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Abstract 

Vitreous enamel steels (VES) are a class of metal-ceramic composite materials 

realized with a low carbon steel basement coated by an enamel layer. During the firing 

phase to adhere the enamel to the metal, several gas bubbles remain entrapped inside 

the enamel volume modifying its internal structure. In this work high-resolution X-ray 

computed tomography (micro-CT) was used to investigate these composite materials. 

The micro-CT reconstructions enabled a detailed investigation of VES minimizing the 

metal artifacts. The tomograms were used to develop finite element models (FEM) of 

VES by means of a representative volume element (RVE) to evaluate the thermal 

residual stresses caused by the manufacturing process, as well as the effect of the 3D 

bubbles distribution on the internal stress patterns after the thermic gradient. The 

promising results from this study have the potential to inform further research on such 

composite materials by optimizing manufacturing processes for targeted applications. 
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Introduction 

Vitreous enamel steels (VES) are a class of metal-ceramic composite materials 

realized by means of a two stages coating procedure: a first enamel deposition over a 

metallic surface, and a subsequent firing at high temperature. These coatings have high 

resistance to chemical corrosion and mechanical wear, which makes them able to 

prevent impact instability (Ambu et al., 2014; Andrews, 1961; Vargin, 1967; Zucchelli 

et al., 2010; Zucchelli et al., 2012; Zucchelli et al., 2010). The enamel raw material is 

made by a mixture of boron-silicate vitreous matrix (frits) and other metal oxides as 

additives (Andrews, 1961; Scrinzi & Rossi, 2010; Vargin, 1967; Wratil, 1984). During 

the firing phase, a functionally graded interface is produced, determining the adhesion 

between the coating and the substrate (Ambu et al., 2014; Zucchelli et al., 2012). In the 

process, several gases are released and entrapped into the vitreous matrix in the form 

of bubbles (Samiee et al., 2008; Yang et al., 2004). The number of bubbles, their 

dimensions and spatial distribution are fundamental parameters to determine the 

enamel coating elastic behavior and mechanical strength. Furthermore, during the 

manufacturing process, residual stresses are introduced. In fact, throughout the cooling 

phase to room temperature, due to the difference between the linear coefficient of 

thermal expansion (CTE) of the vitreous enamel material and the metal substrate, a 

thermal mismatch stress is generated. Such residual stresses affect cracking and 

spallation of the coating, inducing shape changes that could modify the overall 

performance of the structure (Ambu et al., 2014). In order to study the residual stress 

distribution, finite element analysis (FEA) of enamel steel structures has been used 

(Son et al., 2012, 2014, 2015). In particular Ambu et al. developed a micrography-

based finite element model (FEM) to quantify the residual stress distribution on VES 

sheets, revealing how bubbles have a great influence on residual stress distribution and 
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on the mechanical strength of the coating (Ambu et al., 2014). However, the use of 2D 

imaging techniques could not reliably be used to understand the bubble spatial 

distribution in the VES volume, and their influence on the enamel coating 

performance. A possible solution to overcome this limitation, is to produce 3D models 

based on high-resolution X-ray computed tomography (micro-CT). In a preliminary 

study, Bernasconi et al. used synchrotron x-ray (voxel size = 9 m) to scan glaze slabs 

deposited on ceramic tiles, showing the internal bubbles distribution (Bernasconi et al., 

2012). These results were achieved considering the extremely high resolution of the 

synchrotron micro-CT, which enabled to resolve both glaze and tile having similar X-

ray absorption. More recently Van der Linden and co-workers, used two different 

laboratory micro-CT systems (voxel size = 35 m) to morphologically analyze 

different vitreous enamel copper Pyxis and a decorative enameled plate (Van Der 

Linden et al., 2010). They investigated the internal crack presence and the different 

layers in the structure. However, due to the low resolution used, they were not able to 

identify any bubbles in the enamel coating. Moreover, the different x-ray absorption 

between enamel coating and metal layer (Stock, 2008) makes segmentation and 

meshing of VES materials extremely challenging to obtain, enhancing the presence of 

image artifacts. 

