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Abstract 

The Sr/F co-doped CaP (Sr/F-CaP) coatings were prepared by micro-arc oxidation (MAO) under different voltages to modify the 

microstructure and corrosion behavior of Mg-4Zn-1Mn alloy. The surface and interface characteristics investigated using scanning 

electron microscopy (SEM) and energy dispersive X-ray spectrometer (EDS) showed that the MAO coatings displayed uneven 

crater-like holes and tiny cracks under lower voltage, while they exhibited relatively homogeneous crater-like holes without cracks 

under higher voltage. The thickness of MAO coatings increased with increasing voltage. The corrosion behavior of Mg-4Zn-1Mn 

alloy was improved by the MAO coatings. The MAO coatings prepared under 450 V and 500 V voltages possessed the best corrosion 

resistance with regard to the electrochemical corrosion tests and immersion corrosion tests, respectively. The MAO coatings 

fabricated under 450-500 V could provide a better corrosion protection effect for the substrate.  

Keywords: Biodegradable Mg alloys; Mg-4Zn-1Mn alloy; Micro-arc oxidation; Sr/F co-doped CaP coatings  

 

1 Introduction 

As a representative kind of biodegradable metals, 

Mg alloys have recently attracted great research interest 

as temporary implants in the orthopedic and 

cardiovascular fields 
[1-2]

. Compared with traditional 

biomedical metals (stainless steels, Ti alloys, NiTi alloys 

and Co-Cr alloys, etc.), Mg alloys exhibit the following 

advantages
[3-5]

: Firstly, they have lower density, higher 

specific strength and closer Young’s modulus to that of 

human bone; Secondly, they can be gradually dissolved 

in physiological environment after tissue repairing to 

avoid a secondary removal surgery; Thirdly, their 

corrosion products of Mg oxides/hydroxides are nontoxic 

and may even promote cell viability. However, the 

insufficient mechanical support and excess hydrogen 

accumulation caused by the rapid corrosion of Mg alloys 

usually hinder the tissue repairing process in early 

implantation period, which is the main obstacle for their 

clinical applications 
[6-7]

. Therefore, enhancing the 

corrosion resistance of Mg alloys is the key means to 

solve their clinical problems.  

 Surface modification via proper technologies such 

as ion implantation, magnetron sputtering, anodic 

oxidation, electrochemical deposition, sol-gel and spin 

coating has been evidenced to be an effective method to 

improve the corrosion behavior of Mg alloys 
[8-13]

. Among 

them, the micro-arc oxidation (MAO) is a very promising 

surface modification method for Mg alloys, which can 

regulate their corrosion behavior by preparing 

corrosion-resistant ceramic coatings with desired 

microstructure, morphology and chemical composition 
[14-17]

. 

Generally, the MAO coatings exhibit a bilayer feature: 

the outer layer with porous microstructure contributes to 

promote the adhesion, migration and growth of cells; the 

inner layer with dense microstructure helps to enhance 

the corrosion resistance of outer layer and increase its 

bonding strength with the substrate 
[18]

. The major factors 

influencing MAO coatings are electrolyte composition 

and electrical parameters including working mode, 

voltage, current density, oxidation time, frequency, duty 

ratio, etc. Ly et al. compared the effect of different 

working modes (unipolar, bipolar, unipolar followed by 

bipolar) on the corrosion resistance of MAO coatings on 

the Mg-4.71Zn-0.6Ca alloy surface, and found that the 
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MAO coating prepared under hybrid mode had better 

anti-corrosion ability than the other two modes
[19]

. Lin et 

al. fabricated the forsterite-containing MAO coatings on 

the surface of ZK60 Mg alloy via a silicate 

electrolyte-based MAO treatment under different 

voltages, and the results showed that the corrosion 

resistance of MAO coatings were increased with 

increasing voltage 
[20]

. Zhu et al. further enhanced the 

corrosion resistance of molybdate conversion coating on 

the surface of AZ91D Mg alloy after a MAO treatment in 

the electrolyte with Na2SiO3 as main salt, and observed 

that the ceramic coating was gradually formed as the 

oxidation time was prolonged
 [21]

.  

Considering that Ca and P elements are the main 

components of human bone, the CaP MAO coatings have 

been prepared to simultaneously improve the corrosion 

behavior and biocompatibility of Mg alloys 
[22-23]

. 

However, the single CaP coatings lack adequate 

bioactivity like antibacterial and osteogenic properties, 

which can be compensated by doping some functional 

elements. As a necessary trace element for human body, 

Sr element can not only stimulate bone formation but 

also inhibit bacterial growth, which is an ideal element 

for bone regeneration 
[24]

. As a participating element for 

multifarious metabolic activities, F element can facilitate 

osteoblasts differentiation to accelerate bone formation 

and provide broad-spectrum antibacterial property
[25]

. 

Therefore, the co-doping of Sr and F elements into the 

CaP coatings (Sr/F-CaP coatings) is expected to have 

satisfactory corrosion resistance and higher bioactivity 

with both antibacterial and osteogenic properties. To our 

knowledge, there are no systematic researches on the 

biodegradable Mg alloys modified by the Sr/F-CaP 

coatings. In this work, the effects of Sr/F-CaP coatings 

prepared by MAO under different voltages on the 

microstructure and corrosion behavior of extruded 

Mg-4Zn-1Mn alloy were investigated.  

2 Experimental Procedures 

2.1 Sample preparation 

2.1.1 Substrate 

The high-purity Mg (＞99.99%), high-purity Zn (＞
99.99%) and Mg-5Mn intermediate alloy were used as 

the raw materials. The raw materials were melted using 

an electric resistance furnace protected by the mixed gas 

of 0.3 vol.% SF6, 50 vol.% CO2 and 49.7 vol.% air. The 

alloy melt was purged at 760 °C for 10 min, held at 

720 °C for 15 min, poured into a mild steel crucible 

preheated at 700 °C and cooled at room temperature to 

get the Mg-4Zn-1Mn ingot (Φ100 mm×200 mm). After 

that, the ingot was machined to remove the oxides and 

impurities on the surface to get the initial rod with a 

diameter of 80 mm. For extrusion process, the initial rod 

was preheated at 450 °C and extruded at 380 °C with an 

extrusion rate of 1.5 mm/min and an extrusion ratio of 64 

to obtain the Mg-4Zn-1Mn rod (Φ10 mm×1000 mm). 

Before MAO treatment, the rod was cut into Φ10 mm×3 

mm sheets by the electro-discharge machining. The 

sheets (used as the substrates) were mechanically 

polished, ultrasonically cleaned with distilled water and 

dried in air.  

2.1.2 MAO coatings 

The MAO coatings were fabricated using a 

home-made MAO power supply under a constant voltage 

control mode. The samples and a stainless-steel plate 

with a size of 200 mm×200 mm×1 mm were served as 

the anode and the cathode, respectively. The electrolyte 

was composed of 15 g/L Ca(H2PO4)2·H2O, 15 g/L 

Na3PO4·12H2O, 1.5 g/L CaF2 and 2 g/L Sr(OH)2·8H2O. 

The electrolyte temperature was kept at 20-25 °C by a 

circulating water-cooling system. The samples and 

corresponding MAO processing parameters are listed in 

Table 1. After MAO process, the samples were rinsed 

with distilled water and dried in air.  

Table 1  The samples and corresponding MAO 

processing parameters 

Samples 
Voltage 

(V) 

Frequency 

(Hz) 

Duty cycle 

(%) 

Oxidation 

time (min) 

Sr/F-CaP-400 400 600 30 8 

Sr/F-CaP-450 450 600 30 8 

Sr/F-CaP-500 500 600 30 8 

2.2 Microstructure characterization 

The surface and cross-sectional morphologies of the 

MAO coatings were analyzed by a scanning electron 

microscopy (SEM, Quanta-450, FEI, USA) and an 

energy dispersive X-ray spectrometer (EDS, Oxford 

Instruments, UK). The phase constitutions of the MAO 

coatings were identified by an X-ray diffractometer 

(XRD, D8 Advance, Bruker, Germany) with a Cu Kα 

radiation at a scanning rate of 4
o
/min in the 2θ range of 

10
o～85

o
.  

2.3 Corrosion behavior evaluation 

2.3.1 Electrochemical corrosion tests 

The electrochemical corrosion behavior of the 

samples before and after MAO treatment was studied at 

an electrochemical workstation (CHI660e, CH 

Instruments Inc., China). A typical three-electrode 

system was employed with the samples as the working 

electrode, a platinum electrode as the counter electrode 

and a saturated calomel electrode (SCE) as the reference 

electrode. The measurements were performed in the 

simulated body fluid (SBF) at 37±1 
o
C. The composition 

of the SBF included 8.035 g/L NaCl, 0.355 g/L NaHCO3, 

0.225 g/L
 
KCl, 0.231 g/L

 
KH2PO4·3H2O, 0.311 g/L 

MgCl2·6H2O, 39 mL HCl (1.0M), 0.292 g/L
 
CaCl2, 0.072 

g/L
 
Na2SO4 and 6.118 g/L Tris

[26]
. The electrochemical 

corrosion tests of open circuit potential (OCP), 
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impedance spectroscopy (EIS) and potentiodynamic 

polarization (PDP) were conducted in sequence. The 

OCP values were recorded for 30 min to realize surface 

stabilization. The EIS results were measured with an AC 

amplitude perturbing signal of 5 mV and a scan 

frequency from 100 kHz to 10 mHz. The EIS data were 

fitted by the ZSimpWin software. The PDP curves were 

tested at a scan rate of 1 mV/s with a potential range 

from -2 V/SCE to -1 V/SCE. The PDP data were fitted 

by the CHI660e software.  

2.3.2 Immersion corrosion tests 

The immersion corrosion behavior of the samples 

before and after MAO treatment was investigated in the 

SBF at 37±1 
o
C according to the ASTM-G31-72 standard. 

After different immersion times (2, 6 and 14 days), the 

samples were taken out, rinsed with distilled water and 

dried in air. The morphology and composition of the 

corrosion products at specific immersion time were 

analyzed by the SEM and EDS. The pH value of SBF 

during immersion corrosion tests was monitored by a pH 

meter (PHB-4, INESA Scientific Instrument, Shanghai, 

China). The weight loss of the samples was measured by 

a scale (0.01 mg in accuracy) after removing the 

corrosion products with the chromic acid solution (200 

g/L CrO3 and 10 g/L AgNO3).  

3 Results and Discussion 

3.1 Microstructure 

Figure 1 shows the surface and the cross-section 

morphologies of the samples. The substrate surface is 

relatively smooth and flat, which is convenient for the 

subsequent coating process (Figure 1a). The 

Sr/F-CaP-400 sample surface is characterized by uneven 

crater-like holes and tiny cracks, whose average 

thickness of its MAO coating is about 7.8 μm (Figure 1b 

and 1e). There appears a transverse crack in the MAO 

coating of the Sr/F-CaP-400 sample, which may be 

caused by relatively low voltage of 400 V under a short 

oxidation time of 8 min. The growth rate of MAO 

coating is too small to prepare a thick-enough and 

high-quality coating under low voltage, which leads to 

the formation of a crack perpendicular to the growth 

direction. This can be evidenced by its unfavorable 

surface morphology and smallest average thickness, as 

shown in Figure 1b and 1e. The Sr/F-CaP-450 sample 

surface exhibits a compact morphology with 

homogeneous crater-like holes and its MAO coating has 

an average thickness of 9.2 μm (Figure 1c and 1f). The 

Sr/F-CaP-500 sample surface is featured with a dense 

morphology with various crater-like holes and its MAO 

coating has an average thickness of 11.0 μm (Figure 1d 

and 1g). The porous structure on the surface is generated 

due to the sparks discharge effect occurs in the MAO 

process, which could facilitate the cell growth in some 

degree 
[27]

. The bonding interface between substrate and 

MAO coating becomes tighter as the voltage increases. 

With increasing voltage, the MAO coating shows a 

slightly larger thickness with relatively uniform porous 

structure and inconspicuous cracks. Similar phenomenon 

can also be found in the reference
[28]

.  

 

Figure 1  (a-d) surface and (e-g) cross-section 

morphologies of the samples: (a) substrate, (b, e) 

Sr/F-CaP-400, (c, f) Sr/F-CaP-450, (d, g) Sr/F-CaP-500 

The chemical compositions of the samples are 

summarized in Table 2. The substrate is composed of 

97.45 Mg, 2.03 Zn and 0.52 Mn (in at.%), whose 

chemical composition is close to the Mg-4Zn-1Mn alloy. 

For the MAO coatings, their chemical compositions 

include O, Mg, P major elements and Na, F, Ca, Zn, Ca, 

Sr minor elements, indicating that the Sr/F containing 

CaP coatings are deposited on the substrate surface.  

Table 2  Chemical compositions of the samples (in at.%) 

Samples Mg Zn Mn O Sr F Ca P Na 

Substrate 97.45 2.03 0.52 — — — — — — 

Sr/F-CaP-400 24.00 0.58 — 60.39 0.15 1.41 0.31 10.99 2.17 

Sr/F-CaP-450 23.99 0.31 — 59.74 0.13 1.20 0.17 12.13 2.33 

Sr/F-CaP-500 22.71 0.21 — 61.13 0.15 1.08 0.29 12.49 1.94 

3.2 Corrosion behavior 

Figure 2 demonstrates the EIS results of the samples 

in SBF at 37
 o
C. As shown in Figure 2a, the Nyquist plots 

of the samples consist of two parts: a capacitive 

reactance arc in the high-frequency region and an 

inductive reactance arc in the low-frequency region. 

Usually, a larger arc implies a higher anti-corrosion 

ability 
[29-30]

. The MAO coatings exhibit larger capacitive 

reactance arc and inductive reactance arc than those of 

the substrate, suggesting that the former samples possess 

better corrosion resistance. The equivalent circuit for the 
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Nyquist plots is shown in Figure 2b and the fitting data 

are listed in Table 3. Here, the Rs is the solution 

resistance. The CPE1 and CPE2 represent the capacitive 

response of the corrosion products layer and the 

capacitance value at the solution/substrate interface, 

respectively. The R1 and R2 refer to the resistance of 

corrosion products layer (outer layer) and the charge 

transfer resistance (inner layer), respectively. It is noted 

that the samples have a higher R2 value and a lower R1 

value, which demonstrates that the inner layer has a 

greater effect on the corrosion resistance than the outer 

layer. A similar result can also be found in the 

reference
[31]

. The Rp (R1+R2) can be used to evaluate the 

corrosion resistance of the samples, which increases in 

the order of substrate (511.0 Ω·cm
2
) ＜ Sr/F-CaP-400 

(2150.1 Ω·cm
2
) ＜  Sr/F-CaP-500 (2887.3 Ω·cm

2
) ≈ 

Sr/F-CaP-450 (2830.3 Ω·cm
2
).  

