a uniform solid solution 

composed of at least four or five atoms. Their unique structure and outstanding properties show great potential application in the field 

of coating. In this paper, the researches about regulating microstructure, preparation technology and properties of nitride and its high 

entropy system, carbide and its high entropy system and boride and its high entropy system in coating field are summarized, and their 

future development and prospects are prospected. 

Keywords: Nitride; Carbide; Boride; High entropy ceramic coating 

 

1 Introduction 

Ceramic coatings as the important technology for 

surface modification and functional enhancement play a 

significant role in the field of materials science and 

engineering. Traditional oxide ceramic coatings such as 

alumina, titania and so on have achieved widespread 

applications and remarkable achievements in providing 

surface protection and enhancing performance. However, 

with the increasing demand for higher performance and 

the emergence of new challenges, the researches on 

novel ceramic coatings are still a hot topic in the current 

coating field.
 [1-7]

 

As an emerging research direction, non-oxide 

ceramic coatings and their high-entropy ceramic 

coatings have attracted widespread attention. Non-oxide 

ceramic coatings, including carbides, nitrides, and 

borides, possess excellent high-temperature stability, 

mechanical properties, and corrosion resistance,
 [3-5]

 

making them suitable for applications in various 

extreme environmental conditions. Additionally, 

high-entropy ceramic coatings, newly emerging 

materials, are composed of multiple components and 

offer more design flexibility and modification 

capabilities, demonstrating tremendous potential in 

material surface modification and performance 

enhancement.
 [2, 8- 9] 

This review aims to discuss the research progress of 

non-oxide and their high-entropy ceramic coatings, 

focusing on the preparation, microstructural 

characteristics, and performance of nitride and their 

high-entropy ceramic systems, carbide and their 

high-entropy ceramic systems, as well as boride and 

their high-entropy ceramic system coatings. 

Additionally, an outlook on their future development 

and prospects is proposed. 

2 Nitride Coating Systems 

2.1 Binary nitride systems 

Binary nitrides possess numerous excellent properties, 

such as high melting points, structural stability, high 

mechanical hardness, corrosion resistance, wear resistance, 

and oxidation resistance. These characteristics make them 

widely used in various fields, 
[10-14]

 such as cutting tools 

and hard coatings. Tielidy et al.
 [15]

 deposited titanium 

nitride on band saw blades using cold plasma technology. 

Through tribological testing, they found that titanium 

nitride exhibited low friction coefficients and wear 
Copyright © 2024 by author(s). This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 License. 
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values, thereby enhancing the service life of wood 

cutting tools. Ganeshkumar et al.
 [16]

 deposited silicon 

nitride coatings on SS304 workpieces, and discovered 

that knives and blades coated with silicon nitride were 

more wear-resistant and mechanically superior to those 

without the coating. 

Furthermore, specific preparation processes can 

significantly influence the coating's properties. Takesue 

et al.
 [17]

 prepared coatings with high hardness using the 

atmosphere-controlled induction heating fine particle 

projection (AIH-FPP) method, improving the wear 

resistance of low-alloy steel. Additionally, immersion 

tests in sodium chloride solutions demonstrated their 

excellent corrosion resistance. 

Moreover, some binary nitrides exhibit excellent 

biocompatibility, making them suitable for applications 

in medical implants and other fields. Liao et al.
 [18]

 

successfully deposited TaN coatings with different 

nitrogen concentrations on glass slides and medical metal 

surfaces using magnetron sputtering technology. This 

coating significantly improved key properties such as 

adhesion strength, wear resistance, hardness, and 

biocompatibility. Kim and his team
 [19]

 successfully 

deposited titanium nitride coatings on vascular stents 

using reactive magnetron sputtering, significantly 

enhancing their biocompatibility. 

Apart from using binary nitrides directly as coating 

materials, they can also be used to modify other coating 

materials through doping or addition to enhance their 

properties, such as improving crack resistance and 

corrosion resistance. Qian et al.
 [20]

 successfully 

synthesized a novel enamel coating by adjusting the 

content of silicon nitride. The addition of silicon nitride 

significantly improved the coating's crack resistance 

while reducing the overall corrosion rate of the materials. 

2.2 Multi-element nitride systems 

By adding new elements to binary nitride coatings, 

it is possible to significantly regulate material properties, 

including crystal orientation, friction performance, and 

oxidation resistance. The multi-element nitride ceramics 

provide broad possibilities and development space for 

the application of coating technology in areas such as 

friction pairs and high-temperature environments
 [21]

. 

Doping new elements into some binary nitrides can 

alter the crystal orientation of the materials, providing an 

orientation advantage for the formation of twin crystals 

and thereby adjusting the mechanical properties of the 

materials. Yang et al.
 [22]

 deposited TiB0.11N1.16 coatings 

on the surface of high-density TBs using direct current 

magnetron sputtering technology. The doping of boron 

promoted the orientation transition of the coatings. 

Compared to the function of TiN as the coating, this 

approach resulted in higher hardness and toughness. 

The doping of some metal elements can change the 

oxidation resistance of materials. For example, 

appropriate doping of Al elements can improve the 

oxidation resistance of materials, making them suitable 

for applications in metal processing and the aviation 

industry. Makgae et al.
 [23]

 doped Al elements into TiN 

coatings to prepare Ti1-xAlxN coatings. When X=0.44, 

the coverage on the coating was the highest, making the 

Ti0.56Al0.44N component become the most 

oxidation-resistant coating. Zhang et al.
 [24]

 added Ni to 

CrN coatings, and the alloying of Ni significantly 

reduced the surface roughness of the coatings, improved 

their toughness, and increased the critical fracture stress 

of CrN coatings. This method reduced the fatigue crack 

length caused by CrN coating fractures in the substrate, 

making an important contribution to the widespread 

application of nitride sand-resistant coatings in the 

compressor area of aero-engines. Zhang et al.
 [25]

 

deposited wear-resistant and corrosion-resistant binary 

TiN and ternary TiZrN coatings using high-power pulsed 

magnetron sputtering (HiPIMS) technology. It was found 

that ternary TiZrN exhibited higher surface hardness, 

elastic modulus and excellent resistance to degradation in 

acidic solutions. 

