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Abstract: Analysis of the microstructure of electro-porcelain is important to better understand its
influence on mechanical, electrical and aging behavior. The microstructures of two electro-porcelain
materials with low and high quartz contents were analyzed with respect to the distribution of quartz.
Using an adequate evaluation of EDS (energy dispersive spectroscopy) mapping data, a reproducible
analysis of the size distribution and quantity of quartz was achieved. The method allows the analysis
of large areas (12.5 mm2). Therefore, the probability of occurrence for a few large quartz grains could
be determined. Independent of the overall amount of quartz in the materials, a wide distribution of
the grain size was observed. The size of the large detected quartz grains in both materials was very
similar. Around the large quartz particles, microcrack systems with lengths of several 100 µm were
observed. They are linearly correlated with the equivalent circle diameter of the quartz grains. The
evaluation of the cracks allowed us to determine the critical size below which no cracks around the
quartz particles are formed. This size is approximately 10 µm.

Keywords: electro porcelain; microstructure; quartz

1. Introduction

High-voltage insulators are essential for the transmission of electrical energy. Such
insulators must have a long service life and high reliability, as they are often in use for
more than 30 years [1–4]. The microstructure of the insulators is a multi-phase one. The
microstructure formation was described in detail in [1,5–7]. The material consists primarily
of corundum mullite and a glassy phase. In addition, the insulators contain small amounts
of quartz, especially around large quartz grains, microcrack systems form, which can
become fracture-initiating defects due to subcritical crack growth ([1,8,9]). Ochen et al. [8]
have produced materials with specially added quartz particles with different mean sizes
of 45, 90 and 200 µm. The study showed that the strength reduces significantly with the
quartz particle size.

Therefore, some studies postulate a low quartz content as a prerequisite for high
strength. However, besides large quartz grains, a number of other defects (pores/impurities
or surface defects -cracks) can determine the strength as well [3–5].

The microcracks around the quartz particles are caused by the different thermal
expansion coefficients of the quartz and the matrix material of 21.0 × 10−6 1/K [7] and
5–7 × 10−6 1/K [2], respectively. These large differences are mostly caused by the phase
transformation of the different SiO2 modifications during cooling [7]. The resulting tensile
stresses at the interface quartz surrounding matrix were estimated to be greater than
600 MPa [7].

Calculations of mechanical stresses of composites show that cracking around particles
in a matrix depends on particle size in addition to the thermal properties of the matrix and
inclusion. For particles larger than the critical size, spontaneous cracking occurs. Models for

Ceramics 2023, 6, 1277–1290. https://doi.org/10.3390/ceramics6020078 https://www.mdpi.com/journal/ceramics

https://doi.org/10.3390/ceramics6020078
https://doi.org/10.3390/ceramics6020078
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ceramics
https://www.mdpi.com
https://orcid.org/0000-0003-1570-0408
https://doi.org/10.3390/ceramics6020078
https://www.mdpi.com/journal/ceramics
https://www.mdpi.com/article/10.3390/ceramics6020078?type=check_update&version=1


Ceramics 2023, 6 1278

the calculation of the critical size have been derived by Davidge and Green [10], Weyl [11]
and Eshelby [12–14]. However, the size of the cracks forming at the interface and the
critical quartz particle size below which no crack takes place has not yet been determined
experimentally for electro-porcelain.

The microstructure is usually visualized using HF etching. Since the glassy phase is
etched most strongly, the crystalline constituents are clearly visible [1,2,7,15]. Based on such
etched cross-sections, quantitative image analysis is possible [1,2]. In the present work,
it shall be shown that with adequate polish and the combination of different detectors in
the SEM, the structure can also be determined without HF etching. Emphasis is placed on
the analysis of relatively large areas with respect to quartz distribution since the few large
quartz grains can be the potential defects that cause a fracture. In addition, the dependence
of the crack pattern on the size of the quartz grains is investigated.

2. Materials and Methods

Two different commercial porcelain insulators with different quartz content were used.
The samples with the lower quartz content are designated “lq” for low quartz, and those
with the higher quartz content are designated “hq” for high quartz. Samples were cut out
of the materials with a diamond saw in pieces of approximately 1 × 1 × 1 cm3.