 

Figure 2  EIS results of the samples in SBF at 37
 o
C: (a) 

Nyquist plots, (b) equivalent circuit 

 Figure 3 presents the PDP curves of the samples in 

SBF at 37 
o
C. The electrochemical parameters fitted 

from the PDP curves are listed in Table 4. Generally, the 

Ecorr represents the anti-corrosion ability of the coating 

and the icorr indicates the corrosion rate once corrosion 

happens. A combination of larger Ecorr and smaller icorr 

usually stands for a better corrosion behavior
[32]

. The 

Ecorr value of the substrate is about -1.570 V/SCE, while 

the Ecorr value of the MAO coatings shows a slightly 

positive shift to -1.465 V/SCE, -1.502 V/SCE and -1.469 

V/SCE for the Sr/F-CaP-400, Sr/F-CaP-400 and 

Sr/F-CaP-400 samples, respectively. Furthermore, the icorr 

value increases in the order of Sr/F-CaP-450 (1.01×10
-6

 

A·cm
-2

) ≈ Sr/F-CaP-400 (1.10×10
-6

 A·cm
-2

) ＜ 

Sr/F-CaP-500 (1.94×10
-6

 A·cm
-2
) ＜ ＜  substrate 

(5.69×10
-5
 A·cm

-2
). This suggests that the MAO coatings 

can improve the corrosion behavior of Mg alloy to some 

extent. Similar results have been obtained by Shang et al 
[33]

. 

 

Figure 3  PDP curves of the samples in SBF at 37 
o
C 

Table 4  Electrochemical parameters of corrosion 

potential (Ecorr) and corrosion current density (icorr) fitted 

from the PDP curves 

Samples Ecorr (V/SCE) icorr (A·cm
-2

) 

Substrate -1.570 5.69×10
-5

 

Sr/F-CaP-400  -1.465 1.10×10
-6

 

Sr/F-CaP-450  -1.502 1.01×10
-6

 

Sr/F-CaP-500  -1.469 1.94×10
-6

 

Figure 4 displays the corrosion morphologies of the 

samples after immersion in SBF at 37 
o
C for 2, 6, 14 

days. After 2 days immersion, the substrate surface is 

obviously corroded to show lots of cracks (Figure 4a). 

From Figure 4b-4d, the surfaces of MAO coatings suffer 

varying degrees of corrosion. Comparatively, the 

corroded surfaces of MAO coatings remain relatively 

intact, which is evidenced from the compact morphology 

underneath the upper corrosion products layer. After 6 

days immersion, the substrate surface is filled with deep 

corrosion cracks and variously sized corrosion fragments, 

which implies a corrosion tendency to the depth direction 

(Figure 4e). From Figure 4f-4h, the surfaces of MAO 

coatings exhibit a compact and uniform corrosion 

morphology. The corrosion cracks formed after 2 days 

immersion become less and smaller due to the deposition 

of corrosion products layer. It is noted that the surface of 

Sr/F-CaP-500 sample still remains some crater-like holes, 

suggesting that its MAO coating is not completely 

corroded during 6 days immersion. In addition, corrosion 

continues as the immersion time further increases to 14 days. 

The substrate surface is covered by randomly distributed 

Table 3  Fitting data of the EIS results 

Samples 
Rs 

(Ω·cm2) 

CPE1 

(Ω-1·cm-2·s-n) 
n1 

R1 

(Ω·cm2) 

CPE2 

(Ω-1·cm-2·s-n) 
n2 

R2 

(Ω·cm2) 

Rp 

(Ω·cm2) 

Substrate 45.36 2.35×10-5 0.80 122.0 7.57×10-4 0.77 389 511.0 

Sr/F-CaP-400 34.90 2.01×10-5 0.66 521.1 9.18×10-5 0.99 1629 2150.1 

Sr/F-CaP-450 34.76 1.22×10-5 0.68 890.3 5.63×10-5 0.80 1997 2887.3 

Sr/F-CaP-500 41.11 2.65×10-5 0.64 887.3 5.73×10-5 0.84 1943 2830.3 
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irregular corrosion products (Figure 4i). From Figure 4j-4l, 

there exist many blocky corrosion products on the corroded 

surfaces of MAO coatings. The blocky corrosion products 

tend to form a protective layer under higher voltage, which 

could retard further corrosion for the substrate.  

Figure 5 illustrates the changes in pH value of the 

SBF and weight loss/weight loss rate of the samples 

during immersion corrosion tests. As shown in Figure 5a, 

the pH value of SBF increases rapidly in initial 

immersion period and then increases slowly in 

subsequent immersion period for all the four samples. 

The final pH value of SBF increases in the order of 

Sr/F-CaP-500 (7.71) ＜  Sr/F-CaP-450 (7.81) ＜ 

Sr/F-CaP-400 (7.87) ＜ substrate (8.12). This increase 

in pH value of SBF is owing to the solution alkalization. 

As reported in the reference 
[34]

, both corrosion of Mg 

(Mg + 2H2O = Mg(OH)2
 
+ H2) and hydration of MgO 

(MgO + 2H2O = Mg(OH)2) exist on the surface of Mg 

alloys immersed in the corrosive media of SBF. The 

above reactions release abundant OH
-
 into the solution, 

which leads to the increase in pH value of SBF. An 

obvious reduction in pH value of SBF is observed for the 

MAO coatings compared with the substrate sample, 

indicating that the corrosion rate of Mg alloy is mitigated 

after MAO treatment. As shown in Figure 5b, the weight 

loss of samples increases with increasing immersion time, 

suggesting that corrosion continues during the immersion 

duration. After 14 days immersion time, the average 

weight loss increases in the order of Sr/F-CaP-500 (10.06 

mg/cm
2
) ＜  Sr/F-CaP-450 (11.72 mg/cm

2
) ≈ 

Sr/F-CaP-400 (12.23 mg/cm
2
) ＜  substrate (17.45 

mg/cm
2
) and it is reduced by 57.65%, 67.16% and 70.09% 

in comparison with that of substrate. Moreover, the 

weight loss rate of samples has a descending tendency as 

the immersion time increases, implying that the 

corrosion products layer has some protective effect on 

the substrate. At the end of 14 days immersion time, the 

average weight loss rate increases in the order of 

Sr/F-CaP-500 (0.72 mg/cm
2
/day) ＜  Sr/F-CaP-450 

(0.84 mg/cm
2
/day) ≈ Sr/F-CaP-400 (0.87 mg/cm

2
/day) 

＜ substrate (1.25 mg/cm
2
/day).  

Figure 6 shows the SEM-EDS analysis of the 

corrosion products on the surface of substrate and 

Sr/F-CaP-500 samples after immersion in SBF for 14 

days. The Sr/F-CaP-500 sample with the lowest 

corrosion rate is selected to investigate the corrosion 

products with the substrate sample being the control. In 

Figure 6a, the corrosion products on the surface of 

substrate exhibits coarse granular shape, whose 

composition is composed of 49.89 O, 1.67 Na, 8.04 Mg, 

15.53 P, 23.06 Ca, 0.64 Mn and 1.17 Zn (in wt.%). In 

Figure 6b, the corrosion products on the surface of 

Sr/F-CaP-500 sample exhibits tiny acicular shape, whose 

composition is composed of 56.99 O, 34.79 Mg, 1.41 P and 

6.82 Cl (in wt.%). The existence of MAO coating alters the 

formation process of corrosion products layer, which results 

in an improved corrosion behavior to some extent.  

Figure 7 shows the schematic diagrams of possible 

corrosion mechanisms before and after MAO treatment. 

From Figure 7a, the substrate with a strong chemical 

activity easily reacts with H2O in SBF to form Mg(OH)2 

and generate H2. The Mg(OH)2 is unstable and can react 

with corrosive ions like Cl
-
 to form soluble MgCl2. After 

corrosion, there appear various corrosion pits on the 

surface. From Figure 7b, the MAO coatings can protect 

the substrate from corrosion in the initial corrosion period. 

As corrosion progresses, some random corrosion pits are 

formed on the MAO coatings, which gives a few passages 

for corrosive media and induces the corrosion of substrate. 

Because of the bilayer structure of MAO coatings (dense 

inner layer and porous outer layer), there tends to deposit 

more uniform and compact corrosion products layer on the 

surface. In summary, the MAO coatings can block the 

corrosive media from reaching the substrate and they also 

have good corrosion resistance, which retards the 

corrosion of substrate in the initial corrosion period.  

 

Figure 4  Corrosion morphologies of the samples after immersion in SBF at 37 
o
C for 2 days, 6 days and 14 days 
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Figure 5  Changes in (a) pH value of the SBF, (b) weight loss/weight loss rate of the samples during immersion 

corrosion tests 

 

Figure 6  SEM-EDS analysis of the corrosion products on the surface of (a) substrate, (b) Sr/F-CaP-500 after 

immersion in SBF for 14 days 

 

Figure 7  Schematic diagrams of possible corrosion 

mechanisms: (a) before and (b) after MAO treatment 

It should be pointed out that there exists a certain 

disagreement in corrosion rate of the same sample 

between electrochemical corrosion result and 

immersion corrosion result. The best corrosion 

resistance is found for the Sr/F-CaP-450 sample and 

Sr/F-CaP-500 sample with respect to electrochemical 

corrosion tests and immersion corrosion tests, 

respectively. The reasons can be ascribed to the 

following two reasons: Firstly, the electrochemical 

corrosion tests are non-equilibrium and short-term 

corrosion evaluation method. Their results are mainly 

determined by the surface passivation that are affected by 

the cracks, holes, chemical compositions, etc. Secondly, 

the immersion corrosion tests are equilibrium and 

long-term corrosion evaluation method. Their results are 

influenced by the stability of corrosion products layer. 

Overall, the Sr/F-CaP MAO coatings fabricated under 

450-500 V possess better corrosion resistance, which can 

provide the substrate a better protective effect.  

4 Conclusion 

The microstructure and corrosion behavior of 

Mg-4Zn-1Mn alloy surface modified by Sr/F-CaP MAO 

coatings have been studied. The main conclusions are as 

follows:  

(1) The Sr/F-CaP MAO coatings bonded well with 

the Mg-4Zn-1Mn alloy. They exhibited uneven 

crater-like holes and tiny cracks under 400 V voltage and 

showed relatively homogeneous crater-like holes without 

cracks under 450 V and 500 V voltages. The thickness of 

MAO coatings increased from 7.8 μm to 11.0 μm as the 

voltage increased from 400 V to 500 V.  

(2) The short-term corrosion behavior evaluated by 

electrochemical corrosion tests indicated that the MAO 

coatings could reduce the corrosion rate of substrate. The 

Sr/F-CaP-450 sample with the largest Rp value (2830.3 

Ω·cm
2
) and smallest icorr value (1.01×10

-6
 A·cm

-2
) had 

the lowest corrosion rate.  

(3) The long-term corrosion behavior assessed by 

immersion corrosion tests demonstrated that the 
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corrosion resistance of substrate could be enhanced by 

the MAO coatings. The Sr/F-CaP-500 sample with the 

smallest weight loss (10.06 mg/cm
2
) and weight loss rate 

(0.72 mg/cm
2
/day) after 14 days immersion time 

exhibited the best corrosion resistance.  
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Abstract 

The utilization of biowaste to the activated carbon (AC) as electrode material is conducive to alleviating the energy crisis and 

promoting the high value-added. The popular KOH activation has been applied for years, but rare report clarified the difference of 

dry and wet activation, with which the batch producing technique could be different. Here nitrogen doped hierarchical AC was 

derived from wood chip by a wet or dry KOH activation. The surface area, framework structure and surface feature were 

characterized to reveal the effect of wet and dry activation. 1.44 at% of nitrogen doped AC was made by dry KOH activation, which 

was higher than the AC derived from wet KOH activation with 1.36 at% of nitrogen. Their electrochemical properties were 

investigated in 6 mol L-1 of KOH, the capacitance of wAC was 401 F g-1 at 0.5 A g-1, but dAC possessed a capacitance of 215 F g-1. 

These indicated that AC obtained by using wet KOH activation displayed a potential application in energy field. 

Keywords: Activated carbon; KOH activation process; supercapacitor 

 

1 Introduction 

Biowaste-derived activated carbon (AC) has been 

widely used in adsorbents
[1,2]

, electrocatalysts
[3,4]

 and 

other fields with possessed features, such as high specific 

surface area, flexible pore size distribution and 

adjustable surface features with heteroatoms
[5]

. Specially, 

their functional groups and morphological characteristics 

are closely related to the electrochemical performance by 

enhancing the diffusion of electrolyte ions 
[6]

. As a 

double-layer capacitance, the cycle life of AC electrode 

is often higher than the metal oxides, which was ascribed 

to the pseudocapacitor 
[7]

. It is confirmed that the 

micropores determine the space for charge storage and 

the reasonable pore structures decide the kinetics of 

current charging and discharging 
[8]

. While, to meet the 

demand for industrial mass production the technology 

challenges the activation process of KOH.  

Some reports adopted dry-mixing or wet-mixing 

KOH activation to obtain the AC 
[9-10]

. Under the premise 

of ensuring catalysts active, a higher requirement is 

putting forward to reducing the amount of KOH. By 9 

mass ratio of wet KOH activation,
 
AC derived from 

willow wood displayed a surface area of 2800 m
2
 g

-1
 and 

a capacitance of 394 F g
-1

 at 1 A g
-1[9]

. The 

Celery-derived AC with polyaniline as a nitrogen source 

was prepared by four-times of KOH solution
[11]

, which 

capacitance could reach to 402 F g
−1

 in H2SO4 (1 mol L
-1

) 

at 1 A g
−1

. However, the differences of microporous 

structure and functional group contents in carbon might 

affect the electrochemical feature and the biomass sources 

are unique with a specific activation process for their own 
[12]

. It is still in question for limiting the consumption of 

KOH and finding a matched activation technique. 

Here, KOH activation by dry or wet mixing have 

been chosen to construct nitrogen doped AC from wood 

chip. The physical feature was characterized and the pore 

structure was discussed to illustrate the effect of 

activation process. The related capacitance was evaluated 

with cyclic voltammetry (CV) test and 

charging-discharging performance in a two-electrode 

system. The results could highlight the activating 

technique for batch production of AC in the future. 