Moreover, multi-layer coating possesses superior 

properties compared to single-layer coating. Meanwhile, 

multi-layer structures have more complex orientations 

than single-layer structures, and coatings with mixed 

orientations exhibit better mechanical properties than 

those with a single orientation. Ma et al.
 [26]

 successfully 

prepared TiZrN coatings on Ti-6Al-4V alloy surfaces 

using arc plasma deposition technology, demonstrating 

that coatings with mixed orientations exhibit better 

strength and toughness than those with a single 

orientation. Wang et al.
 [10]

 prepared a 12 μm 

Cr/CrN/Cr/CrAlN corrosion-resistant multi-layer coating 

using arc ion plating. Under high-temperature conditions, 

the multi-layer coating exhibited superior 

high-temperature impact resistance and erosion 

resistance compared to single-layer coatings. At 700℃, 

the coating remained stable and unchanged, meeting the 

operating requirements of gas turbine compressor blades. 

Maksakova et al.
 [27]

 deposited multi-layer TiZrN/TiSiN 

coatings on steel substrates using cathodic arc 

evaporation. Compared to TiZrN and TiSiN films, the 

multi-layer films exhibited higher hardness of up to 

38.2±1.15 GPa and elastic modulus of up to 430±12.9 

GPa, demonstrating higher resistance to plastic 

deformation. Chemaa et al.
 [28]

 performed nitriding 

treatment on four-layer 304L stainless steel multi-layer 

coatings deposited using the TWAS process using duplex 

treatment (PIII+PVD-deposited W-Ti-N coatings). They 

found that the W-Ti-N coatings exhibited excellent 

performance in terms of hardness, friction coefficient, 

and wear rate, indicating the potential for applying this 

process to austenitic stainless steel. 

In summary, in recent years, researches about 

multi-element nitride coating materials have developed 

rapidly. By regulating their structure, mechanical 
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properties, corrosion resistance, and other characteristics, 

new possibilities for enhancing material performance and 

expanding their applications are provided. 

2.3 High-entropy nitride systems 

High-entropy ceramics are new multi-component 

ceramic materials, and their design concept is first 

derived from high-entropy alloys. The fatigue resistance, 

corrosion resistance, and mechanical properties can be 

enhanced through the increase of entropy in high-entropy 

ceramics. Compared with traditional ceramics, 

high-entropy ceramics achieve the high-entropy effect by 

mixing multiple components in equal atomic ratios to 

form a uniform lattice structure. Among the various 

high-entropy ceramic coatings, high-entropy nitride 

coatings exhibit higher hardness, wear resistance, 

chemical stability, adhesion, excellent thermal 

conductivity, and multifunctionality. These advantages 

make high-entropy nitride coatings promising for a wide 

range of applications in coating technology, providing 

enhanced and reliable protection and performance 

enhancement
 [29-37]

. 

In 2019, Hahn et al.
 [38]

 used DC magnetron 

sputtering to prepare a single-phase (Al,Ta,Ti,V,Zr)N 

high-entropy nitride coating with nearly equimolar metal 

components. The coating exhibited a hardness of 30 GPa 

and a fracture toughness of 2.4 MPa·m
1/2

. In 2020, 

Moskovskikh et al.
 [39]

 utilized mechanically activated 

nanostructured metal precursors to obtain high-entropy 

nitride phases through exothermic combustion in 

nitrogen and consolidated them through spark plasma 

sintering. The high-entropy nitride 

(Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)N coating had a hardness of up 

to 33 GPa and a fracture toughness of up to 5.2 MPa·m
1/2

, 

which was suitable for applications in superhard 

coating fields. 

The increasing researches have significant improved 

the properties of materials through optimized preparation 

processes. Compared with magnetron sputtering
 [40-43]

, 

MAIP (Magnetron Arc Ion Plating) offers several 

advantages, including excellent adhesion to the substrate, 

outstanding diffraction deposition performance, and 

rapid deposition speed. Xu et al.
 [44]

 used a multi-arc ion 

plating (MAIP) system to deposit a high-entropy ceramic 

(TiCrZrVAl)N coating on the surface of an alloy. The 

coating had a maximum hardness of 31.08±1.81 GPa and 

an elastic modulus of 387.66±12.49 GPa, exhibiting 

excellent wear resistance with a minimum wear rate of 

7.4×10
-16

 m
3
 /(N·m). The design strategy of high-entropy 

nitrides provides an optimized solution for nuclear fuel 

cladding materials. Wang et al.
 [45]

 used magnetron 

sputtering to prepare TiNbZrTaN/CrFeCoNiNx nitride 

multilayer films, which exhibited high crystallinity, 

structural stability, and diffusion resistance under high 

temperature and irradiation conditions. These findings 

can be explained by difference in atomic size, Gibbs free 

energy in mixed systems, and solute-induced chemical 

inhomogeneity. Moreover, the performance of materials 

can be improved through the crystal orientation. Lu et al.
 

[46]
 prepared (CrAlTiNbV)Nx coatings using magnetron 

sputtering, which was shown in Figure 1(a) and (b). As 

the substrate bias increased, the coating transformed 

from a loosely packed columnar crystal structure with a 

preferred (200) orientation to a dense nanocrystalline 

structure. In Figure 1(c) and (d), at the substrate biases 

of -96 V and -126 V, the coating exhibited the lowest 

average friction coefficient (around 0.06) and wear rate 

8.7×10
-9

 mm
3
 / (N·m). 