The idea underpinning the present work was to overcome these limitations, designing a 

laboratory micro-CT workflow to obtain a detailed distribution of bubbles in the 

enamel coating. This work has generated subject-specific FEM to investigate both their 

internal morphology and the residual thermal stress distribution. Different VES 

samples were imaged, segmented, meshed and finally investigated by using a 

representative volume element (RVE) based model under a thermal gradient to 

evaluate the residual stresses. 
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Materials and methods 

Materials and samples production 

Three VES samples (manufactured as enamel-steel-enamel) of different compositions, 

called WL, BL and SM005 respectively, were kindly provided by New Smaltiflex 

Energia S.r.l. (San Felice sul Panaro, Modena, Italy) and produced as previously 

described (Zucchelli et al., 2010; Zucchelli et al., 2010). The substrates used for the 

enamel coating were cold rolled rectangular plates of very low carbon steel (DC04ED) 

whose chemical composition in wt.% was as follows: C = 0.004, S = 0.015, Mn = 

0.22, P = 0.008, Al = 0.037, Ni = 0.036, Cr = 0.021, Cu = 0.032, and Fe balance. The 

dimensions of the steel sheets were 17 mm × 2.5 mm × 0.8 mm. To remove grease and 

impurities from the metal substrates, they were soaked in a chemical degreasing bath at 

70 °C for 10 min. The degreasing agent was a solution of 5% (w/v) commercial 

sodium hydroxide, benzenesulfonic acid and mono-C10-14 alkyl derivates (MAZZON 

S.p.A., Vicenza, Italy). To remove rust and to increase the surface roughness, the steel 

sheets were then pickled in a sulfuric acid solution at 5% at 65 °C for 5 min. To 

increase the iron oxidation, they were immersed in a bath of 1.2% (w/v) of sulfate of 

nickel at 68 °C. This enabled the deposition of a thin layer of nickel on their surfaces. 

The vitreous enamel slips were produced by milling proper frits, whose chemical 

composition is reported in Table 1.  

Table 1 Chemical composition of enamel frits in wt.% of oxides. 

 SiO2 Al2O3 B2O3 F2 Na2O K2O P2O5 ZnO TiO2 CaO MnO CoO NiO CuO BaO ZrO2 

WL 43 1 13 4 8 5 3 1 22 - - - - - - - 

BL 49 9 15 2 14 4 0.9 - - 3 0.9 0.6 0.9 0.7 - - 

SM005 58 - 10 2 12 5 - - 0.3 2 1.5 1 1.2 1 3 3 
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The frits were ball milled down to 45 m and mixed with additives, clay, salts, quartz 

and water to form a batch of enamel slip. The enamel slips were applied to the steel 

sheets by a hand-spraying system. The specific gravity of enameling slip was 1.70 

g/cm3. The enameled samples were then dried in an oven at 120 °C. The firing process, 

which promotes the bond formation between the steel and the enamel, was performed 

in an industrial furnace. The firing time was 6 min at 860 °C followed by air cooling. 

The thickness of the enamel was about 200 m per side. 

To investigate the bubble distribution within the enamel volume and to generate 

subject-specific 3D FEM models of the VES, micro-CT was carried out (Xradia 520 

Versa, Zeiss, CA, USA) applying a LE1 source filter. The VES samples (length × 

width × height = 17 mm × 2.5 mm × 1.5 mm) (Fig. 1) were mounted vertically inside 

the micro-CT and imaged (60 kV, 5W, 83 A), achieving a voxel size of 1.12 µm. 

Projections were collected at rotational steps of 0.11° over 360°, with 10 sec. of 

exposure time. 