The density of the specimens was determined by the Archimedean method according
to DIN EN ISO 18754:2022-06 [16]. The results of the density measurements are given
in Table 1. The phase fractions were determined by means of X-ray diffraction (XRD).
The Bruker D8 ADVANCE X-ray diffractometer was used for the measurements (Cu Kα

radiation, at 40 kV, 30 mA). The intensities were recorded in the range of 10◦–110◦ (2θ), and
the step size was 0.03◦ using the LynxEye position sensitive detector (PSD). The qualitative
analysis was carried out using DiffracEVA 5.2 (Bruker AXS, Karlsruhe, Germany) and PDF2
(2021)-database. The quantitative analysis was performed using the Topas 6.0 software
package (Bruker AXS).

Table 1. Results of the XRD analysis using different internal standards and density measurement
(graphs are given in Supplemental Material Figure S1).

Sample Standard Quartz [wt.%] Corundum
[wt.%] Mullite [wt.%] Amorphous

Phase [wt.%]
Bulk Density

ρb

[
g

cm3

]
lq-1 Si 0.3 ± 0.4 46.2 ± 0.4 10.7 ± 0.2 42.8 ± 0.5

2.70 ± 0.01ZnO 0.7 ± 0.9 43.8 ± 0.5 11.2 ± 0.5 44.4 ± 0.8

hq-1 Si 3.8 ± 0.7 31.7 ± 0.4 14.4 ± 0.3 50.2 ± 0.6
2.56 ± 0.01ZnO 3.6 ± 0.9 26.9 ± 0.6 13.2 ± 0.5 56.2 ± 0.8

The electro-porcelain samples were analyzed as solids and as powders. Pulverization
was carried out with the MM 400 ball mill from Retsch. The selected frequency was
30 rpm over a period of 45 s. Silicon (semiconductor grade, with a particle size < 20 µm,
which was annealed to minimize stresses) or zinc oxide (SIGALD, product no. 205532;
grain size < 4 µm) was added as a standard to determine the amorphous content (glassy phase).

For the scanning electron microscopic examinations, the samples were embedded and
then polished with diamond suspension down to 1 µm, followed by polishing with colloidal
alumina. Finally, the samples were coated with appr. 2 nm carbon. The field emission
scanning electron microscope (FESEM) NVision 40 from Zeiss was used. The images at
different magnifications were taken using SE (secondary electrons), QBSD (backscattered
electrons) and EDS (characteristic X-rays) detectors.

3. Results
3.1. Phase Content Determined by X-ray Diffraction

The samples are composed of quartz, corundum, mullite and glassy phase. The results
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are shown in Table 1. The errors given in this Table 1 are the statistical errors given
by the Rietveld analysis. Especially the determination of the amorphous phase resulted in
some larger errors. The use of the two different internal standards (ZnO, Si) reveals that the
absolute error of the determination of the amorphous phase is in the range of 3–5 wt.%. It
can be assumed, based on a model study, that the determined proportions with ZnO agree
better with the actual phase proportions than those with Si standard (Tables S1 and S2).

The data show that the two materials have clearly different quartz content. The content
of the glassy phase correlates with the quartz content, i.e., the samples, “low quartz” lq-1
also has a lower content of the glassy phase. The corundum content is considerably higher
in the electro-porcelain “low quartz”.

3.2. Microstructure Analysis

A typical image of the microstructure is given in Figures 1 and 2a. The assignment of
the different phases is given in Figure 2. At higher magnifications, the different phases are
visible due to the chemical polishing step that creates a certain profile. The localization and
differentiation of quartz grains, glassy phase, mullite and corundum platelets is therefore
possible. This helps to avoid the much more sophisticated HF etching. However, at low
magnifications, the quartz particles are difficult to determine. Nevertheless, pores (dark
phase in the images) and inhomogeneities are visible. Additionally, the typical cracks
surrounding the larger quartz grains are visible.
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Figure 1. FESEM QBSD image of sample “high quartz” hq-1 at different magnifications (a,b) and 

sample “low quartz” lq-1 (c,d). 
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Figure 1. FESEM QBSD image of sample “high quartz” hq-1 at different magnifications (a,b) and
sample “low quartz” lq-1 (c,d).