Recently, machine learning methods have been 

introduced into the study of high-entropy nitride coatings. 

Machine learning can be used to predict the properties of 

high-entropy materials. By collecting and organizing a 

large amount of experimental data or simulation results 

from known high-entropy materials, a machine 

learning model can be constructed. This model can 

analyze the composition, structural parameters, and 

correlations of materials, and infer performance 

characteristics associated with these features, such as 

the hardness, modulus, and wear resistance of 

high-entropy nitride coatings. Zhou et al.
 [47]

 proposed 

a data augmentation generative adversarial network 

(DAGAN)-driven machine learning (ML) design 

strategy to predict the hardness, modulus, and wear 

resistance of novel HEN compounds. 

 

Figure 1  (a) XRD patterns of (CrAlTiNbV)Nx coatings 

versus substrate bias, (b)SEM cross-section images of 

(CrAlTiNbV)Nx coatings fabricated at various substrate 

biases, (c) friction curve of (TiCrZrVAl)N films, (d) wear 

rate of (TiCrZrVAl)N films 
[46]

 

3 Carbide Coating System 

3.1 Binary carbide system 

Binary carbides possess numerous excellent 

properties such as wear resistance, high hardness, and 

corrosion resistance, among which wear resistance stands 

out as a particularly noteworthy feature. Especially for wear 

resistance (the abrasion resistance of carbide coatings), 
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binary carbides can be applied in various fields, such as 

enhancing the service life of cold and hot forging, extrusion, 

and powder metallurgy molds under abrasive forces. 

Micallef et al.
 [48]

 employed chemical vapor 

deposition to deposit tungsten carbide on demanding 

components. Through corrosion and tribological tests, 

they discovered that tungsten carbide exhibited a uniform 

coating structure, which differed from traditional 

cemented coatings. The low friction coefficient and 

corrosion rate of tungsten carbide broaden the application 

prospects. One of the main potential research directions in 

the future is binder-free tungsten carbide coatings with 

sub-micron surface smoothness. Zhao et al.
 [49]

 thermally 

pressed niobium with cast iron at high temperatures and 

used interstitial carburization to precipitate NbC and 

Nb2C on the substrate surface, forming a ceramic coating. 

Observations showed that scratches were not evident on 

the substrate with the niobium coating. Although the 

loading of the substrate led to plastic deformation, the 

coating only peeled off when the surface bearing 

capacity reached 100 N, indicating strong adhesion 

between the coating and the substrate (＞  100 N). 

Hardness tests revealed a significant improvement in 

hardness after applying niobium to the substrate. Apart 

from chemical deposition and surface carburization, 

Khan et al.
 [50]

 employed an in-situ coating method to 

coat titanium carbide on graphene nanoplates (GNPs). 

This approach reduced wetting between GNPs and 

aluminum while enhanced dispersibility. Liu et al.
 [51]

 

used plasma electrolytic oxidation (PEO) to prepare a 

titanium carbide coating on aluminum alloy surfaces. 

TiC particles enhanced the corrosion resistance of PEO 

coatings of aluminum alloy. Therefore, utilizing PEO 

technology to coat TiC on aluminum alloy tubing to 

improve the corrosion resistance of aluminum alloy oil 

well pipes is both novel and promising. 

In addition to using binary carbides directly as coating 

materials, they can also be doped into other material coating 

to improve the performance. Chen et al.
 [52]

 studied the 

effects of adding tungsten carbide to graphite coatings on 

wear resistance and lubrication. They found that when 

adding 30% tungsten carbide, the graphite coating 

achieved a good balance in various performance using 

flame spraying technology. 

3.2 Multi-component carbide system 

In complex environments with stringent 

requirements, the performance of materials often needs 

to be further enhanced based on specific needs and 

practical situations. The multiple elements in carbide can 

further improve the properties, enabling their application 

in various fields such as industry, manufacturing, biology 

and so on. Therefore, the formation of multi-component 

carbide coatings on the surface of parts is a practical 

approach to meet high demands
 [53]

. Li et al.
 [54]

 employed 

the powder immersion reaction method to coat graphite 

with chromium carbide and niobium carbide. Through 

studying the microstructure and mechanical properties of 

the coating, an optimal elemental ratio of 50% chromium 

carbide and 50% niobium carbide was obtained. The 

addition of chromium and niobium elements improved 

the mechanical properties of graphite. Furthermore, 

within a certain temperature range, the thermal 

expansion coefficient of the coating is basically 

consistent with that of the graphite substrate, facilitating 

good adhesion and preventing peeling. 

Some carbides coatings also exhibit the 

biocompatibility, such as titanium carbide niobium with 

high corrosion resistance and wear resistance. Pana et al.
 [55]

 

used cathodic arc evaporation to prepare the coatings for 

implants on stainless steel substrates. It was found that 

the titanium carbide niobium coating exhibited the 

smallest grain size, lowest roughness, low wear rate, 

highest hardness and adhesion, relatively low porosity, 

and good corrosion resistance. The niobium-containing 

titanium carbide coatings as a promising bio-coating has 

broad application prospects in biological field. Tungsten 

carbide, a compound with high hardness and thermal 

conductivity, is widely used as a coating for cutting tools. 

Based on the high-speed oxygen-fuel spraying process, 

Govande et al.
 [56]

 introduced cobalt into this coating and 

further conducted low-temperature treatment. The results 

showed that low-temperature treatment improved the 

wear resistance of the coating. The densification of the 

cobalt matrix further enhanced the wear resistance of the 

coating. Additionally, the coating exhibited better 

corrosion resistance after low-temperature treatment. 

In summary, researches on multi-component carbide 

coating materials have developed rapidly in recent years. 

Coating materials with multi-component carbides can 

enhance their mechanical properties, wear resistance, and 

corrosion resistance. New exploration of 

multi-component carbides including component, 

processing technology, microstructure and properties is 

still urgent, aiming to further promote the real 

applications. 