All the micro-CT images, were reconstructed using the Scout-and-Scan Reconstructor 

software (Zeiss, CA, USA), and visualized using XM3DViewer1.2.8 software (Zeiss, 

CA, USA). 
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Fig. 1 Prospective views of the VES samples: A) WL; B) BL; C) SM005. The enamel 

layers were colored white, black and dark blue respectively (scale bar = 10 mm). 

Preliminary XCT segmentation and surfaces triangulation 

To investigate the residual stress distribution in the enamel coatings, each micro-CT 

stack was cropped in a sub-volume of 100 slices (length × width × height): WL = 180 

m × 112 m × 266 m; BL = 180 m × 112 m × 139 m; SM005 = 180 m × 112 

m × 254 m. The steel substrate and their interfaces were masked by using ImageJ 

(Schneider et al., 2012) (Fig. 2A). A median filter (Fig. 2B) followed by an initial 

thresholding (Fig. 2C) was applied to each slice to remove the background. Then, the 

outline of each bubble was manually segmented and the inner part of the bubbles was 

filled in black to ensure contrast (Fig. 2D). Due to the similarity between the grayscale 

of the background and the inner part of the bubbles, this manual approach was 

necessary, as it was not possible to use an automatic segmentation. 
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Fig. 2 Preprocessing of a representative micro-CT slice of the BL sample before the 

segmentation process: A) BL crop as scanned; B) Application of the median filter; C) 

Preliminary background removal from each slice; D) Manual segmentation of each 

bubble outline and black filling of the inner part of the bubbles (scale bar = 100 m). 

The resulting masks were then binarized (black bubbles on white background) (Fig. 

3A). Subsequently, standard triangulation language (STL) models were obtained from 

the segmented micro-CT stacks by using MevisLab (Fraunhofer MEVIS, Bremen, 

Germany) (Fig. 3B). 
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Fig. 3 Segmentation and faceting for the different crops of the VES samples: I) WL; 

II) BL; III) SM005 (scale bar = 100 m). A) The XCT stacks were manually 

segmented. B) The segmented were used to produce STL models. 

Volume faceting for FEA 

The STL models of VES were then used to generate subject-specific FEM. The crop 

boundary surfaces were removed, and all the operations were made directly on the 

bubbles. The faceting, carried out with the 3D modeling software SpaceClaim 

(ANSYS, Inc., Canonsburg, PA, USA), was necessary to correct the roughness 

artifacts, due to the micro-CT stacks segmentation and thresholding process (see as 

example the postprocessing workflow for the SM005 sample in (Fig. 4), making the 

samples suitable for FEA. Firstly, a smoothing of the original sample (Fig. 4A) was 
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performed with the Shrinkwrap facet function of SpaceClaim (Fig. 4B). A comparison 

between the original SM005 STL model and the smoothed one is shown in (Fig. 4C). 

 

Fig. 4 Representative bubbles postprocessing carried out on the STL models of the 

VES samples (as example only the SM005 one was reported; scale bar = 100 µm): A) 

Bubbles from the original STL model; B) Faceting of bubbles to smooth their surfaces; 
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C) Overlap of the original bubbles (purple) and the faceted ones (gray); D) 

Representative figure of the bubbles maintained (orange; diameter > 5 µm) and 

removed (gray; diameter < 5 µm).  

The smallest bubbles, with a mean diameter close to the micro-CT scans voxel size 

(1.12 m) were considered as noise and erased by the Shrinkwrap function. Secondly, 

the bubbles with a diameter inferior to 5 µm, were eliminated. This procedure was 

necessary, because meshing these bubbles with the required accuracy to obtain a good 

FEA result, would require a very small element size ( 0.5 µm), which would increase 

the computational cost and risk of meshing failure. An exemplificative result is shown 

in (Fig. 4D), where the orange bubbles are those considered while the gray bubbles 

were the removed ones. The so treated faceted STL files of the VES bubbles (Fig. 5A), 

were subtracted to the original filled solidified volume. Finally, any surface defects 

were removed from the surface of the faceted geometries (Fig. 5B), resulting in a final 

samples dimensions of (length × width × height): WL = 178 m × 110 m × 264 m; 