2 Experimental Details 

All the chemicals purchased from Sigma Aldrich Co. 
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Ltd was directly used without any pretreatment. Wood 

chip was collected from Korla, Xinjiang and cleaned 

with water to remove the surface dust. 

2.1 Preparation process 

First, 5 g of wood chip was carbonized in nitrogen 

flow (60 mL min
-1

) in a tube furnace at 500 °C for 2 h, 

for which 10 °C min
-1

 of rate was kept from room 

temperature to final. Then the collected sample was 

mixed with two mass ratios of KOH. For wet KOH 

activation, 20 ml of distilled water was added and 

stirred overnight for 12 h, following the activation was 

set at 800 °C for 2 h with same setting program. For 

dry KOH activation, the KOH is fully grinded with the 

carbonized AC for half an hour. After activation, all 

the samples were neutralized with 1 mol L
-1

 of HCl 

and distilled water. Finally, drying them in the oven at 

80 °C and the collected sample was named wAC and 

dAC, respectively. 

2.2 Characterizations 

To understand the porous feature of the sample, 

nitrogen adsorption-desorption isotherms analyzer 

(Quantachrome Autosorb-1 MP) were taken at liquid-N2 

temperature (-196 ºC). The surface area was calculated 

by Brunauer-Emmett-Teller (BET) method and pore size 

distribution was deduced by Non-Local Density 

Functional Theory (NLDFT) 
[13]

. The morphology of the 

samples was observed from scanning electron 

microscope (SEM, JSM-6490LV); Transmission electron 

microscope (TEM, JEM 1010) was used to record the 

microstructure. Raman scattering spectra were recorded 

by Renishaw InVia with 532 nm excitation light source. 

To reveal the detail surface structure, the X-ray 

photoelectron spectroscopy (XPS, Thermo ESCALAB 

250) was taken with irradiation source monochromatic 

Al Kα radiation (150 W, 15 kV, and 1486.6 eV) in an 

evacuated chamber (5.2*10
-9

 mbar). High resolution 

spectra were performed to explore the local environment 

of each element at a fixed angle of 90 º. C1s (284.6 eV) 

was used to calibrate the energy scale.  

2.3 Electrochemical tests  

Nickel foam was selected as working electrode 

collector with 1cm
2
 active area. Ethanol was used as the 

dispersible solvent. 10 mg of sample was first mixed 

with acetylene black and polytetrafluoroethylene (60 

wt%), by keeping a mass ratio of 75:25:5. Then the 

mixture was pressed under 20 MPa for 20 s to form the 

electrode. Before test, the work electrode was fully 

infiltrated in KOH electrolyte (6 mol L
-1

) for 10 h. The 

galvanostatic discharge-charge cycling tests were 

measured on LAND testing system.  

Cyclic voltammetry (CV, -1 to 0 V) and 

electrochemical impedance spectroscopy (EIS, 10 mHz 

to 100 kHz) were tested by an electrochemical 

workstation (IM6&ZENNIUM). Three electrode system 

was designed with a reference electrode Hg/HgO and the 

counter electrode was a platinum electrode in KOH 

electrolyte (6 mol L
-1

). EIS was recorded at open circuit 

voltage under disturbance voltage of 5 mV.  

The specific capacitance of the two-electrode 

system was obtained with the equation (1). The energy 

density (E) and power density (P) were derived from the 

equation (2) and (3). 

Equation: 

  
    

   
              (1) 

  
 

     
              (2) 

  
     

  
             (3) 

Where C (F g
-1

) relates to the specific capacitance, I 

(A) is the electric current,  t (s) is the discharge time, m 

(g) is the mass of active carbon,  V (V) is potential 

difference, E (Wh kg
-1

 is energy density, P (W kg
-1

) is 

power density.  

3 Results and Discussions 

N2 adsorption-desorption isotherm was shown in 

Figure 1a. The calculated SBET of wAC is 1793 m
2 

g
-1

 

with the total volume (Vtotal) of 1.045 cm
3 

g
-1

. While, 

SBET of dAC is 1429 m
2 

g
-1

 with the Vtotal of 0.703 cm
3 
g

-1
. 

According to the NLDFT method
[13]

, the pore size 

distribution of wAC mainly locates at around 0.59 and 

1.67 nm. For dAC, the pore size is around 0.59 nm and 

1.48 nm, as represented in Figure 1b. The results indicate 

that wet KOH activation could be helpful to obtain the 

carbon with a higher SSA and larger pore volume than 

dry KOH activation. We believe that, due to the KOH 

solution is fully impregnated into the pores of the 

carbonized material, wAC with a richer microporous 

structure. Raman spectra revealed the structure of AC 

with the ratio of G band (1600 cm
-1

 fitting to graphite 

structure, sp
2
) and D band (1350 cm

-1
 fitting to 

amorphous structure, sp
3
)

[14]
. As represented in Figure 1c, 

more defects exist in wAC corresponding to the ID/IG 

values of 1.07 (dAC with 1.05), which confirm that the 

wet KOH causes more amorphous carbon structure than 

that through dry activation. The pores in carbon 

framework could be immersed thoroughly with KOH 

solution. The SEM images of dAC displayed an irregular 

structure like megalithic array (Figure 1d). But wAC 

showed a cauliflower-like morphology (Figure 1e), 

suggesting that the activation in solution is vigorous 

comparing to grinding way. TEM images display the 

irregular micropores as shown in Figure 1f and 1g. The 

related inset images clearly show that the abundant pore 

structure in wAC.  

The function groups of the samples were 

javascript:;
javascript:;
javascript:;
javascript:;
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investigated by XPS (Figure 2a). The elements of C1s, 

N1s and O1s existed in wAC and dAC. There are more 

C1s (89.49 at%) contained in dAC, which is slightly 

higher than wAC (88.79 at%). dAC has 9.06 at% O1s 

less than wAC (9.85 at%). High content of nitrogen is 

formed during dry KOH activation (1.44 at%), 

comparing to wAC (1.35 at%).  The C 1s spectra of the 

samples at around 284.6, 285.5, 286.8 and 289.1 eV are 

assigned into four bonding configurations, C=C, 

C-O/C-N, C=O/C=N and O-C=O, as represented in 

Figure 2b. The O1s core energy level spectra is at around 

531.5, 532.5, 533.7, and 534.7 eV, fitting to the group of 

O=C, O-C, O-N, and water or chemisorbed O2/CO2 
[15]

 in 

Figure 2c.  

N1s spectra in Figure 2d, is at around 398.8, 399.8, 

401.6 and 403.1 eV, which represent four groups of 

pyridine-N, pyrrole-N, graphitic-N and pyridine N
+
-O

-
. 

The wet activation process may introduce more 

pyrrolic-N (0.65 at%). While dry activation represents 

more pyridine-N (0.69 at%) and no pyridine N
+
-O

-
 groups. 

This suggests that the activation process not only affect the 

surface feature and porous structure, the nitrogen species 

might be tuned during the activation. Since the alkali 

solution is more thoroughly interacted with carbon atoms 

and more functional groups could be formed, the design on 

heteroatoms type might be successful. All peaks 

information had been summarized in Table1. 
The elecochemical nature of dAC and cAC was 

discussed through the CV curves. The large square area 

is obvious for wAC, indicating that rich micropores in 

wAC contribute to a good performance in electric double 

layer capacitance (Figure 3a, 3b).  

 

Figure 1  N2 adsorption-desorption isotherms (a) and pore size distribution (b), Raman spectra (c), SEM images (d) 

and (e), TEM images (f) and (g) of dAC and wAC 

Table 1  The summary of quantitative elements and the fitting peak information of the wAC and dAC by XPS  

Bond assignment Binding energy (eV) wAC (at.%) dAC (at.%) 

C1s  88.79 89.49 

C=C sp2 284.6 57.12 58.18 

C-O (phenolic, alcoholic, ether), C–N (carbon–

nitrogen structures) 
285.5 8.39 8.10 

O-C=O (carboxyl or ester) 286.8 10.09 9.36 

π→π*, π-electrons in aromatic rings 289.1 13.19 13.85 

O 1s  9.85 9.06 

O=C (in carboxyl/carbonyl) 531.5 4.05 3.92 

O-C (in phenol/epoxy) 532.5 3.14 2.55 

N-O 533.7 1.83 1.60 

Water or chemisorbed O2, CO2 534.7 0.83 0.99 

N 1s  1.36 1.44 

pyridine-N 398.8 0.30 0.69 

pyrrole-N 399.8 0.65 0.48 

graphitic-N 401.6 0.27 0.27 

pyridine N+-O- 403.1 0.14 --- 
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Figure 2  The XPS survey spectra (a) and high-resolution core energy level spectra of C1 (b), O1s (c), and N1s (d) of 

dAC and wAC 

 

Figure 3  Cyclic voltammetry (CV) curves of dAC (a) and wAC (b), the Nyquist plots in a three-electrode system of 

dAC and wAC (c), the GCD curves of dAC (d) and wAC (e) in a two-electrode cell, the cycle life test at1A g
-1

 of dAC 

and wAC (f) 

The EIS was recorded at the open circuit voltage in 

Nyquist plot (Figure 3c). The curves of the samples 

display a semi-arc and a straight line, which might be 

ascribed to the dynamic processes of charge transfer and 

mass transfer
[16]

. The wAC possesses a small semicircle 

diameter than dAC, indicating a low electrical resistance 

and good electrical conductivity. This must be 

contributed by microporous structure and nitrogen doped. 

Then the two-electrode system of the GCD tests were 

recorded in 6 mol L
-1

 of KOH. the curves in Figure 3d 

and 3e keep the typical triangular shape at different 

current density. It is obvious that the wAC shows a long 

charging-discharging time. The calculated capacitance of 

wAC and dAC from equation (1) is 200 and 134 F g
-1 

at 

1 A g
-1

. The capacitance of the samples is comparable 

with some literatures
 [17-21]

, which are summarized in 

Table 2. We may see that bio-precursors possess different 

surface area and capacitance even with same activating 

dosage. Thus, preparing AC with electrochemical feature 

needs to load a specific procedure for their own.  

The related energy density and power density were 

obtained from equation (2) and (3). The wAC has a high 

energy density of 55 Wh kg
-1 

and power density of 1980 W 

kg
-1

. This result is better than mesopores AC with Black 

locust seed dregs as the carbon source, its energy density is 

26.2 Wh kg
-1 

and power density is 790 W kg
-1[22]

. Cyclic 

stability was measured by GCD at 1 A g
-1

. From Figure 3f, 

wAC electrode has the capacitance retention 75.5% after 

1000 cycles GCD test, and the nearly capacitance retention 

76.1% in dAC. Obviously, dry mixing is inadequate in 

contacting the inner surface of carbon 
[23]

. The wet mixing 

activation consumes an immersion residence time, that may 

guarantee the carbon precursor sufficiently absorb KOH to 

create a functional carbon material.
 

Table 2  Summary of capacitance performances of 

carbon materials reported in various literature studies in 

6 mol L
-1

 of KOH at three electrode system
 

Materials 
KOH 

ratio* 

Activating 

method 

SBET (m
2 

g-1) 

C (F 

g-1) # 
Refs. 

Soy root 4 wet 2690 328 [17] 

Natural 

casings 
4 wet 2512 290 [18] 

White 

sugar 
3 wet 713 242 [19] 

pectin 2 wet 2928 338 [20] 

Tea leaves 2 dry 912 167 [21] 

Wood chips 
2 dry 1429 191 This 

work 2 wet 1793 289 

# The capacitance was recorded at 1A g-1. 
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4 Conclusion 

In this paper, nitrogen-doped AC was obtained from 

wood chips by wet and dry activation processes with 

KOH. A low surface area could be obtained during dry 

activation with 1429 m
2 

g
-1

, but with high content of 

nitrogen (1.44 at%). On the contrary, wAC possessed a 

surface area of 1793 m
2 

g
-1

 and the nitrogen retention 

is1.36 at%. For nitrogen species, pyridine-N in dAC is 

0.69 at%, higher than that of wAC (0.3 at%). While, 

pyrrole-N in dAC is 0.48 at%, lower than that of wAC 

(0.65 at%). As a consequence, 200 F g
-1

 could be reached 

for wAC, which is higher than dAC (134 F g
-1

). 

Meanwhile, wAC has an energy density of 26.6 Wh kg
-1

 

at a power density of 484 W kg
-1

, which is higher than 

commercial activated carbon. The wet activation 

promotes large surface area and rich micropores. 

Although more nitrogen element may loss during the 

activation process, more oxygen-containing groups are 

embedded in carbon framework, which may provide 

predictable benefits for designing the expected carbon 

framework. We confirm that the wet activation method 

has obvious advantages over the dry activation method 

as an efficient bulk processing technique. 
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Abstract 

In order to study the effects of three factors, namely, premixed gas concentration, number of pressure relief ports and number of 

obstacles, on the overpressure characteristics of gas explosion and flame structure of gas chambers in utility tunnels, in this paper, a 

small and narrow experimental platform for gas explosion was constructed to study the evolution mechanism and law of the kinetic 

characteristics and flame behavior of gas explosion in utility tunnels, with a view to revealing the special influencing mechanism of 

the overpressure characteristics and flame behavior of gas explosion in utility tunnels. The results show that in the methane 

concentration of 9.5% when the explosion overpressure reaches its peak, and at the same time by the utility tunnel long and narrow 

restricted space, the explosion generated by the precursor shock wave along with the flame compression wave were superimposed on 

both ends of the pipeline back and forth for many times so that the overpressure waveforms are cyclic oscillatory trend, increasing 

the explosion hazards; compared with the closed conditions, the relief port on the overpressure characteristics of the significant 

impact of the maximum decrease of 57.7%, when the frequency of overpressure oscillation is reduced, the gas explosion generated 

by the overpressure damage is reduced; the presence of obstacles significantly affects the flow field, accelerates the flame 

propagation and leads to greater overpressure peaks and overpressure oscillations. The conclusions of the study can provide a basis 

for the safety of natural gas in utility tunnels. 

Keywords: Utility tunnels, gas explosions, explosion overpressure, overpressure oscillations, flame development 

 

1 Introduction 

With the advancement of urban modernization, 

underground utility tunnels have become an important 

way to solve the problem of arranging various pipeline 

facilities 
[1]

, and gas pipelines are allowed to be included in 

the utility tunnel and independently into compartments 
[2-5]

. 