3.3 High-entropy carbide systems 

High-entropy carbide ceramic coatings possess 

extremely high hardness, wear resistance, and excellent 

ablation resistance
 [34-37, 57].

 These characteristics make 

them applied in aerospace, chemical industries, and other 

fields
 [29-30, 32, 58]

. Wang et al.
 [59]

 prepared 

(Hf-Ta-Zr-Nb)C high-entropy carbide with excellent 

mechanical erosion resistance and 

oxidation-controlled ablation mechanisms at 2100℃ 

using a plasma flame gun, becoming an ideal 

candidate for UHTC. Chen et al.
 [60]

 prepared porous 

high-entropy (Hf0.2Zr0.2Nb0.2Ta0.2Ti0.2)C ceramics using 

an in-situ reaction/partial sintering method. Figure 2(a) 

and (b) showed SEM images of porous 

(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)C before and after annealing at 
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1850℃. The porous structure and grain size of the 

samples did not change significantly after annealing, and 

no significant grain growth was observed due to the 

retarded diffusion effect, indicating good 

high-temperature stability of the porous high-entropy 

carbide ceramics. Figure 2(c) shows the XRD patterns of 

(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)C sample before and after 

annealing at 1850℃. The phase composition of the 

sample still remained to be high-entropy 

(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)C phase without phase 

decomposition or phase transformation, demonstrating 

excellent phase stability. Figure 2 (d) shows a plot of the 

linear shrinkage rate (dL/L0) as a function of 

temperature. It can be seen that no significant size 

changes during heating, indicating excellent dimensional 

stability of the porous high-entropy 

(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)C ceramics. 

High-entropy carbide ceramics exhibit excellent 

high-temperature radiation resistance and can be used in 

future advanced nuclear systems. Zhu et al.
 [61]

 prepared 

high-entropy carbide ceramics (WTiVNbTa)C5 using 

spark plasma sintering, and they were irradiated with 1.0 

MeV c-ions at room temperature and 650℃. No 

amorphization or cavity formation was observed in all 

samples after irradiation, demonstrating that they had high 

radiation resistance at high temperatures. Tunes et al.
 [62] 

synthesized a novel carbide CrNbTaTiW using 

magnetron sputtering. The synthesized material with the 

carbon content of about 50 at.% exhibited the 

nanocrystalline with single-phase crystal structure. 

In-situ transmission electron microscopy was used to 

investigate the irradiation response of the novel 

high-entropy carbide (HEC) at 573 K, which exhibited 

better radiation tolerance than high-entropy alloys. 

Moreover, the high-entropy carbide ceramic matrix 

composites prepared through the combination with other 

materials have excellent performance, realizing the 

widely applications in new fields. For instance, Zhang et 

al.
 [63]

 employed discharge plasma sintering technology to 

fabricate (VNbTaMoW)C5-SiC high-entropy ceramics 

under conditions of 1900°C and 40 MPa. With the 

increase in SiC content, the hardness of 

(VNbTaMoW)C5-SiC multiphase ceramics increased, 

while the fracture toughness first increased and then 

decreased. (VNbTaMoW)C5–20 wt.% SiC exhibited the 

best mechanical properties, with vickers hardness and 

fracture toughness of 18.2 GPa and 5.7 MPa·m
1/2

, 

respectively. Cai et al.
 [64]

 prepared 

Cf/(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C-SiC high-entropy ceramic 

matrix composites using the precursor infiltration 

pyrolysis (PIP) method, which exhibited excellent 

ablation resistance with a linear recession rate of ～2.89 

μm/s and a mass recession rate of ～2.60 mg/s. This 

was primarily attributed to the formation of a dense and 

stable oxide layer on the surface of the sample. Luo et 

al.
 [65]

 fabricated high-entropy (Ti,Zr,Nb,Ta,Mo)C-Co 

composites using liquid-phase sintering. When the initial 

sintering aid was 10 vol% Co, the densification 

temperature could be reduced to 1350°C due to 

liquid-phase sintering. Compared to solid-state sintered 

(Ti,Zr,Nb,Ta,Mo)C ceramics prepared under conditions 

of 2000°C and 35 MPa, the hardness slightly decreased 

from 25.06±0.32 GPa to 24.11±0.75 GPa, but the 

toughness increased from 2.25±0.22 MPa·m
1/2

 to 

4.07±0.13 MPa·m
1/2

. Significantly reducing the sintering 

temperature can bring benefits such as energy 

conservation, improved production efficiency, and 

reduced material loss. Recently, the combination of 

simulation calculations and experimental preparation is a 

commonly used and effective research method for 

providing a more comprehensive understanding and 

explanation of material properties, reaction mechanisms, 

and other related issues. Ye et al.
 [66]

 analyzed the 

formation possibility of novel (Zr0.25Nb0.25Ti0.25V0.25)C 

high-entropy ceramics through first-principles 

calculations and thermodynamic analysis. They 

successfully prepared this high-entropy ceramic using 

hot-pressing sintering, which exhibited high hardness, 

elastic modulus, and fracture toughness.  