BL = 178 m × 110 m × 137 m; SM005 = 178 m × 110 m × 252 m. 
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Fig. 5 Bubbles refinement and final geometries for the different VES samples (scale 

bar = 100 µm): I) WL; II) BL; III) SM005. A) Smoothing of the bubbles after removal 

the smallest ones. B) Final geometries of the enamel crops for the FEA. 

Morphological investigation  

The morphology of bubbles was determined, measuring the total volume of the 

bubbles from the raw images created with MevisLab and the smoothed samples 

obtained with SpaceClaim. Thus, the equivalent spherical diameter was calculated for 

each bubble of the smoothed crop. The best statistical fit of the bubbles diameter 

distributions was defined with a Kolmogorov-Smirnov test by using EasyFit 

Professional (MathWave Technologies) software. 

Finite element models 
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To estimate the residual thermal stress generated during the cooling phase of the 

coating manufacturing process, a thermal FEA was carried out. The FEM was 

composed of the vitreous enamel coating and the steel substrate (Fig. 6A). Since the 

enamel coating is applied on both sides of the steel plate, it is possible to consider only 

half of the overall thickness reducing the computational time. 

For this study, a 3D RVE approach was adopted. An RVE is the smallest material 

volume element statistically representative of the overall microstructure, morphology 

and macroscopic constitutive response of the bulk material (Collini et al., 2019; Hill, 

1963; Omairey et al., 2019). Such an approach can be adopted for this study because 

(i) the microstructure is periodic over the enamel deposition surface (x and z axes of 

the model, Fig. 6BI, 6BII) and (ii) bubbles within the enamel are randomly distributed. 

The RVE dimensions must be as small as possible both to reduce the computational 

time and to better represent the geometrical features (Kanit et al., 2003). The minimum 

RVE size here adopted was the width of the final VES crops and equal to 110 µm. 

This dimension was approximately six times the maximum value among the average 

bubbles diameters calculated for each sample (i.e. BL mean diameter = 17.47 µm) and 

enabled providing a significantly representative geometry for the FEM analysis. 

Concerning the other dimension in plane (i.e. the length), the value of 178 µm was 

maintained, in order not to lose too much information about the microstructure 

morphology. As a result, the RVE height is half the thickness of the enameled steel 

sheet, 0.4 mm. Such RVE enabled a periodic representation of the structure of a VES 

only in the coating deposition plane, as this RVE itself already represented half of the 

thickness of the overall structure. It is important to notice that the interfaces between 

the enamel coating and the steel substrate were simplified as flat surfaces. 
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The RVE obtained was modelled in ANSYS Workbench (ANSYS, Inc., Canonsburg, 

PA, USA) using 4 nodes tetragonal elements (Tet4) for the enamel and 8 nodes 

hexahedral elements (Hex8) for the metal substrate, with an average element size of 2 

µm and 4 µm, respectively (Fig. 6BI, 6BII). Both the composition of enamel and metal 

substrate were assumed homogeneous, the behavior isotropic and an elastic linear law 

was used. The values of the linear CTE (αL), the elastic modulus (E) and the Poisson 

coefficient (), given by the material producer (New Smaltiflex Energia S.r.l., San 

Felice sul Panaro, Modena, Italy), are listed in Table 2. 

Table 2 Physical and mechanical properties of the different constituent materials. 

Material 
αL 

(10-5 °C-1) 

E 

(MPa) 

ν 

(-) 

DC04ED 1.30 180000 0.30 

WL  1.21 70000 0.28 

BL  1.25 65000 0.28 

SM005  1.16 74000 0.28 
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Fig. 6 RVE approach applied on the samples for the FEA (SM005 sample is reported; 

scale bar = 100 µm): A) RVE model including the enamel and steel substrate. B) RVE 

mesh: BI) overview; BII) zoom in. C) RVE boundary conditions. 