However, in recent years, a number of gas leakage and 

explosion accidents in Shandong Huangdao, Kaohsiung, 

Taiwan, Songyuan, Jilin and other places have caused 

major casualties and property losses, which has sounded 

the alarm for the safe operation of gas compartments in 

utility tunnels. Therefore, how to reduce the occurrence 

of gas explosion accidents in utility tunnels, control the 

threat of gas explosion that exists at any time, and reduce 

the casualties and property losses that it may be caused 

has become one of the major topics that we urgently need 

to study. 

Some scholars conducted experimental research on 

the characteristics of gas explosions and related issues in 

confined spaces. Wang Dongwu and Du Chunzhi 
[6]

 

studied the explosion process and propagation 

characteristics of gas-air mixtures with different masses 

or concentrations. They analyzed that the peak value of 

the maximum explosion pressure during gas explosion is 

larger. Moreover, with the increase of gas volume, the 

position of the maximum peak pressure closer to the 

ignition source, and the absolute value of flame 

propagation speed increases significantly. Wang Quan et 

al. 
[7]

 studied the flame propagation characteristics of 

premixed methane and air gases in acrylic glass pipelines. 

They found that the pressure signal at the measuring 

point after ignition and the light signal jumped 

synchronously, but there was a peak pressure after the 

peak light moment, and the pressure duration was longer. 

Zheng Xingzhong et al. 
[8]

 investigated the influence of 

methane concentration and ignition energy on flame 

propagation through explosion experiments. The results 

showed that when the methane concentration was 10%, 

the explosion energy, flame propagation time, and 

destructive effects were the greatest. When the ignition 

energy was not less than 1 J, the flame length increased 

steadily; otherwise, the flame length would rapidly rise. 
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And other scholars also investigated the flame and 

pressure propagation characteristics during natural gas 

pipeline explosions 
[9-11]

. 

Meanwhile, some scholars conducted experimental 

and simulation studies on actual engineering of utility 

tunnels, exploring the effects of external factors such as 

relief vents and obstacles on gas explosions within the 

tunnels. G.Tomlin 
[12]

 conducted 38 explosion 

experiments with a gas concentration of 9.5% to study 

the influence of different venting areas on the degree of 

container explosion damage. It was found that too small 

venting areas or excessively large venting valve 

thresholds would exacerbate the explosive damage 

effects. Moen 
[13]

 and Barry 
[14]

 et al. utilized a computer 

model combining the discrete vortex method with flame 

interface algorithm to study the acceleration of premixed 

flames propagating through stagnant obstacles in planar 

channels. The research findings revealed that obstacles 

caused a sudden contraction of airflow, resulting in initial 

acceleration of the flame. Combustion generated airflow 

forming turbulent recirculation zones downstream of the 

obstacles, where the flame interacted with turbulent 

vortices, increasing the combustion rate. Consequently, 

the velocity field within the channel intensified, further 

accelerating the flame. Jiang Jiahong 
[15]

 conducted 

numerical simulations of gas chamber explosions in 

utility tunnels using FLUENT. The results indicated that 

the length of accumulated premixed gas in the sealed 

utility tunnels had the most significant influence on the 

explosion intensity, while the impact of the tunnel 

cross-sectional shape was negligible. The size of 

openings in partially open utility tunnels would affect the 

overpressure intensity within the tunnels, with the 

venting effect strengthening as the opening size 

increased. Xu et al.
[16]

 utilized FLACS to investigate four 

different designs of venting layouts while simultaneously 

conducting gas dispersion and explosion simulations. 

The research findings indicated that under the action of 

venting, the size of the leaked gas cloud primarily 

depended on the distance from the leakage point to the 

vent. Properly setting up venting layouts could 

significantly reduce the maximum explosion 

overpressure from 2.23 bar to 1.97 bar. Wang et al. 
[17]

 

developed a numerical model for gas explosions in large 

tunnels. Their study revealed that gas explosions in 

utility tunnels could be divided into three stages based on 

pressure and flame development: the 

combustion-induced rise stage, the oscillation rise stage, 

and the oscillation fall stage. Furthermore, setting up side 

ventilation ports near the end of the tunnels could reduce 

peak pressure by 42%～78% and oscillation peak by 

35%～87%. In summary, researchers both domestically 

and internationally focused their studies on the 

characteristics of gas explosions within confined spaces. 

However, unlike typical confined spaces, utility tunnels 

due to their elongated structure, are highly susceptible to 

transitioning from deflagration to detonation in the event 

of a gas explosion 
[18]

. However, researchers have 

primarily utilized numerical simulation methods for 

studying the combustion and explosion characteristics of 

utility tunnels, lacking consideration for factors such as 

the complex layout of auxiliary facilities and dynamic 

ventilation conditions within the tunnels. Moreover, there 

is insufficient experimental data available. Therefore, to 

support accident consequence assessment and the 

formulation of safety protection strategies in the event of 

explosions in utility tunnels, there is an urgent need to 

conduct gas explosion experimental research that 

conforms to real tunnel scenarios. This will provide 

essential data with high confidence levels required for 

validating numerical computational models, thereby 

offering crucial insights for disaster prevention and 

mitigation designs in urban utility tunnels. 

This study aimed to address the characteristics of 

gas explosions in utility tunnels. By referencing national 

standards and literature, key influencing factors of gas 

explosion characteristics in utility tunnels were identified. 

Subsequently, a small-scale, elongated, confined space 

explosion experimental platform was constructed to 

analyze the behavior of explosion flames and changes in 

overpressure characteristics under the influence of these 

key factors. The objective was to reveal the evolutionary 

patterns and mechanisms of gas explosion flame 

characteristics within elongated underground spaces 

systematically. Ultimately, this research seeks to enhance 

the theoretical understanding of gas explosions in 

elongated confined spaces and provide technical support 

for the safety management of gas explosion accidents in 

urban utility tunnels. 

2 Explosion Experimental Platform 

2.1 Experimental system 

Due to the complexity of factors affecting methane-air 

explosions in elongated confined spaces, and the coupled 

effects among various parameters, the explosion 

development process is inherently complex. Describing the 

explosion characteristic parameters within elongated spaces 

is therefore challenging 
[19].

 Therefore, this paper relied on 

the Oil and Gas Fire and Explosion Dynamics Laboratory, 

considering the spatial elongation and complex internal 

structure of the gas chamber in utility tunnels, constructed a 

small-scale elongated pipeline gas explosion experimental 

platform, as shown in Figure 1. 

 

Figure 1  Schematic Diagram of the Experimental 

Setup 



 

16                                                           Research and Application of Materials Science  Vol. 5  No.2  2023 

2.2 Experimental setup 

The small-scale elongated pipeline gas explosion 

experimental platform mainly consists of the 

experimental pipeline, pressure acquisition system, 

image acquisition system, gas distribution system, and 

ignition system. Some of the components are shown in 

Figure 2. 

 

Figure 2  Experimental Equipment 

(a) Experimental pipeline (with viewing window); (b) 

Pressure sensor; (c) High-speed camera;(d) Pressure collector; 

(e) Flow meter; (f) Air compressor 

2.3 Experimental conditions 

Before the experiment, it is necessary to check the 

airtightness of the pipeline and ensure that the system is 

functioning properly. After confirming that everything is 

in order, gas distribution can begin. The gas is regulated 

by gas flow meters to achieve the desired gas 

concentration, and a mixed gas equivalent to four times 

the volume of the experimental pipeline is continuously 

introduced. After the gas is introduced, both valves on 

the sides are closed, and the system is left to stabilize for 

30 seconds to ensure uniform mixing of the premixed gas 

inside the pipeline. The electric igniter switch is then 

turned on to ignite the gas, while simultaneously 

collecting image and pressure data. To ensure the 

repeatability of the experimental results, each set of 

experiments is conducted at least three times. 

Table 1 summarizes the experimental conditions for 

studying the gas explosion characteristics in utility 

tunnels. A 3.6m small-scale elongated gas chamber 

model was used as the experimental object, and the 

experimental design followed the requirements of 

GB50838-2015 standards. In this setup, air intake and 

exhaust vents were placed at both ends of the pipeline. 

Various premixed gases (with methane volume fractions 

ranging from 7.5% to 12.5%) were chosen to determine 

the methane-air concentration that had the greatest 

impact on the explosions. Two types of ventilation ports, 

bolt-sealed and thin polyvinyl chloride (PVC) film vents, 

were selected to investigate the effects of the number of 

vent openings. Additionally, obstacles were introduced 

into smooth pipelines with gas chamber structures (as 

shown in Figure 3) to study the influence of obstacle 

quantity. These configurations aimed to identify the 

methane-air concentration that had the greatest impact on 

the explosions and to explore the effects of the number of 

vent openings and obstacles on the experimental results. 

Table 1  Experimental Conditions Configuration 

Impact Factors Experimental Conditions 

Methane Volume Fraction 7.5%-12.5% 

Number of Vent Openings 0; 1(Front); 1(Rear); 2 

Number of Obstacles 0; 1; 2; 3 

 

Figure 3  Schematic Diagram of Obstacle Placement 

3 Results and Discussion 

3.1 Influence of methane volume fraction 

From the analysis of the hazards of gas explosions 

in utility tunnels, it is evident that the shockwave and 

flame front pose the greatest threat to the gas chamber. 

Therefore, capturing the changes in overpressure and 

flame propagation-related characteristic parameters 

during the gas explosion process becomes particularly 

important 
[20-22]

. Explosion overpressure is an important 

indicator used to assess the consequences of gas 

explosion accidents 
[23-25]

. Figure 4 shows the 

overpressure characteristic curves under different 

premixed gas concentrations. Taking 9.5% CH4 volume 

fraction as an example, it can be observed from the graph 

that the pressure variation curve at the outlet exhibits a 

periodic oscillatory state, with multiple overpressure 

peaks occurring. This phenomenon occurs because 

intense chemical reactions occur in the experimental 

pipeline containing combustible gas after ignition, 

leading to rapid expansion of combustion products and 

acceleration of pressure wave generation. The precursor 

shockwave propagates forward, breaking through the 

PVC film at both ends to release combustion products, 

gradually reducing the pressure inside the pipeline and 

forming the first pressure peak, creating a pressure drop 

zone. As the flame propagates forward, the surrounding 

gas undergoes rapid heating, accelerating the expansion rate 

of combustion products beyond the venting rate of the 

pipeline. At this point, the pressure at the measurement 
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point rises, creating the second overpressure peak. 

However, as the precursor shockwave propagates forward, 

it continuously attenuates due to friction with the gas and 

the pipe wall, resulting in excessive expansion of the 

explosion products and the formation of a negative 

pressure zone due to inertia. At this moment, the 

surrounding gas moves towards the center of the explosion, 

compressing the unburned gas again to form a flame 

compression wave. This wave, along with the flame 

propagation, accelerates the precursor shockwave. 

However, when the precursor shockwave hits the wall, it 

reflects and forms a reverse airflow, which superimposes 

with the flame compression wave, gradually increasing the 

pressure and creating the third overpressure peak. 

Subsequently, the precursor shockwave, accompanied by 

flame compression waves, oscillates back and forth 

multiple times at both ends of the pipeline until the 

maximum overpressure peak (Pmax) is reached, gradually 

oscillating smaller until it approaches zero.  

 

Figure 4  Overpressure Distribution under Different 

Methane Volume Fractions 

As shown in Table 2, when the methane volume 

fraction is 9.5%, both P1 and P2 reach their maximum 

values. This phenomenon indicates that when the 

methane volume fraction approaches the stoichiometric 

ratio (9.5%), the severity of the gas explosion in the 

experimental pipeline becomes more intense. It is worth 

noting that the peak overpressure values at 10.5% and 

11.5% are still greater than the peak overpressure value 

at 7.5%. This suggests that in the event of a gas 

explosion in an utility tunnel, higher volume fractions of 

natural gas leakage will result in more severe 

consequences. Additionally, influenced by the narrow 

and confined space of the utility tunnel, when an 

explosion occurs within the channel or pipeline, the 

flame propagation rate increases due to the confinement 

of the pipeline walls. This accelerates the stacking of 

precursor pressure waves along the pipeline, ultimately 

leading to severe pressure oscillations or even 

detonations. Without proper mitigation, this could result 

in significant destructive force 
[26]

. 

Table 2  Comparison of Peak Overpressure under 

Different Methane Volume Fractions 

Experimental 

Condition 

Peak Overpressure 

P1/kPa 

Peak Overpressure 

P2/kPa 

7.5% CH4 9.9425 9.8695 

8.5% CH4 16.0739 18.0850 

9.5% CH4 32.0092 48.1285 

10.5% CH4 19.8956 30.6564 

11.5% CH4 13.0647 24.3866 

12.5% CH4 7.1211 9.5695 

3.2 Influence of the number of vent openings 

In previous studies, it has been found that vent 

openings in utility tunnels can effectively reduce the 

structural safety risks. As concluded in Section 3.1, the 

explosion accident is most severe when the methane 

volume fraction is 9.5%. Therefore, in this section, 

taking a methane volume fraction of 9.5% as an example, 

the gas explosion characteristics under closed conditions 

and different venting conditions are compared and 

studied. Figure 5 depicts the flame propagation images of 

gas explosions in the second section (0.6m to 1.2 m) of 

the utility tunnel gas chamber model under different 

numbers of vent openings. It can be observed that the 

flame propagation of the premixed gas explosion 

undergoes four stages: "spherical flame - finger-shaped 

flame - flat flame - tulip flame". At the time from t=6ms 

to t=15ms, When the number of vent openings is 0 (n=0), 

due to the frictional force generated by the wall, there is 

a velocity gradient in the fluid motion. The burned gas 

(low-density fluid) experiences significant changes in 

velocity compared to the unburned gas (high-density 

fluid), leading to increased entrainment of unburned gas 

and enlarging the burning area. Consequently, the 

velocity difference between them increases, intensifying 

the flame propagation speed and deepening the concavity 

of the flame front inward 
[27]

. Under the influence of 

buoyancy, the upper part of the flame front moves 

slightly faster than the lower part, resulting in a bright 

flame color and a mild explosive sound. When 

n=1(Front), the flame propagation speed is faster, and the 

explosion sound is louder. This is because the vent 

opening at the front end releases the internal gas from the 

opening, promoting the acceleration of flame 

propagation. This results in the flame front speed at the 

upper side being greater than that at the lower side. 