 

Figure 2  (a-b) SEM micrograph of porous 

(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)C sample before and after 

annealing, (c) XRD patterns of the 

(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)C before and after annealing at 

1850 ℃, (d)The dL/L0 curve of porous 

(Zr0.2Hf0.2Ti0.2Nb0.2Ta0.2)C 
[60]

 

4 Boride Coating Systems 

4.1 Binary boride systems 

Boride coatings are currently one of the most 

extensively studied materials in the field of ceramic 

coatings, including zirconium boride, hafnium boride, 

and titanium boride. Borides have excellent properties 

such as corrosion resistance, wear resistance, and 

excellent oxidation resistance at high temperatures. For 

instance, boride coatings were coated on surface of metal 

materials like iron through thermal spraying and 
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infiltration technology, which could significantly 

improve the tribological properties while enhancing their 

microhardness. Lindner et al.
 [67]

 employed the powder 

pack infiltration method to harden high-speed 

oxygen-fuel sprayed Inconel 625 coatings. Further 

thermochemical treatment was also adopted to intensify 

the coatings, resulting in a significant increase in 

microhardness and wear resistance. Khater et al.
 [57]

 

investigated the mechanical and tribological properties of 

titanium boride coatings obtained through 

thermochemical boriding in a salt bath composed of 70% 

borax and 30% silicon carbide. They found that boriding 

at 1000°C for 8 hours obtained the highest TiB2 layer 

thickness, which reached a value of 50µm. The 

formation of the TiB2 layer increased the surface 

hardness and elastic modulus of the substrate by 9 times 

and 2.5 times, respectively, offering a new approach to 

enhancing the performance of matrix materials or parts. 

Mirhosseini et al.
 [68]

 successfully deposited Al2O3-TiB2 

coating on surface of steel substrate using in-situ plasma 

spraying (IPS). The Al2O3-TiB2 coating exhibited 

excellent mechanical properties with a hardness of 797.6 

HV, a wear track width of 1061.3μm, and a wear rate of 

4.2 × 103 mm
3
 /(N·m). 

Additionally, the properties of boride ceramics can 

be improved by doping other materials. Zeng et al.
 [69]

 

prepared metal boride MBx (M = V, Mo, and Fe) and 

MnO2 co-doped NiCr2O4 coatings using atmospheric 

pressure plasma spraying. These coatings exhibited 

excellent infrared emissivity within the range of 5 ～ 25 

μm and also demonstrated good heat resistance. Salyi et 

al.
 [70]

 employed powder pack infiltration boriding to 

form boride coatings on steel samples. Both the Fe2B and 

FeB phases exhibited excellent corrosion resistance. 

4.2 Multi-component boride systems 

With the continuous advancement of industrial 

technology, the demand for high-performance materials 

is becoming increasingly urgent. Multi-component 

borides, as a class of promising materials, will play a 

significant role in various fields. Although the 

performance of multi-component borides has been 

significantly improved, the optimization of their 

preparation processes and further enhancement of their 

comprehensive properties remains to be issues that need 

to be addressed in current research to promote their 

wider application and development. 

By reasonably controlling the process parameters, 

high-quality multi-component boride cladding layers 

can be obtained, exhibiting excellent adhesion, 

compactness, and metallurgical bonding. Zhang et al.
 [71]

 

studied the relationship between the input process 

parameters (laser power, scanning speed, pre-laid 

thickness) and the output responses (height, width, 

dilution rate) of Mo2FeB2 coatings through sensitivity 

analysis. The results showed that laser power had a 

positive effect on the coating width and dilution rate, 

while having a negative effect on the coating height. 

Apart from process regulation, modifying the coating 

composition can also enhance its performance. Bao et 

al.
 [72]

 prepared the composite coating resistant to 

high-temperature zinc-aluminum molten liquid 

corrosion using supersonic flame spraying. Mo-B4C 

powders were mixed with WC and Co powders with 

different proportion to prepare composite powders. An 

appropriate amount of Mo-B4C reacted with Co to form 

ternary borides such as CoMo2B2 and CoMoB. These 

ternary borides could formed a perfect and continuous 

interface, improving the mechanical properties and 

corrosion resistance of the coating. 

4.3 High-entropy boride systems 

Currently, researches on high-entropy boride 

coatings are relatively limited and still in the developing 

stage. However, due to their outstanding comprehensive 

properties such as high hardness, high melting point, and 

excellent corrosion resistance, high-entropy borides are 

expected to play a significant role in the field of ceramic 

coatings
 [73-77]

. Mayrhofer et al.
 [78]

 prepared ZrB2, 

(Zr,Ti)B2, and (Zr,V,Ti,Ta,Hf)B2 coatings using 

non-reactive magnetron sputtering. Figure 3(a) 

demonstrated that the prepared boride ceramic coatings 

exhibit single-phase solid solution. Figure 3(b) showed 

that the three diboride coatings exhibited very dense 

morphologies. Compared to ZrB2 and (Zr,Ti)B2, the 

(Zr,Ti,Hf,V,Ta)B2 coating exhibited the highest hardness 

(47.2±1.8 GPa). Zhang et al.
 [79]

 employed the gas 

reaction infiltration-assisted slurry spraying (GRSI-SP) 

method to in situ deposit the high-entropy 

(Hf0.25Zr0.25Ti0.25Cr0.25)B2 ceramic-modified SiC-Si 

(HETMB2-SiC-Si) coating on the surface of 

carbon/carbon (C/C) composites to enhance their 

oxidation resistance at 1973 K. Subsequently, dynamic 

ablation tests were conducted at ultra-high temperatures 

(up to 2404 K) using an oxy-acetylene torch (OAT) to 

investigate the ablation behavior and protective 

mechanism of the composite coating on C/C composites. 

Different oxidation deposition were formed under 

different ablation regions, enhancing high-temperature 

thermal stability. This study provides the guidance for 

exploring the heat resistance of high-entropy boride 

ceramic coatings as high-temperature thermal protection 

systems under severe conditions. Recently, Guo et al.
 [80]

 

prepared a multi-component boride 

(Hf0.5Zr0.5)B2-SmB6-ErB4-YB6 (HZRB) coating on the 

surface of SiC-coated carbon/carbon (C/C) composites 

using supersonic atmospheric plasma spraying. The 

excellent ablation resistance was primarily attributed to 

the formation of a high-density 

(Hf0.2Zr0.2Sm0.2Er0.2Y0.2)O2-δ high-entropy oxide (HEO) 

layer during the ablation process. 
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Figure 3  (a) XRD images(b)SEM images; (C)Hardness, 

indentation modulus and their corresponding ratios of 

ZrB2, Zr0.61Ti0.39B2, and Zr0.23Ti0.20Hf0.19V0.14Ta0.24B2 thin 

films 
[78]

 

5 Conclusion and Outlook 

Non-oxide ceramics including carbides and their 

high-entropy ceramics, nitrides and their high-entropy 

ceramics, as well as borides and their high-entropy 

ceramics, possessed high hardness, excellent 

high-temperature resistance, corrosion resistance, and 

other properties. These characteristics made them 

application prospects in the field of ceramic coatings. 