FEM simulations were carried out by imposing a homogeneous thermal gradient under 

periodic boundary conditions (PBCs). PBCs are necessary to simulate the deformation 

of the material surrounding the RVE, ensuring that the external surfaces of the RVE 

remain periodic (Omairey et al., 2019). In this case, the periodicity of the RVE was 

represented by imposing boundary conditions that keep the outer surfaces of the RVE 

planar during the deformation, except for the enamel surface, that could deform freely. 

This was done by using Remote Point feature of ANSYS software, which facilitates 

controlling the degrees of freedom (DOFs) of the boundary nodes in the RVE model. 

For the remaining three surfaces of the RVE, the normal displacement was constrained 

to define a reference orthogonal system. The model geometry, mesh, and PBCs 

conditions are represented in (Fig. 6C) for the SM005 sample. 

For each RVE model, the enamel manufacturing process was then simulated by 

imposing a homogeneous linear thermal gradient of 400 °C, starting from 425 °C up to 

room temperature. 

Results 

Micro-CT of VES samples 

The results from the micro-CT of VES are showed in (Fig. 7). The structure and 

internal bubbles of the vitreous enamel coatings were clearly visualized, as well as the 

steel substrate and the interface region between the two materials. 
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Fig. 7 XCT scans overview of the VES samples composed by the enamel (red) and the 

steel basement (yellow) (scale bar = 300 µm): A) WL; B) BL; C) SM005. 

Morphology of the VES bubbles 

The morphological results are listed in Table 3, including the raw samples (MevisLab) 

and the smoothed ones (SpaceClaim).  

Table 3 Comparison between the bubbles number and volume respect to the enamel 

total volume for the raw and the smoothed versions of the VES samples. 

 Raw Version Smoothed Version 

 
Bubbles 

Number 

(-) 

Enamel Total 

Volume 

(µm3) 

Mean Bubbles 

Volume 

(µm3) 

Bubbles 

Number 

(-) 

Enamel Total 

Volume 

(µm3) 

Mean Bubbles 

Volume 

(µm3) 

WL 463 453011 978 263 391850 1490 

BL 23 281417 12236 14 275085 19649 

SM005 180 204576 1137 125 179242 1434 

The number of bubbles was almost halved in the smoothed version, since there were 

many small ones. For this reason, an increase in the mean bubble volume was observed 

as a result of the smoothing, despite the smoothing with the Shrinkwrap function 

slightly reduced their volume (Fig. 4C) due to the removal of the smallest ones. The 

VESs porosity percentages before Shrinkwrap were WL = 8.86%, BL = 10.47% and 
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SM005 = 4.18%, while after smoothing were WL = 7.66%, BL = 10.24% and SM005 

= 3.66%. 

The diameter of every bubble of the smoothed sample was measured. The statistical 

results for each sample are reported in Table 4. 

Table 4 Comparison between the bubbles diameter of the smoothed samples. 

  

Mean 

Diameter 

(µm) 

Standard 

Deviation 

(µm) 

Maximum 

Diameter 

(µm) 

Minimum 

Diameter 

(µm) 

WL 10.08 5.39 44.79 3.66 

BL 17.47 17.17 70.48 5.14 

SM005 10.06 5.36 37.91 4.71 

The results were similar for WL and SM005, while consistently different compared to 

BL. The bubbles diameter distribution for each sample (Fig. 8) was best fitted by a 

lognormal 3-parameter distribution, typically found in porous solids. The fitting 

parameters for the different VES were: WL ( = 0.772;  = 1.63;  = 3.29), BL ( = 

1.54;  = 1.63;  = 4.96), SM005 ( = 0.949;  = 1.31;  = 4.46). In particular,  is the 

shape parameter (i.e. the standard deviation of the log of the distribution),  is the 

scale parameter (i.e. the median of the distribution) and  is the location parameter. 
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Fig. 8 Histograms of the bubbles diameter distribution for each smoothed VES sample 

represented as frequency for each diameter range: A) WL; B) BL; C) SM005. 

