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Abstract: Ceramic coatings can effectively prevent the corrosion of steel bars in marine environments. In this study, 

we prepared phosphate ceramic coatings on the surface of carbon steel. X-ray diffraction and X-ray fluorescence were 

used to analyze the phase structure and composition of the ceramic and the results show that the main crystal composi-

tion of ceramic is P2O5 and SiO2. Scanning electron microscopy was used to characterize the morphology of the sur-

face and the section and results showed that the surface was cracked, and the thickness of ceramic was 349 μm. 

Meanwhile, a number of high-resolution images of internal structure of solids were obtained by non-destructive X-ray 

computed tomography (X-CT). Matlab and Mimics software were used to conduct the three-dimensional reconstruc-

tion of the CT images. Matrix and holes are distinguished by threshold segmentation in grayscale images, and the po-

rosity of the ceramic coatings was calculated to be 14.0%. In addition, mercury intrusion porosimetry was used to ver-

ify the calculation results. Therefore, X-CT can be a useful and reliable tool for the visualization of the internal struc-

ture of ceramic coatings. 
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Reinforced concrete structures are widely used due to 
their high performance and low cost of their constituent 
raw materials[1]. Owing to construction of a large 
amounts of infrastructure, consumption of cement is in-
creasing yearly as the amount of concrete and steel rebar.  

Owing to the presence of holes in concrete, aggressive 
ions penetrate the concrete and reach the surface of steel 
rebar, which destroy the passive film on the steel surface[2]. 
In particular, under an offshore aggressive environment, 
dry and wet cycling conditions accelerate the transmis-
sion of harmful ions. The corroded steel bars undergo 
stress expansion and the fluffy corrosion products reduce 
adhesion to the concrete, which cause premature dete-
rioration of civil infrastructures, leading to serious con-
sequences[3]. Therefore, various methods have been used 
to isolate ions and protect carbon steel, such as ceramic 
coatings[4], green inhibitors[5], corrosion-resistant steel 
bars[6], and photogenerated electron cathodic protection[7]. 
Among these methods, protective ceramic coatings are the 
most applied and studied methods. Tang, et al.[8] prepared 
different enamel coatings, and they found that three types 
of intact ceramic coatings significantly outperformed 

fusion-bonded expoxy coatings. However, due to the 
presence of microscopic isolated pores, the properties of 
the three ceramics are not completely identical. Tradi-
tional test methods such as scanning electronic micros-
copy (SEM) can only characterize the shape of the hole 
in the ceramic surface and cannot calculate the specific 
porosity of the entire ceramic. Moreover, mercury intru-
sion porosimetry (MIP) has been widely used to deter-
mine the pore-size distribution (PSD) for most materials, 
from which a wide range of pore sizes can be found[9]. 
However MIP can only detect the local zone of the sam-
ple and the tests depend on the assumption that the pores 
are cylindrical, which cannot reflect the actual pore pat-
tern[10]. Therefore, it is necessary and vital to develop a 
new approach to calculate the porosity of ceramic coat-
ings and to devise a new and improved model of the re-
lationship between the transmission rate of ions and the 
porosity of ceramic coatings. 

X-ray computed tomography (X-CT) is mostly used in 
medicine, in which computer-processed X-ray data are 
used to construct images of bone, the brain, organs, etc[11]. 
Two-(2D) or three-dimensional (3D) reconstruction of a  
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test structure can be achieved by computer technology, 
which makes the internal structure able to be more intui-
tively explored. Therefore, it is convenient to analyze the 
pore structure of ceramic solid materials non-destructively[12]. 
In previous research, Yang, et al. [13] revealed the in situ 
tracking of water transport in cement paste using X-CT, 
in which CsCl was added to the water to enhance the 
contrast. 3D representations of ceramics are achievable at 
different pore sizes and provide a way to observe the 
evolution of pores, which is useful in understanding the 
failure mechanism of ceramic coatings[14]. 

In this study, X-CT was applied to porosity calcula-
tions of ceramic coatings, which is an important parame-
ter for the transport of aggressive ions inside ceramic 
structures. 2D and 3D images were generated and the 
threshold segmentation technique was used to distinguish 
the pores and substrate. Furthermore, MIP was used to 
study the porosity and pore size distribution, which pro-
vide mutual authentication of the X-CT test results of the 
porosity of ceramic coatings.  

1  Experiments 

1.1  Materials 
A phosphate ceramic coating was supplied by Eoncoat 

Coating (Eoncoat Coating Technology Co. Ltd., Beijing, 
China) and was used without any further alteration. Q235 
carbon steel was used and its content is shown in Table 1[5]. 
First, the carbon steel with the size of Φ20 mm×10 mm, 
was sand-blasted to remove the surface oxide and 
achieve a rough surface. Then, the ceramic coating was 
sprayed onto the surface 10 times to prepare the coating. 
The resolution of X-CT images is related with the sample 
size, and smaller size provides higher definition. There-
fore a piece of ceramic coating was peeled off from the 
carbon steel coating as test sample to obtain the high- 
resolution picture.  