When n=1(Rear), the flame structure has transitioned 

from "Jet-Type" to "Tulip-Type". The flame propagation 

speed is slowest, and the flame color is brighter. The 

explosion sound is also louder. Different gas explosion 

overpressure distributions under different numbers of 

venting ports are shown in Figure 6. The overpressure 

oscillation under ventilation conditions is significantly 

reduced compared to closed conditions, as shown in 

Table 2. For the gas chamber model under different 

opening conditions, the reduction rates of the 
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overpressure peaks at P1 compared to closed conditions 

are 47.5%, 57.7%, and 38.4%, respectively. The 

reduction rates of the overpressure peaks at P2 compared 

to closed conditions are 29.4%, 54.5%, and 35.2%, 

respectively. From the above data, it can be seen that 

compared to the closed condition, the peak overpressure 

values in the open conditions are significantly reduced. 

Additionally, due to the superposition of the compression 

wave, expansion wave, and shock wave at the rear end, 

the reduction rate of the peak overpressure at P2 is 

smaller than that of the peak overpressure at P1 in the 

corresponding conditions. Furthermore, when the 

number of venting ports is 1 and located far from the 

ignition end, the reduction rate of the pipeline's peak 

overpressure is the highest. Therefore, venting ports have 

a significant impact on the overpressure and flame 

effects of gas explosions in utility tunnels. The explosion 

hazards under open conditions are lower than those 

under closed conditions. According to the "Technical 

Code for Urban Utility Tunnel Engineering" 

(GB50838-2015), utility tunnels are required to have 

design requirements for inlet and exhaust ports. In the 

past, numerical simulations of gas explosions in utility 

tunnels mainly focused on closed, narrow-space models, 

leading to overestimation of the explosion characteristics. 

Therefore, considering factors such as inlet and exhaust 

ports based on the structural characteristics of utility 

tunnels is beneficial for accurately predicting the hazards 

of gas explosions in utility tunnels. 

 

Figure 5  Flame Propagation Images with Different 

Venting Port Numbers 

(a) n = 0, (b) n = 1 (Front), (c) n = 1 (Rear), (d) n = 2 

 

Figure 6  Pressure Distribution under Different Venting 

Port Numbers 

Table 2  Comparison of Peak Pressure under Different 

Venting Port Numbers 

Experimental 

Condition 

Peak Overpressure 

P1/kPa 

Peak Overpressure 

P2/kPa 

n=0 48.7234 74.2330 

n=1(Front) 25.5690 52.4069 

n=1(Rear) 20.6287 33.7838 

n=2 32.0092 48.1285 

3.3 Influence of obstacle quantity 

In practical engineering, the gas chambers of utility 

tunnels often contain equipment such as pipelines, 

brackets, and lighting systems, which differ significantly 

from other chamber spaces or tunnel structures 
[28]

. 

Figure 7 shows images of flame propagation under 

different obstacle quantities. Compared to the smooth 

gas chamber model, when the obstacle quantity is 1 

(o=1), the flame on the upper side is obstructed by the 

obstacle surface, resulting in a reduction in the flame 

front area and burning rate. This leads to a decrease in 

the propagation speed of the upper flame, with the lower 

flame propagating slightly faster than the upper flame. 

From t=9ms to t=15ms, after the flame passes through 

the obstacle, the folding of the flame intensifies. Under 

the influence of turbulent pulsations and Rayleigh-Taylor 

instability, the lower flame is drawn upwards, increasing 

the flame burning area and promoting an increase in 

flame propagation speed. The brightness of the flame 

intensifies, accompanied by an increase in the intensity 

of the explosion sound. When o = 2, the pattern of flame 

passing through the second obstacle is consistent with 

that of passing through the first obstacle. The flame 

propagation speed increases, and the growth rate shows a 

trend of first increasing and then decreasing. The 

brightness of the flame enhances significantly, appearing 

as an orange-yellow flame, and the explosion sound 

becomes particularly loud. When o = 3, the flame 

propagation speed and brightness decrease slightly. This 

is because when passing through the third obstacle, the 

flame propagation speed temporarily decreases due to the 

obstruction of the obstacle wall, resulting in a smaller 

flame propagation distance than the preceding case. 

Subsequently, as the turbulence level of the flow field 

increases, the flame accelerates propagation again, 

resulting in an orange-yellow flame and particularly loud 

explosion sound. It can be observed that the peak 

overpressure increases gradually with the increase in the 

number of obstacles, and the oscillation trend of the 

overpressure waveform becomes more pronounced. 

Comparing with the smooth pipeline condition, the 

increase rates of peak overpressure at P1 are -16.7%, 

98.0%, and 176.2% respectively, while at P2, the 

increase rates are 127.8%, 237.6%, and 293.7% 

respectively. Both P1 and P2 peak overpressure values 

significantly increase with the increase in the number of 

obstacles. However, due to the proximity of sensor P1 to 

the obstacles and the significant superimposition of 
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explosion waves at the tail end, the increase rate of P2 

peak overpressure is greater than that of P1 in the 

corresponding conditions. Additionally, when o = 1, 

indicating a small number of obstacles, the effect of wall 

obstruction at the P1 measurement point in the flow field 

is greater than the acceleration effect of turbulence 

disturbance on the flame front. This leads to the opposite 

result in the increase rate of peak overpressure. 

Considering that there are many pipelines and supports 

in the gas chamber of the utility tunnel, it is crucial to 

plan the pipelines, supports, and other obstacles in the 

gas chamber for the safe operation of the utility tunnel. 

 

Figure 7  Flame propagation images under different 

obstacle quantities conditions 

(a) o= 0, (b) o = 1, (c) o = 2, (d) o = 3 

 

Figure 8  Overpressure characteristics curves under 

different obstacle quantities conditions. 

Table 3  Comparison of peak overpressure values under 

different obstacle quantities. 

Experimental 

Condition 

Peak Overpressure 

P1/kPa 

Peak Overpressure 

P2/kPa 

o=0 32.0092 48.1285 

o=1 26.6799 72.9017 

o=2 63.3863 162.492 

o=3 88.3959 189.4782 

4 Conclusion 

This study utilized a small-scale experimental 

platform based on the structural characteristics of gas 

chambers in utility tunnels. Through high-speed 

photography and pressure sensors, precise capture and 

collection of explosion characteristic parameters in 

small-scale narrow pipes were conducted. The influences 

of methane volume fraction, venting port quantity, and 

obstacle quantity on the explosion characteristic 

parameters of methane-air premixed gas in the pipes 

were analyzed. The following conclusions were drawn: 

(1) As the methane volume fraction increases from 

7.5% to 12.5%, the peak explosion overpressure in the 

experimental pipes shows a trend of initially increasing 

and then decreasing. When the methane volume fraction 

reaches 9.5%, the maximum peak overpressure generated 

by the gas explosion is observed. Additionally, due to the 

constrained space of the utility tunnel, explosions lead to 

an acceleration in flame propagation rate, resulting in the 

continuous superposition of precursor pressure waves 

along the pipes, ultimately leading to severe pressure 

oscillations or even detonations. It is necessary to 

implement suppression measures to ensure the safe 

operation of the utility tunnel. 

(2) Compared to the closed conditions, the peak 

overpressure under ventilated conditions was reduced by 

up to 57.7%. At this point, the frequency of overpressure 

oscillations decreases, thereby reducing the overpressure 

damage to the tunnel structure caused by gas explosion 

accidents. Therefore, it is essential to regularly inspect 

the functionality of pressure relief devices during the 

operation of the utility tunnel to ensure the rapid and 

effective release of gases within the tunnels in the event 

of accidents. Additionally, during numerical simulations, 

considering factors such as the structure of the utility 

tunnel gas chamber and the presence of inlet and outlet 

vents would facilitate accurate prediction of the hazards 

posed by gas explosions in utility tunnels. 

(3) The auxiliary facilities within the utility tunnel 

gas chamber accelerate the development of flames and 

also contribute to an increase in peak overpressure, 

amplifying the trend of overpressure oscillations, thereby 

leading to more significant explosion disasters. Therefore, 

proper planning of auxiliary facilities such as pipelines and 

supports within the utility tunnel gas chamber is of vital 

importance for the safe operation of the utility tunnel. 
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Abstract 

In order to solve the problem of porosity in laser deep penetration welding of GH3625 high-temperature alloy plates, five different 

ratios of high-purity helium gas and high-purity argon gas mixed gases were compared in welding experiments after various process 

parameter improvements and adjustments failed to achieve Class I welds. The experimental results show that using high-purity 

helium gas or a mixture of 50% high-purity helium gas and 50% high-purity argon gas can both achieve Class I welds. This indicates 

that using high-purity helium gas or an appropriate mixed gas instead of pure argon is one of the effective ways to solve the problem 

of porosity in laser deep penetration welding of high-temperature alloys. The mixture of 50% high-purity argon gas and 50% 

high-purity helium gas can reduce the consumption of high-purity helium gas, lower production costs, and is more suitable. 

Keywords: high-temperature alloy; laser welding; pores; shielding gas; welding quality 
 

1 Introduction 

With the progress of science and technology and the 

development of economic construction, the application 

of high-temperature alloys in aerospace, energy, and 

chemical industries has become increasingly widespread. 

A GH3625 high-temperature alloy part whose welding 

quality is affected by the presence of weld porosity in the 

weld test plate. Despite measures such as strengthening 

pre-weld cleaning and optimizing welding process 

parameters, the porosity problem remains unresolved, 

and the weld does not meet the requirements of a Class 

I weld. In order to solve the porosity problem in laser 

deep penetration welding of GH3625 alloy, 

comparative welding experiments were conducted on 

GH3625 alloy plates using helium-argon mixed gas 

with different ratios. 

During laser deep penetration welding, a laser beam 

with a power density of 10^7 W/cm^2 or higher can 

vaporize the metal in the heating zone in a very short 

time, forming a small hole in the liquid molten pool, 

which is called a keyhole 
[1]

. The mechanism of pore 

formation is the formation of bubbles in the closed space 

after the collapse of the keyhole, and the bubbles are not 

able to escape from the surface of the molten pool and 

are captured by the solidification interface
 [2]

. Laser deep 

penetration welding of metal materials such as steel and 

aluminum alloys is prone to pore formation, and 

high-temperature alloys with high contents of alloying 

elements such as Ni and Mo have poor fluidity of the 

molten pool during laser welding, making it difficult for 

gases in the molten pool to escape, resulting in a higher 

tendency for pore formation. 

Xiao Rongshi et al. 
[3-4]

 applied the method of using 

a mixture of argon and helium as a protective gas in CO2 

laser deep penetration welding. Through comparative 

experiments, it was found that when using pure argon as 

the shielding gas, plasma shielding phenomenon occurs 

at around 5KW laser power, but the plasma shielding 

phenomenon disappears after adding helium. Lei 

Zhenglong et al. 
[5]

 found that when pure helium is used 

as the protective gas in aluminum alloy laser self-melting 

welding, it has a significant effect on suppressing pores, 

enhancing pore stability, and reducing the porosity to 

below 1%. He Shuang 
[6]

 found that adding helium to the 

protective gas during A7N01 aluminum alloy laser-MIG 

hybrid welding can enhance the stability of the welding 

process and avoid the instability of the pores, thus 

preventing the formation of weld porosity. As the 

proportion of helium in the helium-argon mixed 

shielding gas increases, the porosity of the weld 
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gradually decreases. After the helium content reaches 

50%, the porosity of the weld does not change 

significantly, and it is reduced by about 80% compared 

with high-purity argon. Su Xiaoyang et al. 
[7] 

found that 

in helium-argon mixed protective gas laser + arc hybrid 

welding, when the volume fraction of helium in the 

protective gas increases to 5% and 10%, the arc pressure 

and electric potential gradient increase, and the weld 

penetration depth also increases. 

Through literature research, it has been found that 

helium-argon binary shielding gas is superior to pure 

argon shielding gas in laser welding process in terms of 

pore suppression, weld penetration depth, joint quality, 

etc. Moreover, there are already studies proving that a 

mixed shielding gas of helium (50%) and argon (50%) 

has the best effect on pore suppression in laser melting 

welding of aluminum alloys. Currently, there is little 

research on porosity suppression in laser welding of 

high-temperature alloys, and the use of helium-argon 

binary gas as a shielding gas has not been reported. Key 

parameters such as gas flow rate, mixing ratio, and 

porosity rate still need to be experimentally verified. 

2 The Problem of Pores in Laser Welding of 

GH3625 Alloy Plate 

After laser welding, there are no cracks or pores 

found in the appearance inspection of GH3625 

high-temperature alloy plates with thicknesses of 2 mm 

and 3 mm. However, when the weld seam is cut open and 

polished for microscopic examination, internal pores on 

the cross-section of the weld seam can be easily observed. 

Figure 1 shows the internal pores on the cross-section of 

the weld seam of the 2 mm thick welding specimen, 

located in the lower part of the weld seam. 

 

Figure 1  Pores inside the weld seam of the 2 mm 

specimen (15×) 

If X-ray testing is performed on the welded test 

plate, it can be found that there are many pores in the 

weld, which does not meet the requirements of the weld 

grade. When a tensile test is conducted on the sample, 

the strength of the welded joint does not meet the quality 

requirements. Figure 2 shows a group of pores on the 

fracture surface of the unqualified sample with a 

thickness of 2 mm. The pores are densely distributed in 

the lower part of the weld. 

 

Figure 2  Group of pores on the fracture surface of the 

unqualified tensile sample (5×) 

In order to solve the problem of porosity in GH 

3625 alloy plate laser welding, a lot of work has been 

done in the pre-weld cleaning and optimization of 

welding process parameters of the test plate. Although 

there has been progress, the weld has not been able to 

meet the quality requirements of Grade I. Therefore, we 

are looking for solutions to the porosity problem from 

the aspect of shielding gas.  

3 Comparative Experiment of Laser Welding 

with Different Ratios of Helium-Argon Gas 

Mixture 

In order to gain a deeper understanding of the 

effects of argon gas, helium gas, and argon-helium gas 

mixture on laser welding, it was decided to conduct a 

comparative experiment on laser welding of GH3625 

alloy plates using five different gas ratios. 

3.1 Pre-welding preparation 

3.1.1 Welding equipment 

The welding equipment used the 2000W laser 

welding experimental platform from Changsha Tianchen 

Laser. It includes a 3-axis precision welding platform, a 

Chuangxin 2000 laser, a Jizhi Mechanical and Electrical 

3000 water cooler, and a Hanwei dual swing laser head. 

 

Figure 3  2000W Laser Welding Experimental Platform 

3.1.2 Welding test plate 

Two pieces of GH3625 high-temperature alloy 
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plates with a thickness of 2 mm were used. Each test 

plate is approximately 150 mm long and 120 mm wide. 

The material of the test plate has undergone acceptance 

inspection, and its chemical composition meets the 

requirements of GB/T 14992 
[8]

. 

