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Abstract: Porous alumina was prepared by the sacrificial template approach using 30 vol.%, 50 vol.%,
and 70 vol.% of carbon fibers and graphite as pore formers. In order to determine the pore size
distribution, porosity, most probable pore size, and median pore size, a mercury intrusion porosimeter
(MIP) was used. The surface fractal dimensions (Ds) of porous alumina with various pore formers
were assessed based on MIP data. The findings revealed that the pore size distribution of the prepared
porous alumina was either bimodal or trimodal at 50 vol.% of the pore formers, and unimodal at
30 vol.% and 70 vol.% of the pore formers in the raw materials. The porous alumina’s pore structure
and morphology varied depending on the volume content of the pore formers and their shapes. The
porosity and pore size of the porous alumina increased with the increase in carbon fiber content
because the carbon fiber was unfavorable to the densification of the initial billet before sintering. After
sintering, there were no residual pore formers other than alumina in the samples. The pore structure
of the porous alumina samples showed prominent fractal characteristics, and its DS decreased with
the increase in the pore former content. The samples’ Ds was highly negatively correlated with the
pore structure parameters, and was positively correlated with the flexural strength.

Keywords: porous alumina; fractal dimension; pore structure; mechanical properties; morphology

1. Introduction

Over the last few decades, interest in producing and using porous ceramic materials
has increased significantly [1–6]. Porous alumina ceramics are widely employed in cata-
lyst carriers, molten metal filters, heat protection systems, heat exchangers, biomaterials,
and other fields due to their high melting point, high corrosion resistance, controlled per-
meability, high surface area, and low density [3,7–10]. The pore sizes, morphology, and
degree of interconnection are also crucial factors affecting the potential applications of these
materials [11,12].

Recently, there has been growth in various porous ceramic materials with relatively
low surface areas in several fields where macroporosity is also desired. The large surface
area produced by the material’s microporosity provides efficient adsorption and catalytic
properties, where the macroporosity enhances the diffusion of fluids into the microporos-
ity [13,14]. For bioreactors, enzymes or bacteria are immobilized in tiny pores, while large,
open pores are employed as channels or gas diffusion paths for transporting reactants. For
electrodes in fuel cells, multimodal porous structures with a wide pore size distribution are
also required, which provide tiny pores for electrochemical reactions and large pores for
gas diffusion paths [15,16].

Thus, multimodal porous ceramics require the development of specific structures
within the material and controlling the volume fraction, size, and geometry of pores.
One of the most feasible methods is the use of sacrificial template approaches, where
spatial scaffolds (e.g., fibers or cotton-like threads) are arranged in a ceramic paste that
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acts as a short-acting pore-forming agent. In terms of the pore size and structure, and the
performance of the final material, process control remains a significant challenge for all of
the mentioned approaches.

Recently, the effects of some pore structure parameters on the properties of porous
ceramic materials were examined [17–20]. Although porous ceramics differ in their porosity
and pore size, their strength may also be influenced by other pore-related properties, namely
pore size distribution, median pore size, and the most available few pore sizes, which
have been neglected. Therefore, more careful consideration of the dependence of pore
properties on ceramic properties is essential for the design, preparation, and application of
porous ceramics. Therefore, it is also critical to seek effective approaches for practical and
accurate quantification.

With the development of fracture mechanics, pore structure, and fractal theory, some
porous material structures have significant fractal characteristics [21–31]. The microstruc-
ture and associated physicochemical properties of materials can be described in fractal
dimensions. However, the microstructures of actual porous materials may be more complex,
and may almost be obtained from these ideal fractal geometries. In addition to porosity,
pore size distribution, and pore surface area, pore surface fractals are also considered to be
primary microstructural parameters [32]. Furthermore, a mercury intrusion porosimeter
(MIP) has the advantages of producing simple and rapid experiments, and the being able
to measure a wide range pore sizes; it is the most commonly employed method in the
investigation of the pore structure of porous materials [32]. The current MIP analysis of
porous ceramics focuses only on pore size distribution characteristics, while surface fractal
dimension analysis can be employed to investigate pore morphological characteristics.
Therefore, it can be employed to complement existing analytical approaches for MIP mea-
surements, and the understanding of the pore structure characteristics of porous ceramic
materials is enhanced.