Composition regulation engineering offered significant 

opportunities to improve the performance of ceramic 

coatings and promote their applications. The 

development from binary systems, multi-component 

coating systems to high-entropy ceramic coating systems 

had been accompanied by continuous optimization of 

their properties. In particular, the recently developed 

high-entropy ceramic coating system had achieved 

significant innovation in coating materials. High-entropy 

coatings exhibited advantages such as higher 

high-temperature stability, corrosion resistance, hardness, 

and wear resistance, meeting the needs of more application 

areas and showing broad prospects and tremendous 

potential. Currently, the regulations of coating 

composition, coating structure, and internal crystal 

orientation within the coating are hot research directions, 

and breakthrough progresses have been achieved. 

However, the non-oxide ceramic system was still 

imperfect, especially the researches on high-entropy 

non-oxide ceramic systems were relatively scarce. The 

following directions will be developed 
[79-80]

. 

(1) In the design of non-oxide ceramic coating 

systems, the introduction of theoretical calculations such 

as first principles and machine learning can achieve 

theoretical guidance for experiments, avoiding the need 

for conducting a large number of experiments. This is 

conducive to reducing costs and improving research and 

development efficiency. It also helps to gain a deeper 

understanding of the properties of high-entropy ceramics. 

This will provide important guidance for the research 

and development of non-oxide and their high-entropy 

ceramic coatings. 

(2) The optimization, improvement, and innovation 

of the preparation processes for non-oxides and their 

high-entropy ceramic coatings are also critical issues that 

need to be addressed urgently. Through the optimization 

and innovation of preparation processes, controllable 

preparation of high-performance non-oxide coatings can 

be achieved, enhancing the efficiency of coating 

preparation and reducing preparation costs. 

(3) There exist less researches on the 

high-temperature mechanical properties, radiation 

resistance, ablation resistance, and other service 

properties of non-oxides and their high-entropy ceramic 

coatings, which need to be further researched to realize 

their applications. 
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Abstract 

The utilization of waste concrete as a raw material for recycled concrete in the domain of prefabricated components is garnering 

greater interest. This paper delineates and examines the concept, categorization, methodologies of preparation, applicable sectors, and 

evaluative metrics of recycled concrete technology, highlighting its prospective benefits. Nonetheless, for the successful integration 

of recycled concrete technology into prefabricated component applications, it is imperative to systematically enhance its physical, 

mechanical, and attributes, as well as its environmental efficacy. Moreover, to foster the continued advancement of recycled concrete 

technology, innovative initiatives, standardization, educational programs, demonstration projects, and collaborative efforts are crucial 

to promote broader adoption and realize improved outcomes within the realm of prefabricated components. In conclusion, recycled 

concrete technology is poised to play a pivotal role in prefabricated construction, offering robust support for propelling the 

construction industry towards a sustainable future. 

Keywords: recycled concrete; prefabricated buildings; Environmental performance assessment 
 

1 Introduction 

The construction industry's heavy reliance on 

conventional concrete has amplified resource 

depletion and environmental consequences. This has 

paved the way for recycled concrete technology, which 

recycles and reuses waste concrete to mitigate the 

need for fresh materials, conserve energy, and 

substantially reduce the construction sector's 

environmental footprint 
[1-2]

. Prefabricated construction 

has emerged as a cornerstone and direction of modern 

construction practices, characterized by efficiency, 

quality control, and sustainability. With the world's 

urbanization pace accelerating, the construction 

industry is confronting challenges like resource scarcity, 

elevated energy use, and increased carbon emissions. In 

this context, exploring the integration of recycled 

concrete technology into prefabricated buildings 

presents a novel avenue for achieving sustainable 

prefabricated structures. 

Prefabricated buildings capitalize on 

factory-produced, modular components that can be 

seamlessly integrated with renewable concrete 

technology. The controlled factory setting allows for the 

preparation of recycled concrete, followed by the 

prefabrication of components, which enhances 

construction quality and efficiency. The incorporation 

of recycled concrete into prefabricated facades, floors, 

and structural systems can bolster building 

performance and sustainability, while also offering 

cost savings
 [3]

. Consequently, there is an immediate 

necessity for comprehensive performance evaluation, 

optimization strategies, and environmental impact 

assessments of recycled concrete technology within 

prefabricated buildings. 

2 Overview of Recycled Concrete Technology 

Recycled concrete represents a sustainable 

alternative in the building industry, derived from waste 

concrete and construction debris. Processed through 

crushing, cleaning, and sorting, it serves to mitigate 

resource waste, lessen environmental impact, and 

advance sustainable construction practices, positioning it 

as a material with substantial promise 
[4]

. 
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Definition and Classification of Recycled Concrete: 

Recycled concrete is produced by processing waste 

concrete from structures or construction debris. It can 

be categorized into three types based on the source and 

use of the recycled aggregates: recycled coarse 

aggregate concrete, recycled fine aggregate concrete, 

and full recycled concrete. Recycled coarse aggregate 

concrete is primarily composed of recyclable coarse 

aggregates, while recycled fine aggregate concrete uses 

recyclable fine aggregates. Full recycled concrete is 

made from entirely recyclable aggregates recovered 

from waste concrete structures or construction waste. 