Before the test, the ceramic bulk was dried at 50 ℃ 
in air oven for 3 h. After cooling to room temperature, 
epoxy resin was used to wrap and fix the ceramic. The 
ceramic was then ground in agate mortar to obtain the 
powder used in X-ray diffraction (XRD), X-ray fluores-
cence (XRF) and high-resolution transmission electron 
microscopy (HRTEM) experiments. 
1.2  Characterization  

The phase structure was detected by XRD (Bruker D8 
Discover) from 10° to 80° at 0.02 (°)/s. The chemical  

 

Table 1  Composition of carbon steel Q235 

Element C Mn Si S P Fe 
Composi-
tion/wt% 0.14–0.22 0.30–0.65 <0.60 <0.05 <0.45 Balance

composition was determined using XRF (Bruker S4 Pioneer) 
at 40 kV and 100 mA[15]. SEM (Navo Nano SEM450, 
30 kV) with Energy Dispersive X-ray Spectroscopy 
(EDS) was used to determine the morphology of the ce-
ramic surface and section[16-17]. TEM and HRTEM were 
used to get the morphology of nanosize oxide particles. 
MIP was performed on a Micrometrics Autopore IV 9500. 
A contact angle of 130° was assumed. The pressure 
ranged from 1.5×104 Pa to 6.1×104 Pa. CT scan test was 
performed on a Y. CT Precision S X-CT system (YXLON, 
Germany) with resolution of 1024×1024 pixels[18]. The 
images were pre-processed in MatLab R2016a software 
(MathWorks, USA), and the 2D or 3D image reconstruc-
tions and porosity calculated using Mimics research 
software.  

2  Results and discussion 

2.1  Phase composition analysis 
2.1.1  XRD analysis 

The phase composition and crystal structure of the 
as-prepared ceramic were examined by XRD. As shown 
in Fig. 1, the main constituents of the ceramic are P2O5 

(JCPDS 23-1301), SiO2 (JCPDS 27-0605), which corre-
spond to the lattice plane of (111), (111). There are two 
crystal structures of TiO2 in ceramic, which are ascribed 
to the lattice planes of (110) and (101) for rutile TiO2 
(JCPDS 21-1276) and anatase TiO2 (JCPDS 21-1272), 
respectively[19]. Also, there are a small amount of CaO, 
Fe2O3 and MgO4, with JCPDS 50-1575, 40-1139 and 
27-0759, respectively. Furthermore, the novel type of 
zeolite in the system of K2O-Na2O-Al2O3-SiO2-H2O with 
JCPDS 43-0050 was detected.  
2.1.2  XRF analysis 

The XRF results of the as-prepared ceramic coatings, 
expressed in oxide form, are presented in Table 2. The 
XRF analysis showed that the main phase composition of 
ceramic is P2O5, SiO2, K2O, and MgO with a total amount 
of 81.55wt%. And a small amount of Al2O3, CaO, and 
TiO2, and the balance being Na2O/SO3/Fe2O3/ZnO. The  

 

 
 

Fig. 1  XRD pattern of as-prepared ceramic coating 
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Table 2  Chemical analysis determined by XRF  
of the as-prepared ceramic coating 

Oxide compound Proportion/wt%
MgO 10.38 
Al2O3 6.64 
SiO2 22.56 
P2O5 29.75 
K2O 18.86 
CaO 8.06 
TiO2 2.44 

Balance (Na2O/SO3/Fe2O3/ZnO) 1.31 
 

main reason for the detection of oxides of Al2O3 and ZnO 
in XRF test but not in XRD test is that the content of oxide 
is too small to be detected. The XRF results are com-
pletely consistent with the results of the XRD analysis. 
2.2  SEM analysis 

SEM is a useful technology to study the morphology 
of the surfaces and sections of the ceramic coatings.  
Fig. 2(a) shows the surface SEM image of the ceramic 
coating. It can be seen that the ceramic coating was a stable 
whole and the surface is rough. However, the oxide par-
ticles are not packed densely, resulting in the pore be-
tween the oxide particles. Inset is EDS analysis of area 
#1 shown in Fig. 2(a), which reveals that the main con-
stituents of the ceramic are P, Si, Mg, Fe and K, in good 
agreement with the XRD and XRF analysis results. Fur-
thermore, the section morphology of the ceramic and steel  

 

 
 

Fig. 2  Surface (a) and section (b) SEM images of the 
as-prepared ceramic coating 
Inset in (a) is the EDS analysis of area #1 

is shown in Fig. 2(b), demonstrating that the thickness of 
the ceramic coating is 349 μm and, moreover, that the 
ceramic coating is tightly bonded to the steel bars. In 
addition, microcracks are seen in the section, which may 
be caused by the difference in thermal expansion coeffi-
cients between the ceramic coating and the steel.  
2.3  TEM and HRTEM analysis 

TEM and HRTEM images of the ceramic coating are 
shown in Fig. 3 which provide more detailed lattice-  
parameter information regarding the oxide in the ceramic 
coating. As shown in Fig. 3(a), the coating powder has a 
plate-like structure, which has been superimposed to 
form a cluster. Fig. 3(b) clearly shows two sets of lattice 
fringes with lattice spacings of 0.327 and 0.285 nm, cor-
responding to the (110) and (420) planes of TiO2 and 
P2O5, respectively, which is consistent with XRD results.  
2.4  3D reconstruction and porosity analysis 