All visible quartz particles are surrounded by a glassy phase. This phase forms during
sintering by the interaction of the larger quartz grain with the surrounding matrix, i.e., with
increasing sintering time or temperature, more quartz is dissolved. Small quartz particles
in the raw material will disappear, whereas the larger ones will not dissolve completely.

Figure 2 shows the position of a line scan through a quartz grain and the surrounding
matrix. Based on the line scan in Figure 2b,c. the assignment of quartz, the glassy phase,
mullite and of corundum can be made. Based on the observed content of the different
cations, the quartz grain can be easily located (region III). The aluminum content in this
region is 0 at.%. A glassy phase can be detected in the range II and IV. The silicon content
shows a lower value compared to the quartz particle. However, the aluminum content is
still low (appr. 4.3 at.%). Figure 2 gives the content of the additional cations. It reveals in
area of the glassy phase Mg, Na and K in low concentrations. The concentration of the alkali
and earth alkali cations in the glass is low and varies from position to position. The sodium
content in the quartz seems to be an artifact of the preparation since the solubility of the
sodium in quartz is very low. In range I to V, mullite and glassy phase are present, which
can be recognized on the one hand by the thin needle shape of the mullite in Figure 2 and
on the other hand by the slight increase in aluminum and the decrease in silicon content
compared to the ranges with glassy phases and quartz grains, respectively.
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elements (b,c); (The oxygen content is not shown. It is the difference to 100%).

The results prove that the glassy phase around the quartz grains consists mostly of
SiO2. Only a very low content of Al2O3 and other cations was detected. Moreover, the
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change in the concentration as a function of the distance of the surface of the quartz grain
is not very strong. Therefore, an average of 13 points of EDS analysis around two quartz
grains distance > 1 µm was used to determine the composition of the glassy phase (see
Table 2). Around the different grains, some small differences in Mg and Na content were
found. The automatic quantification of the spectrum also showed some small Ti content.
The detailed analysis of the spectra does not show a relevant peak of Ti. Even though Ti
was observed inside the quartz grains by the automatic quantification of the spectrum.
However, as the solubility of TiO2 in quartz is very low, TiO2 was excluded from the
calculation of the composition.

Table 2. Composition of the glassy phase calculated from the average value of cations determined by
EDS (Table S3).

SiO2 Al2O3 MgO Na2O K2O

Content
[mol%] 92.0 ± 0.9 6.8 ± 0.8 0.64 ± 0.14 0.55 ± 0.35 0.03 ± 0.04

[wt.%] 87.9 11.1 0.41 0.55 0.05

As mentioned above, the determination of the quartz grains is difficult at low mag-
nifications. However, the determination of the size distribution of the large grains is an
important parameter for the characterization of the material. To achieve this, an area of
12.5 mm2 at an original magnification of 250× was analyzed by an automatic EDS-mapping.
Using this mapping and the phase identification option of the analySIS auto program, the
quartz grains could be detected reliably. The results of the analysis are given in Table 3 and
Figure 3.

Table 3. Particle size distribution of the sample hq-1 and lq-1 determined by quantitative image
analysis of EDS images (area: 12.5 mm2).

Sample Quartz Content
[vol.-%]

Total Number
of Grains Measured

d10 Feret Max
[µm]

d50 Feret Max
[µm]

d90 Feret Max
[µm]

dmax Feret Max
[µm]

hq-1 4.2 ± 0.3 716 3.6 11.1 ± 0.9 31.9 92.7

lq-1 2.0 ± 0.3 150 2.9 8.5 ± 1.9 26.1 91.3

Figure 3 shows the distribution of the quartz grains. The difference in the percentage
of quartz between the sample “high quartz” hq-1 and “low quartz” lq-1 can be clearly seen.
A quartz content of 4.15% by volume (=̂4.30 wt.%) was determined for sample hq-1, and a
quartz content of 1.98% (=̂1.94 wt.%) by volume for sample lq-1.