In this study, carbon fiber and graphite with various morphologies and dimensions
were employed as pore formers. The porous alumina samples with various porosities
were prepared by adjusting the pore former content and using the sacrificial template
approach of atmospheric pressure sintering. The surface fractal dimensions (Ds) of porous
alumina with various pore former contents were also assessed based on the MIP data. The
relationship between the fractal dimensions and the pore structure and flexural strength
was examined in detail.

2. Materials and Methods
2.1. Raw Materials

α-calcined alumina powder (CT3000SG, Almatis GmbH, Ludwigshafen, Germany)
was employed as the ceramic phase, which was characterized by an average particle
size of 0.5 µm and a specific surface area of 7.5 m2 g−1. At 20 ◦C ± 5 ◦C, the densities
of carbon fiber and graphite powder measured using a helium-specific gravity bottle
(AccuPyc 1330, Micromeritics Ltd., Unterschleißheim, Germany) were 1.75 × 103 kg·m−3

and 2.25 × 103 kg·m−3, respectively. Milled carbon fiber with an average diameter of
14.5 µm and a length of 90 µm was purchased from East Bontanet Ltd. in Germany, and the
average diameter of the graphite powder was 28.7 µm, as confirmed by light diffraction
(Malvern Instruments, Worcestershire, UK), as illustrated in Figure 1. The carbon fiber and
graphite were employed as pore formers; the carbon fiber was in the form of a fiber, and
the graphite was in the form of a flake.
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Figure 1. Microstructures of the pore formers: (a) carbon fiber; (b) graphite.

2.2. Preparation of Porous Alumina

Different volume fractions of carbon fiber and graphite relative to the above alumina
were employed as the pore-forming agents in order to prepare porous materials. The
sample mixtures were attrition milled with alumina milling media using ethanol as a
solvent for 2 h. Then, the ground slurry was dried for 12 h and sieved through a 200 µm
sieve. Subsequently, the powder was pressed into rods of 47 mm in length and 7 mm in
width through a uniaxial press with a steel die at 125 MPa for 20 s and a cold isostatic
press at 500 MPa for 2 min. Finally, it was sintered at 1550 ◦C for 2 h at a heating rate of
1 ◦C min−1 in an air atmosphere, and was cooled from the sintering temperature to 300 ◦C
at a cooling rate of 10 ◦C min−1. During the sintering process, the internal pore-forming
agent underwent a combustion reaction, and the porous alumina materials were prepared
in situ.

As Figure 2 illustrates, the porosity of the porous alumina samples was first determined
using 50 vol.%, 70 vol.%, 80 vol.%, and 90 vol.% of pore formers in order to determine the
reasonable content range of the pore former. Furthermore, 1:1 was the ratio of carbon fiber
and graphite. The porous samples’ porosity increased with an increase in the pore former
content up to 83 vol.%. However, the porous samples’ porosity decreased with the increase
in the volume fraction of the pore former when the pore former content exceeded 83 vol.%.
Because the pores generated by the pore former are compressed or destroyed by the matrix,
the pore structure parameters can no longer be characterized by the fractal dimension.
Thus, the volume fractions of pore formers were 30 vol.%, 50 vol.%, and 70 vol.% based on
the above experimental results, and Table 1 shows the specific ratios.
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Table 1. The ratios of the raw materials for the different porous alumina materials.