3.1.3 Protective gas   

Bottled high-purity argon gas and bottled 

high-purity helium gas were used. Both gases have 

qualified certificates after inspection. 

3.2 Welding experiment 

Laser welding was performed using 5 different gas 

ratios. During welding, only a single test plate was 

melted, and butt welding was not performed temporarily. 

The gas ratio was controlled by flow adjustment. Three 

welds were made for each gas ratio. Before each weld, 

the welding area was carefully cleaned with alcohol and 

dried with a hairdryer. A total of 15 welds were made, 

using up both test plates. The welding sequence, gas ratio, 

and welding power are shown in Table 1. 

Table 1  Gas Composition and Welding Power of 

Comparative Experiments 

Serial 

Number 

Gas Composition and 

Flow Rate 

Weld Seam 

Number 

Welding Power 

(W) 

1 
100% High Purity 

Argon Gas, 25L/min 

1 700 

2 760 

3 760 

2 

75% High Purity 

Argon Gas, 21L/min 

+25% High Purity 

Helium Gas, 7L/min 

4 760 

5 760 

6 760 

3 

50% High Purity 

Argon Gas, 14L/min 

+50% High Purity 

Helium Gas, 14L/min 

7 760 

8 760 

9 760 

4 

25% High Purity 

Argon Gas, 21L/min 

+75% High Purity 

Helium Gas, 7L/min 

10 760 

11 760 

12 760 

5 
100% High Purity 

Helium Gas, 25L/min 

13 760 

14 760 

15 760 

3.3 Test results 

The results of the above 15 welds, which were 

subjected to X-ray inspection ratings, are shown in Table 2. 

From Table 2, it can be seen that when the helium 

content reaches 50% or more, it can effectively reduce 

the quality of pores and improve the weld grade. This is 

mainly because the basic physical properties of argon 

gas and helium gas are shown in Table 3. The atomic 

mass of argon gas is about ten times that of helium gas, 

and the relative air density is ten times that of helium 

gas, which means that argon gas has a higher gas 

density and the low-density helium gas is more likely to 

escape after entering the molten pool, reducing the 

porosity of the weld. At the same time, the thermal 

conductivity of argon gas is small, about one-tenth that 

of helium gas, which means that helium gas is more 

capable of conducting heat and has less impact on laser 

energy, making the welding process more stable 

compared to argon gas. On the other hand, the first 

ionization energy of argon gas is 15.75 eV, while the 

first ionization energy of helium gas is 24.58 eV. 

Helium gas has the lowest ionization energy and can 

quickly remove the rising metal vapor generated from 

the molten pool. Using helium as a protective gas can 

effectively suppress plasma and reduce the formation of 

pores. However, due to its higher price, considering 

cost reduction and the actual welding results, a gas ratio 

of 50% high-purity argon gas and 50% high-purity 

helium gas is the most suitable for protection. 

Table 2  X-ray detection results of comparative 

experiments with different gas ratios 

Serial 

Number 
Gas ratio for protection 

Weld Seam 

Number 

X-ray detection 

rating 

1 
100% high-purity argon 

gas 

1 Ⅱ 

2 Ⅱ 

3 Ⅱ 

2 

75% high-purity argon 

gas + 25% high-purity 

helium gas 

4 Ⅱ 

5 Ⅱ 

6 Ⅱ 

3 

50% high-purity argon 

gas + 50% high-purity 

helium gas 

7 Ⅰ 

8 Ⅰ 

9 Ⅰ 

4 

25% high-purity argon 

gas + 75% high-purity 

helium gas 

10 Ⅰ 

11 Ⅰ 

12 Ⅰ 

5 
100% high-purity helium 

gas 

13 Ⅰ 

14 Ⅰ 

15 Ⅰ 

Note: Rating standard NB/T 47013.2-2015 [9]. 

Table 3  Comparison of Physical Properties of Helium and Argon Gases 

Gas 
Boiling Point 

(1.013bar)(℃) 

Atomic Mass 

(Kg/Kmol) 

Density 

(0℃1.013bar)(Kg/m3) 

Relative Density Of Air 

(0℃1.013bar) 
Thermal Conductivity(W/Mk) 

Ar -185.9 39.948 1.784 1.380 0.017 

He -268.9 4.002 0.178 0.138 0.154 
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4 Production Application 

By using improved shielding gas and other methods, 

the 2mm and 3mm GH3625 alloy butt-welded test plates 

achieved Class I welds. The test plates were sampled and 

tested for mechanical properties, which passed the expert 

evaluation and were applied to the welding production of 

GH3625 components. 

5 Discussion 

5.1 Using high-purity helium gas or a suitable 

mixture of helium and argon gases can significantly 

reduce the generation of pores 

From the comparative test of helium-argon gas in 

this study, it can be concluded that replacing pure argon 

with high-purity helium gas or a mixture of 50% 

high-purity argon gas and 50% high-purity helium gas 

can significantly reduce the generation of pores. This is 

one of the ways to solve the problem of porosity in 

laser deep penetration welding of GH3625 

high-temperature alloy. 

5.2 The advantages of using a 50% high-purity argon 

gas + 50% high-purity helium gas mixture 

Due to the high cost of high-purity helium gas and 

the higher production cost, using a 50% high-purity 

argon gas + 50% high-purity helium gas mixture can 

achieve the same effect as using high-purity helium gas, 

while reducing the consumption of high-purity helium 

gas and lowering the production cost. Therefore, using a 

50% high-purity argon gas + 50% high-purity helium gas 

mixture is more suitable. 

6 Conclusion 

Replacing pure argon with high-purity helium gas 

or a 50% high-purity argon gas + 50% high-purity 

helium gas mixture can significantly reduce the 

formation of gas pores in laser deep penetration welding 

of GH 3625 high-temperature alloy plates with 

thicknesses of 2 mm and 3 mm. It is an effective way to 

solve the problem of gas pores in laser deep penetration 

welding of high-temperature alloys. 

By using a mixture of 50% high-purity argon gas 

and 50% high-purity helium gas, the consumption of 

high-purity helium gas can be reduced, and the 

production cost can be lowered. 
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Abstract 

With the increasing demand for sustainable building design, modern building ceramic materials are one of the key factors driving 

innovation and development in the field of architecture, thanks to their excellent performance and environmentally friendly 

properties. The aim of this study is to provide an insight into the development and application of building ceramic materials in 

modern architecture, and to assess the contribution of material innovation to architectural design and sustainability goals by 

synthesising and analysing recent technological advances and case studies in this field. This study adopts a systematic literature 

review approach to screen and analyse a large number of academic articles and practical project reports on material innovation in 

building ceramics. Comparative analyses of different material properties, advances in production processes and the effects of their 

application in real building projects reveal the potential of building ceramic materials to improve the energy efficiency, extend the 

service life and enhance the aesthetic design of buildings. The findings show that the environmental and energy issues facing 

traditional building materials, such as improved thermal efficiency and a reduction in the overall carbon footprint of buildings, can be 

effectively addressed through the use of new building ceramic materials and technologies. In addition, the innovative use of 

architectural ceramics provides architects with more design flexibility, enabling them to create architectural works that are both 

aesthetically pleasing and functional. In the concluding section, the paper highlights the importance of continuing to explore 

technological innovations in building ceramic materials and how these innovations can contribute to a more sustainable and 

environmentally friendly building industry. Future research should further explore new areas of application for ceramic materials and 

how interdisciplinary collaboration can accelerate the practical application of these material technologies. 

Keywords: ceramic materials; sustainability; modern architecture; development and applications 

 

1 Introduction 

 In the long history, the development of building 

materials has always been an important force to promote 

the progress of architectural art and science. From mud 

bricks and wood in ancient times to steel and concrete in 

modern times, each material innovation has brought 

about changes in the way buildings are designed and 

constructed 
[1]

. In the 21st century, this process has 

reached new milestones, especially in the field of 

architectural ceramic materials. In the last decades, 

modern building ceramic materials have undergone 

remarkable technological innovations and application 

expansions 
[2]

. The building ceramic materials of recent 

years have not only achieved significant advances in 

performance and functionality, but have also 

demonstrated great potential for environmental 

protection and digitalisation. 

In recent years, with the advancement of materials 

science, especially nanotechnology 
[3] 

and intelligent 

manufacturing technology 
[4-5]

, architectural ceramic 

materials are no longer limited to traditional decorative 

and structural uses only. The convergence of these 

technologies has resulted in modern ceramic materials 

with additional functionalities such as self-cleaning 

capabilities 
[6]

, improved thermal 
[7-8] 

and acoustic 

isolation properties 
[9]

, and even enhanced flexibility and 

transparency. The enhancement of these attributes has 

greatly enriched architects' design toolbox 
[10]

, providing 
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them with unprecedented creative freedom and room for 

expression 
[11]

.Furthermore, environmental sustainability 

has taken centre stage in the development of building 

materials in recent years 
[12]

. The production and 

application of modern building ceramic materials 

increasingly takes into account the need to save energy 

and reduce environmental impact. This not only includes 

optimising production processes to reduce waste and 

emissions, but also involves the development of 

recyclable or biodegradable 
[13] 

ceramic materials. These 

endeavours open up new possibilities for material 

innovation and diversity while pushing the construction 

industry towards green sustainability. The application of 

digital technologies, especially 3D printing 
[14-15]

, has 

played an important role in the innovation of modern 

building ceramic materials. These technologies have not 

only allowed ceramic materials to be made in more 

diverse shapes and sizes, but have also improved the 

precision and efficiency of manufacturing. Through these 

technologies, designers are able to realise more complex 

and fine architectural details, further pushing the 

boundaries of architectural design. 

In this paper, we will explore in depth how the latest 

scientific research and technological breakthroughs have 

enabled a quantum leap in the use of modern ceramic 

materials in architecture. We will focus on how these 

advances have influenced the way architectural design is 

thought of, and how they are helping to realise a more 

efficient, environmentally friendly and aesthetically 

pleasing built environment. We will also explore new 

directions for the future development of building 

materials technology. 

2 Literature Review 

2.1 History of the development of ceramic materials 

In the traditional sense, a ceramic is any of a variety of 

hard, brittle, heat- and corrosion-resistant materials made by 

moulding and firing inorganic non-metallic materials, such 

as clay, at high temperatures 
[16-17]

.Common examples are 

pottery, porcelain and brick. Traces of ceramics can be 

found as far back as the beginning of human history. The 

first ceramics made by humans were brick walls used to 

build houses and other structures, while pottery (jars, 

vessels, or vases) or figurines made of clay, either alone 

or mixed with other materials (such as silica), hardened 

and sintered in a fire was a common practice in the 

production of ceramics. Later, ceramics were glazed as 

well as fired to produce smooth, coloured surfaces, and 

porosity was reduced by using glassy, amorphous ceramic 

coatings on top of crystalline ceramic substrates 
[18]

. 

Ceramics now include household, industrial and 

architectural products, as well as a variety of materials 

developed for advanced ceramic engineering, such as 

semiconductors. In the process of this change, the 

concept of ceramics has gradually changed from the 

traditional pottery, stoneware, porcelain and bone china 

made from clay-based materials to the more generalised 

ceramic matrix composites. 

2.2 Types and properties of building ceramics 

2.2.1 Oxide ceramics 

Typically, the raw materials for modern ceramics no 

longer include clay 
[19]

.Modern ceramics are mainly 

classified in three different materials: firstly, oxides, 

common examples of which are aluminium oxide, 

beryllium, cerium oxide and zirconium oxide, are made 

by a series of methods such as sintering and pressing; 

such ceramics usually have a high melting temperature 

as structural materials, and are very stable in oxidising 

atmospheres. With the exception of beryllium oxide 

ceramics, their thermal conductivity is low. They are 

usually dosed with ultrafine powders and small amounts 

of sintering accelerators and modifying additives. The 

atomic bonding of oxide ceramic materials is dominated 

by ionic bonding, with some covalent bonding present, 

so they have many excellent properties. Most of the 

oxides have high melting points, good electrical 

insulation properties, especially excellent chemical 

stability and oxidation resistance, and have been more 

widely used in the engineering field 
[20]

.Such ceramics 

can continue to be subdivided by component for single 

oxide ceramics, as well as composite oxide ceramics are 

different from traditional ceramic materials for daily use, 

high-tech oxide ceramic materials special electric, 

magnetic, optical, thermal, acoustic, chemical, biological, 

piezoelectric, thermoelectric, electro-optical, 

acousto-optic and magnetic properties, are classified as 

high-performance structural and functional ceramics. In 

the construction industry, these materials are mainly used 

in applications that require high wear and corrosion 

resistance or are subjected to high-temperature 

environments. For example, aluminium oxide (Al2O3) 

ceramics with high weather resistance and colour 

stability are used as building facade materials to provide 

long-term appearance retention and protection 
[21]

. 

2.2.2 Non-oxide ceramics 

The second type of ceramics is the non-oxide 

ceramics represented by carbides, borides, nitrides, 

silicides and so on. It as a non-oxide system of high 

temperature resistant structural materials, carbon silicon 

carbide, silicon nitride, aluminium nitride and other 

materials and the plug complex silicon nitride solid 

solution as raw materials. Therefore, non-oxide high 

temperature ceramics have excellent high temperature 

strength, low coefficient of thermal expansion, close to 

the thermal conductivity of the metal, resistance to 

oxidation, resistance to corrosion of high sulphur fuels, 

resistance to external stress and thermal shock and other 

characteristics. Non-oxide ceramics differ from oxide 

ceramics in a number of ways. Firstly, due to the scarcity 

of non-oxide in nature, usually less than 1% in the earth's 

crust, most of the raw materials need to be artificially 
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refined and synthesised. Secondly, from the Gibbs 

thermodynamic function, we can learn that the standard 

free enthalpy of generation of non-oxide ΔG is generally 

greater than the corresponding standard free enthalpy of 

generation of oxide ΔG. This phenomenon is closely 

related to the high electronegativity of oxygen and the 

ability to form stable chemical bonds. The chemical 

bonding between oxide atoms is mainly ionic bonding, 

while non-oxides are generally covalent bonds with 

strong bonding. The above differences result in 

non-oxide ceramics being more difficult to sinter than 

oxide ceramics. Because the standard free enthalpy of 

generation of non-oxide ΔG is greater, non-oxide 

ceramics in the synthesis of raw materials and ceramic 

sintering, easy to generate oxides, and therefore must be 

carried out in a protective gas (such as N2, Ar, etc.). The 

raw materials of oxide ceramics are themselves oxides, 

so there is no fear of oxidation, so the production process 

is relatively simple. 