This material has gained widespread adoption within 

the construction industry. 

The preparation of recycled concrete involves two 

main steps: collecting and treating waste concrete to 

produce recycled aggregate, and mixing concrete and 

performing quality control adjustments to ensure that its 

quality and performance meet the requirements. 

Performance and Characteristics of Recycled 

Concrete: In the context of prefabricated buildings, the 

use of recycled concrete is not only about conserving 

resources and reducing the carbon footprint but also 

about enhancing building quality and sustainability while 

potentially lowering construction costs. Through ongoing 

optimization of its physical, mechanical, durability, and 

environmental properties, recycled concrete can rival 

traditional building materials and even offer superior 

sustainability attributes. 

3 Application of Recycled Concrete in 

Prefabricated Buildings 

The integration of recycled concrete technology into 

prefabricated buildings offers a versatile solution across 

various components, including exterior wall systems, 

floor systems, and structural systems. This technology 

extends beyond traditional applications, providing a 

array of benefits for construction projects and 

considerable potential for growth. 

3.1 Application of recycled concrete in prefabricated 

exterior wall systems 

The aesthetic appeal, thermal insulation, and overall 

energy efficiency of a building are crucial to its 

performance. Recycled concrete technology can be 

effectively applied to prefabricated exterior wall systems, 

offering both practical and aesthetic advantages. 

Wall Tiles: Recycled concrete wall tiles not only 

provide excellent thermal insulation but also meet 

decorative standards, contributing to energy savings. 

External Wall Insulation Boards: These boards, 

made from recycled concrete, enhance thermal insulation 

properties, reducing building energy consumption and 

the burden on HVAC systems. 

3.2 Application of recycled concrete in prefabricated 

floor systems 

The floor system is a pivotal component of 

prefabricated buildings, serving both load-bearing and 

acoustic insulation functions. The adoption of recycled 

concrete technology in floor systems can enhance their 

performance, including noise reduction capabilities. 

Prefabricated Flooring: Compact and durable 

recycled concrete floor panels are utilized to bear floor 

loads, satisfying the mechanical properties and durability 

requirements of flooring. 

Soundproofing Materials: Recycled concrete can be 

utilized to create soundproofing materials that minimize 

sound transmission between floors, offering a 

material-efficient solution that improves the acoustic 

comfort of residential and commercial buildings. 

3.3 Application of recycled concrete in prefabricated 

components 

Prefabricated components are typically produced in 

a factory setting and then transported to the construction 

site for assembly into the building's various components. 

The use of recycled concrete in prefabricated buildings is 

gaining traction, offering several advantages. 

Recycled Concrete Wall Panels: Wall panels made 

from recycled concrete can reduce the consumption of 

raw materials while providing comparable strength and 

stability to traditional concrete panels. 

Recycled Concrete Columns and Beams: Recycled 

concrete is also suitable for manufacturing columns and 

beams for prefabricated buildings, supporting structural 

loads and offering cost savings through the use of 

recycled materials. 

Energy-Efficient Wall Systems: Walls constructed 

with recycled concrete can incorporate heat and sound 

insulation, contributing to the overall energy efficiency 

of the building. 

The integration of recycled concrete technology into 

prefabricated buildings represents a promising new 

direction for the construction industry. It aligns with 

goals of resource conservation and carbon reduction 

while enhancing the competitiveness and sustainability 

of construction projects. However, despite advancements 

in the mechanical properties, durability, and 

environmental performance of recycled concrete, further 

research and practical application are necessary to 

encourage broader use in prefabricated buildings. 

For cast-in-place multi-storey and high-rise recycled 

concrete houses that use only Class I recycled coarse 

aggregate, the structural types and maximum heights should 

adhere to the same standards as those for cast-in-place 

multi-storey and high-rise ordinary concrete houses 
[5]

. For 

buildings using Class II and Class III recycled coarse 

aggregate, compliance with the structural types and 

maximum heights specified in Table 1 
[6] 

is required. When 

the substitution rate of recycled coarse aggregate falls 

between 30% and 50%, the maximum height applicable can 

be determined through linear interpolation. 
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Table 1  Structural types and maximum heights for 

cast-in-place multi-storey and high-rise recycled concrete 

houses (m) 

Structure 

type 

Regenerated 

coarse aggregate 

substitution rate 

Intensity of fortification 

6 7 8(0.2g) 8(0.3g) 9 

Frame 

structure 

30% 45 40 35 30 21 

50% 40 35 30 25 15 

Frame-shear 

structure 

30% 90 85 70 60 35 

50% 70 65 55 45 25 

Shear wall 

structure 

30% 100 85 70 60 45 

50% 80 70 60 50 35 

Frame-core 

tube 

structure 

30% 110 90 75 65 50 

50% 90 75 65 55 40 

Note: (1) House height refers to the height of the outdoor 

ground floor to the top of the main roof slab, excluding the 

local protruding roof Part; (2) The frame in the table includes 

the special-shaped column frame with no more than six layers 

and no more than 18m height, excluding other special-shaped 

column frames; (3) For buildings exceeding the height in the 

table, special research and demonstration should be carried out 

to take effective strengthening measures. 

4 Performance Evaluation and Optimization 

of Recycled Concrete Technology 

The performance evaluation and optimization of 

recycled concrete technology are essential to ensure its 

successful application in prefabricated buildings. This 

process involves a comprehensive assessment of the 

physical, mechanical, durability, and environmental 

properties of the fabricated components it produces. 

4.1 Evaluation of physical properties of recycled 

concrete prefabricated components 

The physical properties of recycled concrete, such 

as density, porosity, and water absorption, are crucial 

indicators that directly impact its engineering application 

and performance. Density and Porosity: The density and 

porosity of recycled concrete are indicative of its quality 

and compactness. To optimize these characteristics, it is 

essential to control the concrete preparation process, 

ensuring thorough vibration and complete filling. 