In both images, larger quartz grains can be found in isolated cases, but in the sample
lq-1 in the present section, the largest quartz grain with an area of 4180 µm2 (equivalent
circle diameter 73 µm (see Figure 3b pink area)) was observed. The largest quartz grain
in the sample “high quartz” is only 2269 µm2 in size (equivalent circle diameter 54 µm)
(see Figure 3a; yellow area). It is certain that larger quartz grains (over 1000 µm2) are
contained in both electro-porcelain samples. Starting from these, larger cracks often occur
(see investigation of crack behavior), which in turn could have a negative influence on the
material properties.

Figure 4 illustrates the distribution of particle size of quartz (largest dimension, Feret
max) from the sample “high quartz” (hq-1) and “low quartz” (lq-1). Shown is the number
of grains per unit area. This could be used as a measure of the density of the grains in the
volume. The curves of hq-1 and lq-1 run approximately parallel, at least for grain sizes < 50
µm. However, in the sample with lq-1, the number of quartz grains per area is significantly
lower than in the sample hq-1. The diagram reveals additionally that larger quartz grains
with a Feret Max of >90 µm occur occasionally in both samples independent of the overall
quartz amount in the material.
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Table 3 shows the Feret max diameters d_(10), d_(50) and d_(90) of samples hq-1
and lq-1. Independent of the overall amount of quartz in the material, the distribution is
quite similar.

3.3. Relationship between Quartz Grain Size and Crack Length

As described previously, cracks occur in connection with large quartz grains, which
could have a negative effect on the strength of the entire material or component. The depen-
dence of the crack length on the measured quartz grain size was investigated. 67 (hq-1) and
17 (lq-1) quartz grains were analyzed. The typical crack appearance associated with quartz
is shown in Figure 5. Using 15 SEM images of each material (investigated area 0.42 mm2),
the shape and size of the quartz grains and the crack length on the samples “high quartz”
hq-1 and “low quartz” lq-1 were investigated. No appreciable difference in the shape of the
quartz grains and their cracks could be detected in the direct comparison of the samples.
In the case of small quartz grains, the susceptibility to cracking is very low. It is typical
for medium-sized quartz grains that a crack forms around the quartz grain, as shown in
Figure 5. In the case of particularly large quartz grains, clearly, visible cracks occur also
within the grains. Per quartz grain, no, one or even several cracks occurred. In the case
of several cracks, the length of the individual cracks was added up and quantified as the
total length.
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Figure 5. FESEM QBSD image of hq-1 magnification 500, quartz grain detection (outlined in red:
quartz, marked in blue: cracks).

Figure 6 shows the dependence of the crack length on the grain size (equivalent circle
diameter) of the quartz grains. It shows that the crack length changes linearly with the
grain size. However, the graph does not go through the coordinate origin. Nearly all small
quartz grains do not show cracks around the grains. This indicates that there is a critical
quartz grain size below which no cracking occurs. It has to be taken into account that the
measured grain size in the cross-section is smaller than the three-dimensional grain size.
This could explain the fact that also very few of the smaller grains showed some cracks. To
determine the critical grain size, a linear fit was used (Figure 6)

Lc = a·dquartz + b (1)

dcritical = −b
a

(2)
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circle diameter less than 50 µm were taken into account.).

Lc is the crack length, dquartz is the equivalent circle diameter, and a and b are constants.
All grains with grain sizes below 50 µm were used for the analysis. The critical grain size is
the grain size at Lc = 0.

The determined values are dcritical hq-1 = (6.6 ± 1.2) µm and dcritical lq-1 = (8.5 ± 4.4) µm
for samples with high and low quartz content, respectively. The coefficient of determination
R2 equals 0.8701 for hq-1 and R2 = 0.8095 for lq-1. The sample “low quartz” has a higher
deviation of the measured values than hq-1. The reason for this is presumably the different
numbers of quartz grains analyzed (lq-1: 17 quartz grains and hq-1: 67 quartz grains).
However, taking the errors into account, the values dc in both materials are the same. The
slope of equation one would be π if the crack would go at the interface and the quartz
grains were spheres. The determined slopes are much larger. The reasons for that are that
the cracks usually run outside the quartz grain in the glassy phase and not directly at the
interface quartz/glass and the deviation from the spherical shape.