FEM simulations 

The thermal FEM simulation of the VES cooling process enabled the evaluation of the 

residual thermal stresses generated both in the enamel and steel substrate. For this 

purpose, the equivalent Von Mises stress (eq) and the normal stresses along x and z 

axes (x and z respectively, i.e. in the enamel deposition plane) were computed, since 

the RVE can deform freely in the y-direction. The 3D distributions of eq, x and z at 

the end of the cooling process for the three types of enamel in the sectioned RVEs are 

reported in Fig. 9. 
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Fig. 9 VES stress distribution in the sectioned RVEs obtained from the cooling phase 

FEM simulation for: I) WL, II) BL and III) SM005 samples (scale bar = 100 µm). A) 

Equivalent Von Mises stress (eq). B) Normal stress along x axis (x). C) Normal 

stress along z axis (z). 

For all samples it was found that at room temperature the metal substrate was 

subjected to residual tensile stresses along both the x and z axis, while the enamel 

showed residual compressive stresses. 
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The Von Mises stress distribution for an internal cross section in the enamel (Fig. 

10AI-CI) is showing high stress values, particularly on the bubbles linking direction. 

The frictional stress patterns at the interface between the enamel and the steel substrate 

(Fig. 10AII-CII) are negligible compared to the values found in the entire RVE (Fig. 

9), since here the stress changed from tensile to compressive at the interface. 

 

Fig. 10 2D cross sectional stress patterns inside the enamel and at the enamel-steel 

interface for: A) WL, B) BL and C) SM005 samples (scale bar = 100 µm). I) 

Equivalent Von Mises stress and II) Frictional stress distribution. 

Discussion 

The VES morphological and thermomechanical investigation is complex due to the 

impossibility so far to estimate their real volume and internal microstructure. This is a 
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huge limitation as gas bubbles, entrapped inside the VES volume during the firing 

phase, strongly modify their overall structure and the residual stress distribution 

throughout the cooling phase. Previous research studied the bubbles mechanical 

influence by using micrography-based 2D FEMs (Ambu et al., 2014), locally verifying 

how the bubbles shape could guide the stress distribution inside VES. In this work, the 

mechanical modelling of VES properties was upgraded by using the micro-CT-based 

FEA, in order to investigate the full volume of the samples. The micro-CT of the 

enamel-steel interface of VES (Fig. 7), with unpreceded resolution (1.12 µm) 

compared to the previous literature in the ceramic research field (Bernasconi et al., 

2012; Van Der Linden et al., 2010), guaranteed an accurate description of the bubbles 

morphology and distribution as well as generation of a FEM of the entire VES. 

The mean diameters of the bubbles for each VES were successfully evaluated both in 

the raw and the smoothed 3D reconstructions. Despite the removal of the smallest 

bubbles (volume < 50 µm3), that were approximately 1/3 of their total number for each 

VES, the bubble volume differences between the raw and smoothed versions were 

minimal (WL = 13.5 %; BL = 2.3 %; SM005 = 12.4 %). Moreover, this XCT-based 

method to evaluate the VES bubbles mean diameter takes into account the 3D volume, 

thus reducing approximations caused by the 2D estimation. 

FEA results at the end of the cooling phase showed how residual thermal stresses are 

compressive for the enamel coatings, while tensile for the steel substrates (Fig. 9). This 

is related to the difference in the linear CTE between the enamel and the metal 

substrate. As in Table 2, the linear CTE value for steel is higher than that for enamels. 