Water Absorption: Water absorption is a critical 

factor affecting the durability of recycled concrete. The 

use of appropriate impermeable agents and sealing 

materials can minimize pores and microcracks, 

consequently reducing water absorption. 

4.2 Evaluation of mechanical properties of recycled 

concrete 

To assess the mechanical properties of recycled 

concrete, it is essential to determine its compressive strength, 

tensile strength, and flexural strength, as these indicators are 

crucial for ensuring the safety and reliability of the structure. 

The standard deviation of strength must adhere to the 

specifications outlined in Table 2
[7]

. 

Compressive strength: The compressive strength of 

recycled concrete can be effectively enhanced through 

stringent control measures. Additionally, the utilization 

of high-performance gel materials can further bolster 

compressive strength. 

Tensile strength: While the tensile strength of 

typical recycled concrete tends to be lower, it can be 

enhanced by incorporating fiber materials or employing 

specialized strengthening techniques. 

Flexural strength: Flexural strength, an important 

parameter for evaluating concrete performance under 

bending loads, plays a significant role in structural 

integrity. Achieving favorable flexural resistance 

necessitates the selection of appropriate concrete mix 

proportions and strengthening strategies. The onset of 

quality issues like cracks can substantially compromise 

the concrete's bending strength. 

Table 2  Standard deviation of recycled concrete 

strength ζ (Mpa) 

Strength class ≤C20 C25～C45 C50～C55 

ζ 4.0 5.0 6.0 

4.3 Durability evaluation of recycled concrete 

The assessment of the durability of recycled concrete 

includes evaluating freeze-thaw resistance, sulfate resistance, 

and chloride ion permeability through testing. These 

performance indicators are directly linked to the service life 

and maintenance expenses of concrete structures. It is 

recommended to incorporate an air-entraining agent in 

freeze-resistant recycled concrete of grade F100. 

Additionally, antifreeze solutions containing chlorine salts 

should not be utilized in reinforced recycled concrete. Table 

3
[7]

 details the specifications for water-to-binder ratio and 

minimum cementitious material dosage for recycled 

concrete with varying frost resistance grades. 

Table 3  Maximum water-binder ratio and minimum 

amount of cementing material 

Design frost 

resistance grade 

Maximum water-binder ratio 
Minimum amount of 

cementing material 

(kg/m³) 

No 

entrainment 

agent 

Air 

entrainment 

agent 

F50 0.5 0.55 300 

F100 0.45 0.50 320 

Freeze-thaw Resistance: The freeze-thaw durability of 

recycled concrete can be enhanced by incorporating 

antifreeze agents and optimizing the particle size distribution. 

Sulphate Resistance: For concrete subjected to 

sulphate attack, it is crucial to employ a well-designed 

recycled concrete mix, particularly by utilizing 

cementing materials that exhibit high sulphate resistance. 
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Chloride Ion Permeability Resistance: To improve 

the resistance of recycled concrete against chloride ion 

penetration, the use of chloride ion inhibitors and 

appropriate sealing treatments can be beneficial. The 

fundamental durability requirements for recycled 

concrete intended for structural applications are outlined 

in Tables 4 and 5
[7]

. 

Table 4  Basic requirements for durability of recycled 

concrete used in structures 

Environmental 

grade 

Maximum 

water-binder 

ratio 

Minimum 

strength 

class 

Maximum 

chloride 

content (%) 

Maximum 

alkali 

content 

(kg/m³) 

1 0.6 C25 0.3 No limit 

2 
a 0.55 C30 0.2 

3.0 
b 0.5(0.55) C35(C30) 0.15 

3 
a 0.45(0.50) C40(C35) 0.15 

b 0.4 C45 0.10 

Table 5  Maximum water-binder ratio of impermeable 

recycled concrete 

Design impermeability grade 
Strength grade of concrete 

C20～C30 C35、C40 

P6 0.55 0.50 

P8～P12 0.50 0.45 

＞P12 0.45 0.40 

4.4 Environmental performance assessment of 

recycled concrete 

The environmental assessment of recycled concrete 

technology encompasses evaluations of carbon footprint, 

energy efficiency, and life cycle analysis. These 

assessments are critical in determining the environmental 

impact of recycled concrete and in providing data that 

supports sustainable construction practices. 

Carbon Footprint: Assessing the carbon emissions of 

recycled concrete relative to conventional concrete allows 

for conclusions regarding its environmental impact. The 

goal is to reduce carbon emissions by incorporating 

energy-efficient technologies into the production process 

and by utilizing low-carbon concrete formulations. 

Energy Efficiency: Energy efficiency is a key 

component of sustainable development, affecting both the 

preparation of concrete and the construction process. The use 

of energy-saving technologies, such as those that harness 

renewable energy, can enhance overall energy efficiency. 

Life Cycle Analysis: Life cycle analysis considers 

the environmental impact of concrete across all stages, 

including production, preparation, transportation, 

construction, and maintenance. By optimizing these 

stages, it is possible to improve the overall 

environmental performance of concrete. 

5 Conclusion 

Recycled concrete is a kind of sustainable building 

material that has attracted widespread interest in the field 

of prefabricated construction and has been applied to some 

extent. Recycled concrete technology offers a potential 

solution for sustainable construction by recycling and 

reusing discarded concrete. This paper deeply studies and 

discusses the definition, classification, preparation method, 

performance evaluation, application and optimization 

strategy of recycled concrete technology.  

Although there is great potential for recycled 

concrete technology in prefabricated buildings, there are 

still challenges to be overcome in terms of 

standardization, innovation, education and training, 

demonstration projects and cooperation. In the future, we 

believe that recycled concrete technology will continue 

to play an even greater role in prefabricated construction, 

leading the construction industry towards a more 

sustainable future while contributing to environmental 

protection and resource conservation. 
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