Although non-oxide ceramics are difficult to sinter, 

it is also one of their major advantages. Non-oxide 

ceramic materials, due to the predominantly covalent 

bonding in their atomic structure, exhibit excellent 

physical and chemical properties. The high hardness, 

modulus of elasticity and creep resistance of these 

materials, and the stability of their properties especially 

at elevated temperatures, provide ideal conditions for 

their use in extreme environments. These attributes, a 

significant advantage over traditional oxide ceramic 

materials, make non-oxide ceramics ideal for use in 

fields such as aerospace, automotive manufacturing, and 

electronics. However, the widespread use of non-oxide 

ceramics does suffer from a number of constraints, one 

of which is their own brittleness and the challenges they 

face when joining with other materials such as metals. 

Nonetheless, the applications of these high-temperature 

structural materials remain promising, and researchers 

are addressing these issues through various approaches, 

such as interface engineering, design of functional 

gradient materials, and the use of advanced ceramic 

matrix composite technologies to enhance connection 

strength and durability. In building materials, 

high-strength and high-hardness non-oxide ceramics, 

such as silicon carbide, can be used as decorative or 

protective building materials for special structural 

applications. For example, as a protective layer for the 

outer shell of a building to enhance durability and 

corrosion resistance. Their excellent resistance to high 

temperatures also allows non-oxide ceramics to be used 

in parts of the interior of buildings that require refractory 

materials, such as chimney linings, fireplaces, boiler 

rooms and high-temperature furnace linings. And in 

areas that need to be very hard-wearing, such as 

commercial spaces, industrial plants or car parks, 

non-oxide ceramic materials can be used as floor 

cladding materials to provide a durable surface. In 

addition, there are many other potential or actual 

applications for non-oxide ceramics in the construction 

sector, which are not as commonly used as other building 

materials, but still have a promising future. 

2.2.3 Composite ceramics 

The third category of ceramics is ceramics made 

from composite materials, and ceramic matrix 

composites. Ceramic composites are a class of materials 

made from a combination of at least two different 

materials, at least one of which is a ceramic. Ceramics 

are often chosen for their good thermal stability, 

chemical resistance and high hardness, but they are also 

prone to brittle fracture. By combining them with other 

materials, their mechanical properties, such as increased 

toughness and fracture resistance, can be significantly 

improved, making them more suitable for a variety of 

engineering applications. There are a wide range of types 

and uses for ceramic composites, and several common 

ceramic composites and their properties are described in 

detail below: Particle-reinforced ceramic composites, 

which enhance the mechanical properties of the 

composite by adding hard particles (such as silicon 

carbide (SiC) particles) to the base ceramic (such as 

aluminium oxide (Al2O3)). The addition of particles can 

improve the hardness and wear resistance of the 

composites. However, the distribution, size and volume 

fraction of the particles must be carefully controlled to 

avoid excessive weakening of the material's toughness: 

fibre-reinforced ceramic composites, which improve the 

toughness and fracture resistance of the material by 

embedding continuous or short fibres in the ceramic 

matrix. Commonly used reinforcing fibres include 

carbon fibres and ceramic fibres (e.g. silicon carbide 

fibres). These fibres effectively transfer stresses and 

bridge cracks when force is applied, thus improving the 

overall performance of the material. As well as layered 

ceramic composites, they usually consist of alternating 

layers of different materials, each with a specific 

function. For example, one layer may have a high 

hardness to provide wear resistance, while another layer 

may have a higher toughness to absorb energy and stop 

crack propagation. Composites with this structure are 

particularly useful in wear-resistant and protective 

applications: there are also self-healing ceramic 

composites, which contain specific components that 

respond to damage within the material. When a crack 

occurs, these components react chemically, filling the 

crack and restoring some degree of material integrity. 

This type of composite is particularly valuable for 

increasing long-term reliability and reducing 

maintenance costs. 

In the construction sector, ceramic composites are 

used in many high-performance application scenarios 

due to their unique properties. For example, they are 

used in facade and curtain wall systems. Ceramic 

composites can be used as curtain wall systems on the 

exterior of buildings due to their abrasion and corrosion 

resistance. These materials not only provide an 
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aesthetically pleasing and modern look to a building's 

exterior, but can also withstand harsh environmental 

conditions, including temperature changes, UV 

exposure and the effects of chemicals. Traditional roof 

tiles can also be made from ceramic composites to 

improve their durability and functionality. For example, 

solar cells can be embedded in roof tiles for energy 

harvesting and use.As well as floor and wall tiles by 

adding specific composite materials to improve 

hardness and wear resistance. Ceramic composite floor 

tiles with the addition of, for example, silicon carbide, 

alumina or diamond particles can withstand higher 

friction and pressure. There are also a range of areas of 

construction engineering where ceramic composites can 

be used, such as bridges and infrastructure, 

earthquake-resistant components, decorative panels and 

acoustic materials. 

In summary, the use of ceramic composites can 

improve the durability of buildings, reduce 

maintenance costs, enhance functional performance, 

and enhance the aesthetic and environmental 

performance of buildings. With technological 

advances and material innovation, it is expected that 

ceramic composites will play a more important role in 

the construction industry in the future. 

3 The Development of Modern Building 

Ceramics Technology 

Modern building ceramics technology has 

undergone significant development and innovation. 

Today, building ceramics is not just a decorative material 

in the traditional sense, but an advanced building 

material that integrates aesthetics, functionality and 

durability. From the basic materials, traditional ceramic 

materials such as porcelain clay, glaze after 

reformulation and modification, its physical strength and 

durability has been significantly improved. At the same 

time, the development of new materials such as 

lightweight ceramics, high-performance oxide ceramics 

and ceramic composites has greatly improved the 

functionality of building ceramics, such as enhanced 

thermal and acoustic insulation, weathering and 

self-cleaning functions. And from the technical side, 

intelligent manufacturing technology, green sustainable 

technology, intelligent ceramic technology and surface 

treatment technology have all made great progress in 

recent years. 

3.1 Intelligent manufacturing technology of ceramics 

3.1.1 Ceramics intelligent manufacturing technology of 

the main research direction 

Modern building ceramics intelligent manufacturing 

technology, mainly embodied in two aspects, one is to 

computer-aided design (CAD) as the representative of 

the digital design technology, on the other hand, is 

embodied in the inclusion of three-dimensional printing 

(3D Printing), computer numerical control (CNC) 

machining, as well as automation and robotics systems 

on the digital production technology. Take 3D Printing 

technology as an example, since the United States Hull 

in 1986 for the first time proposed 
[22] 

three-dimensional 

light-curing technology (SL), digital light processing 

technology (DLP), as well as two-photon polymerisation 

technology (TPP) also appeared one after another. The 

above methods usually use organics ceramic precursors 

(preceramic polymers, PCPs) photosensitively 

polymerisable liquid systems or slurry systems 

containing a mixture of photosensitive solutions and 

ceramic powders. Photosensitive polymerisation, i.e., 

light curing, refers to a certain volume of liquid materials 

such as polymer monomers that are irradiated by light at 

a certain wavelength to cause cross-linking 

polymerisation reactions to complete curing 
[23]

. In terms 

of this 3D printing process, it is actually the resin 

polymerisation crosslinking into a mesh structure 

uniformly wrapping the ceramic particles dispersed in 

the system, thus macroscopically forming the curing of 

the mixed material. Afterwards, the printed parts are 

subjected to high-temperature degreasing and sintering 

processes and the organic matter in the samples is 

discharged, the ceramic samples are further densified, 

and at the same time the grains are enlarged to form the 

final samples, which is similar to the traditional ceramic 

fabrication methods in this heat treatment stage. PCPs 

can be photosensitive polymerisation of liquid systems is 

more through chemical changes, which is similar to the 

ordinary photosensitive resin light-curing 3D printing 

process, followed by high-temperature pyrolytic 

ceramisation to become the required precursor conversion 

ceramics (polymer derived ceramics, PDCs) samples. 

Stereolithography (SL) is a popular 3D printing 

technology that is now widely used. During the printing 

process, a beam of specific wavelength (usually UV light) 

is usually used to scan and cure the surface of the 

material system in point-line-face scanning, followed by 

layer-by-layer stacking, and progressive construction 

from the longitudinal direction; when a layer is cured, 

the construction of the next layer is started by elevating 

or decreasing the thickness of one layer. Digital light 

processing (DLP) is a technology that can produce high 

surface quality parts with micron resolution because of 

the extremely fine spot size of its beam (60-140 μm). 

Digital light processing, on the other hand, is 

actually a mask-based surface-exposure SL technology. 

This technology exposes a whole layer of printed shapes 

after layering to the photosensitive resin surface for 

layer-by-layer curing through a light source in a single 

pass through a mask. The concept was initially realised 

by Nakamoto and Yamaguchi in Japan in 1996 through 

the use of a solid mask 
[24]

.In 1997, it was further 

improved by Bertsch et al. using a liquid crystal display 

(LCD) as a dynamic mask generator 
[25]

. Since 2001, 

Texas Instruments' digital mirror device (DMD) has 
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dramatically improved the display resolution and 

contrast due to its competitive fill factor and reflectivity, 

subsequently replacing LCD as a new generation of 

mask technology for use in DLP printing 
[26]

.The DMD is 

made up of millions of display image pixels 

corresponding to the DMD is a chip composed of a 

rectangular array of micromirrors corresponding to the 

pixels of the displayed image. The micromirrors are 

driven by electrostatic force and can be individually 

rotated ±(10~12)° to serve to control the state of ultrafast 

light on or off. In this way, an incident light beam with a 

spatial resolution of 1.1 μm is reflected across or 

deflected away from the lens, causing the pixels to 

appear light or dark on the projection surface 
[27]

. 

Ultra-fast light switching and overall projection allow 

DLP 3D printing processing times to be significantly 

shorter than conventional SL point-line-plane scanning 

processes, and micron-level feature resolution can be 

achieved, enabling parts to be fabricated more quickly 

and with higher accuracy 
[28]

. 

3.1.2 Problems and challenges of ceramic sl and dlp 

processes 

The ceramic SL and DLP process mainly uses 

ceramic light-curing slurry made by mixing ceramic 

powder and photosensitive solution. This approach is 

more or less faced with a number of problems and 

challenges, such as ceramic raw material powder particle 

size distribution and morphology is not ideal, slurry 

precipitation, viscosity is too large, 3D printers need to 

add a scraper for slurry scraping level, hindering the 

further development of ceramic 3D printing technology. 

The above problems can be effectively solved by the 

clever combination of organic precursor ceramic 

conversion (PDC) technology, which is different from 

ceramic powder-photosensitive solution, and 3D 

printing.PDC technology is a polymer that can be converted 

into ceramic material by heat treatment by chemical method, 

and pyrolysis can be converted into precursor ceramics 

within a certain range of temperatures 
[23]

. Precursor 

polymers control the composition and microstructure of 

precursors through molecular design, and the presence of 

chemically reactive groups undergoes cross-linking, 

which results in higher yields of ceramics that are 

pyrolysed after cross-linking 
[23]

. Preparation of ceramic 

materials by pyrolysis of organic ceramic precursors 

(PCP) is a new method developed in recent years for the 

preparation of ceramic materials and components, the 

technology has the characteristics of simple processing, 

precursors are easy to isolate and purify, inherited the 

excellent moulding properties of polymer materials and 

high-temperature stability of ceramic materials, so that 

the traditional ceramics process has undergone a 

revolutionary change 
[23]

. 

3.1.3 Development of ceramic light-curing 3D printing 

technology 

In recent years, there are also more scholars in 

China who have carried out a lot of work in ceramic 

light-curing 3D printing. The main research units are 

Xi'an Jiaotong University, Shenzhen University, 

Guangdong University of Technology, Beijing Institute 

of Technology and so on. Xi'an Jiaotong University, such 

as Li Deduchen belongs to the earlier ceramic SL research 

team in China, using including oxide ceramic slurry as 

well as tricalcium phosphate bioceramic slurry, etc. for 3D 

printing research. A great deal of work has been carried 

out on the mechanism of ceramic light-curing moulding, 

the relationship law between ceramic slurry component 

formulation and light-curing moulding effect, and the 

application of the process 
[22,29-34]

. Various types of porous 

or dense ceramic parts, such as porous bone scaffolds, 

three-dimensional photonic crystals, hollow turbine 

blades and impeller models, as well as complex 

structural castings to meet the needs of investment 

casting, have been manufactured. Due to the low wet 

strength of water-based ceramic slurry printed parts, 

most of the ceramic SLs use non-water-based ceramic 

slurries, which are dominated by acrylate monomer 

resins. Zhou Weizhao et al 
[30]

investigated in detail the 

effects of ceramic particle size, solid content, monomer 

concentration, dispersant, diluent concentration and other 

factors on the viscosity of ceramic slurry, determined the 

optimal component content, and successfully developed 

a new silica-sol-based water-based ceramic slurry, which 

was prepared with a solids content of up to 50% of the 

silica-oxide ceramic slurry.Chen et al 
[37]

 used this 

improved water-based environmentally friendly slurry 

for the printing of SL Chen et al 
[22]

used this improved 

water-based environmentally friendly paste to conduct an 

in-depth study on the forming mechanism, the size and 

precision control of the forming unit and the sintering 

process, etc., and printed various types of complex 

structural ceramic parts, and the blanks obtained from 

printing can maintain good strength and low surface 

viscosity, which can help in the post-processing 

process.Bian et al 
[34]

used SL to print tricalcium 

phosphate cartilage scaffolds with a porous structure in 

order to obtain good regenerative repair results. In 

addition, Li Tetsuzumi's team 
[35]

recently used 

sub-micron zirconia powder slurry to obtain 99.3% 

densified dental crown and bridge components after DLP 

light-curing 3D printing and sintering, and the optimised 

three-stage support design contributed to the smooth 

printing of the prototype. Some software and hardware 

optimisation work was also done for the surface exposure 

process of ceramic DLP to provide technical and 

theoretical support for improving the print quality 
[36]

. 

3.2 Intelligent manufacturing technologies applicable 

to the architectural ceramics industry 

Compared to another technology, ceramic SL and 

DLP process is more suitable for the construction 

industry. And with the developments of recent years, 

ceramic SL and DLP processes have proved their worth 

in the construction industry, offering a degree of design 
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freedom and manufacturing flexibility that is different 

from traditional construction methods. Both technologies 

have made it possible to manufacture complex 

architectural elements and customised components, 

demonstrating a high degree of efficiency and precision 

from prototyping through to the production of 

functionally integrated building blocks. In addition, by 

breaking through the traditional constraints of design and 

manufacturing, ceramic SL and DLP technologies are 

driving the architectural industry in a more personalised 

and innovative direction. Professionals are now able to 

explore new design ideas without worrying about the 

additional costs associated with complexity. And for the 

restoration and preservation of historic buildings, these 

technologies offer an effective way to accurately 

replicate ancient architectural elements, preserving 

cultural heritage in a non-invasive and sustainable way. 