The evolution of ceramic-coating porosity was moni-
tored by the X-CT system. First, eight hundred high- 
resolution CT high resolution images were obtained after 
the X-CT test. Pre-processing was performed using Mat-
lab to remove the edge portion of images, such as epoxy 
resin. The raw X-CT picture is shown in Fig. 4(a) and 
cropped by Matlab according the red dotted line. The 
cutting pictures were imported in Mimics Research 
software. In Mimics software, we can distinguish the 
hole structure and substrate by threshold segmentation of 
grayscale value, and results of the division for the end 
face and side face are shown in Figs. 4(b, c), in which the 
green part represents the hole and the yellow part repre-
sents the substrate. Then 2D pictures with segmentation 
of grayscale value were 3D reconstructed by Mimics 
Research software immediately. 3D reconstructions of 
the hole structure and substrate can be formed by overlay 
analysis of the high resolution images and are shown in 
Figs. 4(d, e), respectively. In addition, the volumes of the 
hole and substrate can be calculated in Mimics software 
by counting the total amount of the green and yellow 
areas and marked as Vhole and Vsub, respectively. Then the 
porosity can be calculated by the following equation: 

 

 
 

Fig. 3  (a) TEM and (b) HRTEM images of ceramic coating 
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where P is the porosity of ceramic coating. In this work 
the calculated value of P is 14.0%. A lower porosity of 
ceramic leads to a lower transmission rate for the aggres-
sive ions. Therefore, a lower porosity ceramic coating can 
effectively prevent the migration of chloride ions to the 
surface of the carbon steel and avoid corroding the steel rebar. 

MIP test was used to further verify the porosity of ce-
ramic, and the pore structure and pore size distribution 
(PSD) were shown in Fig. 5. There are two critical pore 
diameters, one is less than 10 nm, and another is between 
1 μm to 10 μm. Pore diameter less than 10 nm is the gel 
pores of oxide substrate[20]. And the highest peak in the 
pore entry size distribution from 1 μm to 10 μm is the 
gap between the oxides, which is shown in Fig. 5. The 
porosity obtained by the MIP is 12.275%, which is close 
to the calculated result by the X-CT. The MIP test con-
firms that the X-CT can be a fast and non-destructive 
method to measure the porosity.  

 

 
 

Fig. 4  CT images of ceramic coating  
(a) Raw X-CT image; (b, c) Threshold segmentation of (b) hole struc-
ture and (c) substrate structure; (d, e) 3D reconstruction of (d) hole and 
(e) substrate 

 

 
 

Fig. 5  Pore size distribution test by MIP: cumulative intrusion 
(mL/g) and lg(differential intrusion/(mL∙g–1)) 

3  Conclusions 

Ceramic coatings are very effective materials that 
provide corrosion-protection for steel. However, due to 
the different thermal expansion coefficient of the steel 
matrix, microcracks and holes are present in ceramic 
coatings. X-CT can reveal the internal hole structure 
nondestructively, i.e., the hole and substrate are distin-
guished by threshold segmentation. 3D reconstruction 
the hole and substrate structure can be achieved by ana-
lyzing the CT images with Matlab and Mimics. By cal-
culating of hole volume and the volume of the substrate, 
the porosity of the ceramic coating was calculated as 
14%. By the MIP test, the porosity of ceramic coating is 
12.275%, which is close to the calculation result of X-CT. 
The main pore structure is the gel pores of oxide and gap 
between the oxides. Therefore, it can be seen that X-CT 
technology is a useful and reliable technique to calculate 
the porosity of solid material. 
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X-CT 无损测试技术用于陶瓷涂层三维重构和孔隙率计算 

张志锋, 王凤娟, 武胜萍, 蒋金洋 
(东南大学 江苏省建筑材料重点实验室, 南京 211189) 

摘 要: 陶瓷涂层对海工环境中的钢筋有着较好的保护作用。在碳钢表面喷涂磷酸盐陶瓷涂层, 采用 XRD 和 XRF

对陶瓷涂层的物相组成进行分析。结果表明: 实验用陶瓷的主要晶相成分为 P2O5 与 SiO2。采用 SEM 对陶瓷的表

面和截面形貌进行观察, 发现陶瓷涂层内存在微裂纹, 涂层的厚度约为 349 μm。采用 X-CT 测试可以得到陶瓷内部

结构的高清图像, 并利用 Matlab 和 Mimics 软件对高清图像进行三维重构。此外通过阈值分割技术, 将 CT 图像内

的孔与基体灰度值区分开来, 并计算得到陶瓷涂层的孔隙率为 14%, 并采用压汞测试技术对测试结果进行验证。研

究认为 X-CT 无损测试是一种建立陶瓷涂层内可视化孔结构分析的有效工具。 

关  键  词: 陶瓷; 孔隙率; X-CT 技术; 三维重构 
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