4. Discussion

Figure 7 and Table 4 show a comparison of the results of the quartz content mea-
sured by XRD and image analysis. The comparison shows good agreement between the
two methods. However, the deviations are slightly higher for the material with low quartz
content (lq-1). This could relate to statistical reasons. Moreover, for the low quartz content,
the error of determination by XRD is in the same order as the determined content.

The determination of the amorphous phase using the two internal standards (ZnO
and Si) shows deviations that are larger than the determined statistic error of the Rietveld
refinement. In both materials, the content determined with ZnO as an internal standard
is slightly higher. It could be assumed that the data obtained with ZnO as a standard are
more accurate due to the fact that the determined amounts in specially mixed samples
(Table S1) agree better with the theoretical compositions. The data reveal that the relative
error of the determination of the amorphous phase is probably in the range of 10%.

The use of EDS-mapping of large areas gives the possibility to determine the quartz
distribution and to measure the frequency of the large quartz particles in the area (Figure 4).
This distribution is also a measure of the frequency of large particles in the volume. In-
dependent of the overall content, the frequency of the largest particles is similar in both
materials. The data reveal that the frequency of the large particles could be independent
of the quartz content. Therefore, the statement low quartz content helps to improve the
strength is not valid every time. The reason seems to be that quartz originated from natural
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raw materials, which have a wide distribution. Only the destruction of large particles
during the processing would help to avoid such large inclusions.
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Figure 7. Comparison of the quartz contents determined by XRD with different standards and
image analysis.

Table 4. Comparison of the different results ((1) equivalent circle diameter).

Material
Bulk Density[

g
cm3

] Quartz Content
XRD [wt.%]

Quartz Content
Image Analysis

[wt.%]

Maximal
Measured

Quartz Grain
Size (1) [µm]

Measured
Critical Grain
Size (1) [µm]

Recalculated
to Volume

Critical Grain
Size [µm]

lq-1 with ZnO 2.70 ± 0.01 0.7 ± 0.9 1.94 36.6 8.5 ± 4.4 12.0

hq-1 with ZnO 2.56 ± 0.01 3.6 ± 0.9 4.30 46.1 6.6 ± 1.2 9.3

Around the large particles, microcrack systems with lengths of several 100 µm can
be formed. They are linearly correlated with the equivalent circle diameter of the quartz
grains. Therefore, these large cracks could also be an initial starting point of subcritical
crack growth during the application. Example of a crack networks with more than one
quartz grain is shown in Figure 8a,b.

The determination of the composition of the glassy phase around the larger quartz
grains (Table 2) reveals that the glassy phase around the quartz grains is very rich in
SiO2. Using this composition based on the database SciGlass [17], the thermal expansion
coefficient (TEC) of the glassy phase surrounding the quartz particles can be estimated.
The value is in the range of 1.2–1.5 × 10−6 1/K after the model of Priven, which is lower
than the thermal expansion coefficient of the value of the porcelain (5–7 × 10−6 1/K) and
also lower than the TEC of the quartz particle. Therefore, large stresses are generated in
and around the quartz grains. This explains that some of the large grains are fractured
in the microstructure. Additionally, cracks around the grain were generated. It should
be noted, however, that most of the cracks do not form directly at the quartz/glass inter-
face, as the theory would predict. Grains with an equivalent circle diameter lower than
dcritical,hq = (6.6 ± 1.2) µm for material hq-1 and dcrital,lq = (8.5 ± 4.4) µm for material lq-1 do
not show cracks. Therefore, these diameters are the critical ones. The value was determined
in 2D. Using the equations for recalculating the values in 3D [18–21], slightly higher values
can be approximated (Table 4). This value is low in comparison to the size of the expected
strength-determining defects.
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The formed stresses can be estimated based on Weyl’s micromechanical model, Es-
helby’s inclusion model, or Davidge and Green [10–14]. In a study in which all three models
were considered, the critical diameter of the quartz grains was found to be between 8.5 µm
(Weyl’s micromechanical model) and 8.9 µm (Eshelby’s equivalent inclusion model) [22].
The critical quartz grain diameters determined in the study and present work agree well
in magnitude.
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The strength of an insulator depends on the largest mechanically effective defect
according to the Griffith equation [23]:

a =

(
KIc

Y·σ

)2
(3)

where a is the defect size and Y is a geometry factor that varies from 1.13 for ball-shaped
defects in volume to 1.99 for surface defects (long semiellipse). KIc varies between 1.8 to
2.1 MPa·m1/2 [3]. Using the data for KIC = 2 MPa·m1/2 and Y = 2 (worst case), a defect size
of ≥1600 µm (1.6 mm) can be estimated for a strength of 25 MPa, ≥400 µm for 50 MPa. The
defect sizes for typical mean stresses of C130 porcelain (140 MPa [9]) are approximately
50 µm. These estimates show that the mean strength may well be affected by large quartz
grains and the crack systems around them. This was also observed for the materials
with specially added quartz particles with different mean sizes of 45, 90 and 200 µm [8].
However, the low strength values that can lead to insulator failure require much larger
defect sizes than the largest quartz grains. This is especially true when one considers
that the raw mass is typically milled and screened to limit the grain sizes of the quartz.
Therefore, quartz grains with linear dimensions significantly larger than 100 µm are not to
be expected in sintered porcelain. However, as the quartz content increases, the likelihood
that the networks of two or more quartz particles will bond increases. This can also increase
the defect size. However, no crack networks with lateral dimensions > 200 µm were found
in the examined polished cross-sections.

The estimated value of >1.6 mm for the strength of 25 MPa (much larger than the
linear dimension of the large quartz grains) agrees well with the determined critical crack
length of about 2 mm, below which a service life of more than 30 years is still provided [4].

5. Conclusions

Analysis of the microstructure of electro-porcelain is important to better understand
the mechanical and electrical behavior and aging of the materials. The work has shown that
it is possible to analyze the distribution of quartz grains without HF-etching. Through an
adequate evaluation of EDS mapping data, the reproducible analysis of quartz is possible.
The method also allows the analysis of large areas (12.5 mm2). The data reveal that
independent of the overall amount of quartz in the materials, a wide distribution of the
grain size of quartz grains was observed. The size of the largest detected crystals in both
materials were very similar. Therefore, their influence on the mechanical properties would
be similar because the strength is determined by the largest defects in the loaded volume.
Besides large quartz grains also, other defects (inclusions, pore clusters and surface defects)
could determine the strength and the aging of the materials. The analysis of the crack
structures around the quartz grains as a function of the size was carried out by means
of manual evaluation of SE images. The investigations show that no cracks occurred
around small quartz grains below a critical size. The evaluation of the cracks allowed us
to determine the critical size to be dcritical = (6.6 ± 1.2) µm for the material with the higher
quartz content. For the low quartz material, a similar size was determined.

The size is in good agreement with the theoretical predicted values based on microme-
chanical models.

Above the critical size (equivalent quartz grain diameter), the length of the crack
around the grains depends approximately linearly on the quartz grain size. The data reveal
that large quartz grains are sounded with microcracks which have even larger dimensions
than the grains themselves. Such large grains accompanied by microcracks could be the
strength-determining defect. However, such grains were observed in both investigated
materials independent of the overall quartz content. Therefore, not having a low quartz
content could be an indicator of higher strength, as it is stated in different literature sources.

The size of the quartz grains in modern electro-porcelains (up to 100 µm) is much
smaller than the defects causing low strength values of the porcelain (mm range). Therefore,
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other defects, inclusions, pore clusters and surface defects seem to be mainly responsible
for low strength values and aging of the materials.

We are aware that further work is needed to better understand the relationship between
quartz grain size and content and crack system size and mechanical properties and aging.
However, the methods presented here can be a basis for further investigations. Furthermore,
such methods can also be applied to other particle-reinforced materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ceramics6020078/s1, Table S1: Weighted proportions of the model
samples and XRD results; Table S2: Weighted proportions of the model samples without glass and
associated XRD results; Table S3: Determined concentration of the elements in the glassy phase (line
scan (Figure 2) (K1) and an additional line scan (K2, not shown) showing no Na). Figure S1: Results
of the Rietveld Fits for the material “hq-1” with the internal standard (ZnO (a) and Si (b)).
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