In terms of other technologies, with the development 

and research of architectural ceramic materials in recent 

years, considerable achievements have been made, such as 

the photocatalytic ceramic tiles 
[37] 

studied with 

gC3N4/CuPc composites that can absorb sunlight and 

decompose hazardous substances (e.g., nitrogen oxides and 

volatile organic compounds) in the air by photocatalysis, 

which is a reflection of various technological advances such 

as green and sustainable technologies, smart ceramic 

technologies, and surface treatment technologies. The green 

sustainable technology, smart ceramics technology and 

surface treatment technology are the embodiment of various 

technological advances. 

4 Existing Problems and Challenges 

Since the research and analysis of the China 

Business Industry Research Institute, although China's 

building ceramics exports have been on a downward 

trend since 2015, 2020 by the global epidemic and the 

impact of the U.S.-China trade friction fall is particularly 

obvious, 2021, the export volume of the fall slowed 

down, the downward curve tends to flatten out.2021 

China's building ceramics exports of 601 million square 

metres, a year-on-year decline of 3.40%, the export 

volume of 4.099 billion U.S. dollars, a year-on-year 

decline of 0.70%. But with internal and external 

development advantages and opportunities, China's 

building ceramics industry in the past decade has been 

rapid development, has become the world's production 

and consumption of building ceramics, the world's more 

than half of the building ceramics produced from China. 

In the construction industry, the introduction of 

modern ceramic materials is seen as an innovation that 

can provide buildings with increased durability, 

aesthetics and functionality. Despite the many potential 

benefits of these materials, their widespread use still 

faces a number of challenges. Firstly, in practice, modern 

ceramic materials often require specialised construction 

techniques. This is not limited to precise installation 

procedures, but also includes a deep understanding of the 

material's properties to ensure its correct application. 

This requires specialised training for the building and 

construction teams, adding to the complexity and cost of 

project implementation. In addition, modern ceramic 

materials are typically higher in cost compared to 

traditional building materials such as concrete and steel. 

This adds to the budgetary pressures of construction 

projects, especially in projects with tighter budgetary 

constraints, where higher material costs can be an 

important consideration in material selection. Whilst 

modern ceramic materials excel in terms of strength, wear 

resistance and chemical resistance, their brittleness has not 

been fully addressed. When faced with impact loads or 

specific harsh environmental conditions, these materials 

may crack or otherwise suffer damage, which poses a 

potential risk to the long-term stability and safety of the 

building. Environmental impact and sustainability issues 

are also challenges that must be addressed in the 

development of modern ceramic materials. Although 

superior to most traditional materials in terms of 

performance, the high energy consumption and possible 

environmental pollution of steps such as high-temperature 

sintering during their production need to be effectively 

mitigated through technological innovation and process 

improvement. This is not only about environmental 

protection, but also the key to public acceptance and 

market promotion. Finally, modern ceramic materials also 

need to overcome low market acceptance and poor 

matching of regulations and standards when promoting 

their use. It often takes time for the many stakeholders in 

the construction industry, including designers, engineers, 

contractors and regulatory bodies, to accept and recognise 

new materials. In addition, existing building codes and 

standards may not be fully adapted to the properties of the 

new materials, requiring continuous communication, 

testing and adjustment to gradually expand their use in the 

construction industry. 

5 Future Research Directions 

According to the literature obtained above. Modern 

building ceramic materials have gradually become the 

favourite in the construction industry through their 

excellent performance, and are gradually entering a 

steady development trend, while more diversified 

ceramic matrix composites will become the key direction 

of development. However, its high cost is still the main 

factor hindering its wide application. Cost-benefit 

analyses show that, despite low long-term maintenance 

costs, high initial investment requirements deter many 

project owners and developers. This raises an urgent 

question: how to reduce the cost of these advanced 

materials through technological innovation and 

production scale-up so that more projects can benefit. 

During construction, modern building ceramic materials 

require a higher level of skill and precision relative to 
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traditional materials, which adds to the complexity and 

cost of construction. To overcome this challenge, 

investments need to be focussed on worker training and 

the development of more efficient installation techniques 

and tools. For example, the use of digital mouldings and 

robotic construction techniques has already demonstrated 

the potential to reduce construction time and improve 

installation accuracy in some projects. As for 

environmental and sustainability issues, the production 

process of modern ceramic materials, despite being more 

energy efficient and reducing emissions than traditional 

building materials, still has a certain environmental impact. 

In the future, further reductions in their environmental 

footprint are expected through the adoption of circular 

economy principles, the use of waste materials as raw 

materials, and the development of lower-energy 

manufacturing processes. In addition, given the durability 

and long service life of ceramic materials, their 

environmental impact may be significantly reduced from a 

life cycle assessment (LCA) perspective. 

6 Conclusion 

In summary, in the society aiming at sustainable 

development, the new type and greening of building 

materials are the urgent need for sustainable development in 

the 21st century, and are the main direction for the future 

development of the construction industry. Ceramic matrix 

composites are the key direction for the development of 

modern building ceramic materials. The development and 

progress of new materials will produce many high-quality, 

practical, inexpensive building materials, and adhere to the 

path of sustainable development; maintain the 

environmental coordination of building materials will also 

enable the traditional construction industry to play a greater 

role and characteristics. 

Although modern building ceramic materials bring 

new possibilities to the field of architecture in terms of 

technology and aesthetics, their wide application still 

faces challenges such as cost, construction technology, 

and sustainability. However, the green sustainability 

technologies and smart ceramics technologies embedded 

in architectural ceramics motivate us to promote the 

development and application of these advanced materials, 

which then require concerted efforts from the industry, 

academia, and government to address these issues and 

ultimately lead to more sustainable, cost-effective, and 

aesthetically pleasing modern building practices. 
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Abstract 

Bilayer composite materials of Cu-coated Fe and CuSn10 containing 0%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50% 

Cu-coated Fe were prepared in mesh belt sintering furnace. Microscopic pore morphology of materials was observed, bending 

strength was tested. Results show that, There is a good bonding between Cu-coated Fe and CuSn10, with the increase of Cu-coated 

Fe content from 0% to 50%, bending strength of bilayer composite materials increases.  

Keywords: Cu-coated Fe; CuSn10; bilayer composite 

 

1 Introduction 

Oil-contained bearings are indispensable parts in the 

machinery industry, which is mainly used in high speed 

rotating machinery 
[1-2]

 and can be prepared by powder 

metallurgy (PM) technology 
[3-6]

. As the pores exist, 

which are generated during PM technology, lubricating oil 

can be stored in PM Oil-contained bearings. Therefore PM 

Oil-contained bearings have the advantages of low cost and 

good lubrication performance, etc. 

Because of its high content of Cu, which is 10wt%, the 

cost of CuSn10 alloy PM Oil-contained bearings is 

relatively higher than Fe alloy PM Oil-contained bearings. 

And because of its porous loose structure, the strength of 

CuSn10 alloy PM Oil-contained bearings is relatively lower 

than Fe alloy PM Oil-contained bearings. 

To this end, researchers have developed a Cu-coated 

Fe composite materials by covering the surface of Fe 

powder with Cu powder to prepare PM oil-contained 

bearings
[8]

, in order to improve the strength while further 

reduce the cost. However, the pore structure of 

Cu-coated Fe PM oil-contained bearings can not store 

lubricating oil well, which leads to poor lubrication 

performance and short service life. 

 For this purpose, we try to prepare bilayer 

composite materials containing Cu-coated Fe and 

CuSn10, in order to synthesize advantages both of high 

strength, low cost of Cu-coated Fe and good oil storage, 

lubrication performance of CuSn10, to develop 

high-performance bilayer composite material of 

Cu-coated Fe and CuSn10 for oil-contained bearings 
[9]

. 

In this paper, bilayer composite materials of 

Cu-coated Fe and CuSn10 containing 0%, 5%, 10%, 

15%, 20%, 25%, 30%, 35%, 40%, 45%, 50% Cu-coated 

Fe were prepared via twice spreading of powder and 

hydraulic press with pressure of 650 MPa at room 

temperature, then sintered in mesh belt sintering furnace. 

Microscopic pore morphology of materials was observed, 

bending strength was tested.  

2 Experiment Method 

2.1 Experiment materials 

CuSn10 powder and Cu-coated Fe powder were 

adopted. As shown in Figure 1. Firstly, CuSn10 powder was 

spread into the mold, then stirred slightly to make it evenly 

spread to form a layer of CuSn10 powder. Secondly, 

Cu-coated Fe powder was spread evenly onto the layer of 

CuSn10 powder. Green compact was prepared via hydraulic 

press with pressure of 650 MPa at room temperature. 

Composition proportion is shown at table 1. 

Green compact were sintered in mesh belt sintering 

furnace. The sintering temperature was divided into 6 

stages: 816℃ (18 min), 780℃ (18 min), 830℃ (18 min), 

830℃ (18 min), 830℃ (18 min), cooling section (90 

min), as shown at table 2.  
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Figure 1  Specimens schematic diagram of bilayer 

composite materials of Cu-coated Fe and CuSn10 

2.2 Performance test 

Microscopic pore morphology of sintered samples 

was observed by metallographic microscope. Three-point 

bending strength of samples were tested by universal 

testing machine, size of three point bending specimen is 

24.6 mm long, 7.4-9.0mm wide, 8.2-8.6mm high, test 

span is 18mm. 

3 Results and Discussion 

3.1 Pore morphology of bilayer composite materials 

of Cu-coated Fe and CuSn10 

Pore morphology of bilayer composite materials of 

Cu-coated Fe and CuSn10 is shown in figure 2- figure 4. 

As shown in figure 2(a), 3(a), 4(a), structure of CuSn10 

is porous and loose with tiny pores evenly distributed on 

the matrix, which is a common pore morphology for 

CuSn10 PM oil-contained bearings. As the pores exist, 

lubricating oil can be stored to improve the lubrication 

performance of bearings, but on the other hand, strength 

of bearings is reduced. 

As shown in figure 2(b), 3(b), 4(b), structure of 

Cu-coated Fe is filled with few and small pores. 

Obviously, it helps improve the strength of bearings, 

however, lubricating oil can not be stored, resulting in 

poor lubrication performance of bearings.  

As shown in figure 2(c), 3(c), 4(c), there is a good 

bonding between Cu-coated Fe and CuSn10. Therefore, 

bilayer composite materials synthesize advantages both 

of high strength, low cost of Cu-coated Fe and good oil 

storage, lubrication performance of CuSn10. 

3.2 Bending strength of bilayer composite materials of 

Cu-coated Fe and CuSn10 

Bending strength of bilayer composite materials of 

Cu-coated Fe and CuSn10 is shown in table 3 and figure 

5. As shown at table 3, size of three point bending 

specimen is 24.6 mm long, 7.4-9.0mm wide, 8.2-8.6mm 

high, test span is 18mm. As shown in figure 5, bending 

strength of bilayer composite materials shows increasing 

trend with the increase of Cu-coated Fe content from 0% 

to 50%. Especially, Bending strength of bilayer 

composite materialss containing 30wt% and more 

Cu-coated Fe are obviously higher than sample#1 

prepared by CuSn10 alone. Moreover, bilayer composite 

materials containing 50wt% Cu-coated Fe have the 

highest bending strength of 432.65MPa, which is 18.66% 

higher than pure CuSn10 material. 

Table 1  Specimens composition proportion (wt %) 

Sample Number Cu-Sn10 (g) Cu-Fe (g) Cu-coated Fe content (wt%) 

 12 0 0% 

 11.4 0.6 5% 

 10.8 1.2 10% 

 10.2 1.8 15% 

 9.6 2.4 20% 

 9.0 3.0 25% 

 8.4 3.6 30% 

 7.8 4.2 35% 

 7.2 4.8 40% 

 6.6 5.4 45% 

 6.0 6.0 50% 

Table 2  Sintering process of specimens 

Sintering stage Temperature /℃ Time/min 

 816 18 

 780 18 

 830 18 

 830 18 

 830 18 

 cooling section 90 
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(a)Pure CuSn10 region (100X)       (b)Cu-coated Fe region (100X)        (c)interface bonding region (100X) 

Figure 2  Pore morphology of bilayer composite materials of 5wt% Cu-coated Fe and CuSn10 

   

(a)Pure CuSn10 region (100X)       (b)Cu-coated Fe region (100X)        (c)interface bonding region (100X) 

Figure 3  Pore morphology of bilayer composite materials of 35wt% Cu-coated Fe and CuSn10 

   
 (a)Pure CuSn10 region (100X)        (b)Cu-coated Fe region (100X)        (c)interface bonding region (100X) 

Figure 4 Pore morphology of bilayer composite materials of 50wt% Cu-coated Fe and CuSn10 

Table 3  Bending strength of bilayer composite materials of Cu-coated Fe and CuSn10 

Sample 

Number 

CuSn10 

(wt%) 

F 

（N） 

L 

(test span mm) 

b 

(width mm) 

h 

(height mm) 

Bending strength 

(MPa) 

 0% 7721 18 8.4 8.3 364.61 

 5% 6477 18 8.5 8.3 298.65 

 10% 8472 18 8.4 8.3 395.29 

 15% 7500 18 8.5 8.3 345.82 

 20% 6363 18 7.4 8.3 334.48 

 25% 7784 18 8.9 8.6 319.29 

 30% 9049 18 8.7 8.2 420.67 

 35% 9564 18 9.0 8.2 422.58 

 40% 9467 18 8.7 8.3 427.46 

 45% 9367 18 8.9 8.2 421.67 

 50% 9604 18 8.7 8.3 432.65 
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Figure 5  Bending strength of bilayer composite 

4 Conclusion 

Bilayer composite materials of Cu-coated Fe and 

CuSn10 with good interface bonding can be prepared via 

twice spreading of powder and hydraulic press at room 

temperature, which can synthesize advantages both of 

high strength, low cost of Cu-coated Fe and good oil 

storage, lubrication performance of CuSn10. (2) Bilayer 

composite materials containing 30wt% and more 

Cu-coated Fe show better mechanical properties, of 

which, materials containing 50wt% Cu-coated Fe have 

the highest bending strength of 432.65MPa, which is 

18.66% higher than pure CuSn10 material. 
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