This means that under the same thermal gradient, the steel deformation is greater than 
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that of the enamel, thus generating residual tensile stresses in the steel and compressive 

in the enamel layer. 

Observing the equivalent stress distribution both in the 3D representations (Fig. 9AI-

AIII) and in particular in the section side views (Fig. 10AI-CI), it is interesting to note 

how the stress concentrations are found in the enamel and in particular on the bubbles 

linking direction. This effect, widely reported in literature (Boccaccini et al., 1996; 

Peterson, 1965; Peterson, 1974; Pilkey & Pilkey, 2008) is particularly evident in 

regions with higher porosity volume fraction, due to the bubble-stress interaction 

(Rice, 1997). It has been demonstrated that the thermomechanical properties of porous 

materials (to which VESs belong to) are directly related to the porosity percentage. In 

fact, as the latter increases, the stress shielding effect is emphasized but simultaneously 

a reduction in the load-bearing area occurs (Boccaccini, 1998; Rice, 1997; Salvini et 

al., 2018). In the present study, it was difficult to make a qualitative comparison 

among the thermomechanical properties of the three different samples as the enamel 

thicknesses were different (due to the hand-made spraying process), and consequently 

the residual stress values generated during the cooling phase. However, it is possible to 

make some quantitative comments. It is interesting to observe how the higher the 

porosity volume fraction (BL = 10.24%, WL = 7.66% and SM005 = 3.66%, after crop 

smoothing) lowered the maximum equivalent stress value (BL = 108.57 MPa, WL = 

145.57 MPa and SM005 = 209.95 MPa). In fact, it has been shown that at increasing 

porosity volume fractions, the stress concentration values are reduced due to 

interactions between the pores as the interstitial spaces (Rice, 1997). 

It is worth mentioning that the maximum and minimum values of the normal stresses 

along x and z axes (x and z, respectively (Fig. 9)) are almost the same for the SM005 
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sample (x,z min = -209.27 MPa and x,z max = 30.57 MPa), while there is a substantial 

difference in the behavior along the same directions for WL and BL samples. This 

clearly suggests an anisotropic behavior of these two samples, although, in the FEM 

simulations, the materials were assumed to be isotropic. This was probably due not 

only to the porosity percentage but above all to the size of the RVEs herein adopted, 

which might be too small compared to the size of the bubbles. However, as explained, 

the RVEs dimensions are dependent on the size of the micro-CT images. In addition, 

shape (i.e. the axial ratio), distribution, and orientation of the spheroidal pores can also 

affect the thermomechanical behavior of porous materials (Boccaccini, 1999; Chiang, 

2015).  

The stress values at the enamel-steel interface for each VES (Fig. 10AII-CII) were 

almost null, since the stress changed from tensile to compressive passing from the 

enamel to the steel substrate. This behavior was probably caused by approximation of 

the interface region between the enamel coating and the steel basement to a flat 

surface. In fact, the real interface has a rough morphology and a different chemical 

composition along its thickness (Zucchelli et al., 2010). However, this FEM analysis 

accurately evaluates the stress distribution in the VES volume, underlining the effects 

caused by the bubbles morphology and their distribution, upgrading the previous 

literature in the field (Ambu et al., 2014). 

Conclusion 

In this study a high-resolution X-ray computed tomography (micro-CT) was used to 

image vitreous enameled steels. The micro-CT facilitated a clear visualization of both 

the enamel coating and the metal basement minimizing image artefacts. The post-

processing carried out on the micro-CT images enabled a morphological investigation 
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of the gas bubbles entrapped inside the VES volume. A thermal micro-CT-based finite 

element analysis of Representative Volume Elements (RVEs) provided a better 

understanding of how the bubble presence and distribution affected the stress 

distributions inside the volumes. Furthermore, this study opens the way for future in 

situ investigations of VES by means of digital volume correlation. The results from 

this study will inform further research on such composite materials by optimizing 

manufacturing processes for targeted applications. 
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