Samples Compositions

A1 9 vol.% carbon fiber + 21 vol.% graphite + 70 vol.% alumina
A2 15 vol.% carbon fiber + 15 vol.% graphite + 70 vol.% alumina
A3 21 vol.% carbon fiber + 9 vol.% graphite + 70 vol.% alumina
B1 15 vol.% carbon fiber + 35 vol.% graphite + 50 vol.% alumina
B2 25 vol.% carbon fiber + 25 vol.% graphite + 50 vol.% alumina
B3 35 vol.% carbon fiber + 15 vol.% graphite + 50 vol.% alumina
C1 21 vol.% carbon fiber + 49 vol.% graphite + 30 vol.% alumina
C2 35 vol.% carbon fiber + 35 vol.% graphite + 30 vol.% alumina
C3 49 vol.% carbon fiber + 21 vol.% graphite + 30 vol.% alumina

2.3. Characterization Methods

The bulk densities and total porosities of the samples were measured by the Archimedes
approach employing glycerol solution, according to ASTM C373–88. The sample surfaces
were ground by employing commercial 180 to 800 grit, and were polished using commercial
2400 grit. The samples were ultrasonically cleaned in ethanol for 10 min after polishing.
The sintered samples’ crystal structures were analyzed using X-ray diffraction analysis and
Cu Kα radiation (D8 Discover, AXS Bruker, Karlsruhe, Germany). The flexural strength
was measured on samples of 3 mm × 4 mm × 30 mm using a four-point flexural test
with an inner and outer span of 10 mm and 20 mm, respectively. The crosshead speed for
the measurement of the strength was 0.5 mm min−1. The section’s microstructures were
then observed using a scanning electron microscope (LEO 1530 FESEM, Gemini/Zeiss,
Oberkochen, Germany). The samples’ pore size distribution and open porosity were mea-
sured by MIP (AutoPore IV 9500 V1.04, Micromeritics GmbH, Unterschleißheim, Germany).
The contact angle and surface tension employed for the computations were 141.3◦ and
485 × 10−3 N m−1, respectively.

The Ds of the pore surface was computed by employing a fractal model based on
the thermodynamic method derived by Zhang and Li to accurately quantify the pore size
distribution parameters, and to understand the impact of various contents of pore formers
on the mechanical properties of porous alumina materials [33]. The model was extensively
employed, and was confirmed to be an accurate model for the description of Ds.

Zhang and Li proposed a logarithmic scaling relationship between the cumulative
intrusion work Wn and the cumulative mercury intrusion surface Qn through Equation (1):

ln(Wn) = C + ln(Qn) (1)

where C represents the product of the surface tension and the mercury contact angle cosine,
and the subscript n denotes a specific intrusion stage. Assuming that, in this intrusion
stage, the pressure used in the injection of mercury in phase i was Pi, Pa; the volume of
mercury injected into the pore was Vi, m3; the accumulated mercury volume was Vn, m3;
and the smallest pore radius was rn, m. Then, the intrusion work Wn and the intrusion
surface Qn were computed using Equations (2) and (3).

Wn =
n

∑
i

Pi∆Vi (2)

Qn = r2−D
n VD/3

n (3)

Here, D represents the pore surface’s actual size. Then, the equation can be rearranged
as Equation (4).

ln
(

Wn

r2
n

)
= DS ln

(
V1/3

n

rn

)
+ C (4)
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The Wn, Vn, ln
(

Wn
r2

n

)
, and ln

(
V

1
3

n
rn

)
values can be computed and then plotted with

ln
(

V1/3
n
rn

)
as the x-axis and ln

(
Wn
r2

n

)
as the y-axis based on the collected MIP data and

Equations (2) and (3), and then Ds is also the fitted line of the slope, which can be examined
according to Equation (4).

3. Results and Discussion
3.1. Effect of Pore Formers on the Bulk Density, Linear Shrinkage, Pore Size Distribution, and
Porosity of the Porous Alumina

Figure 3 demonstrates the bulk densities and linear shrinkage of the porous alumina
samples with various pore formers. The pore formers substantially influenced the samples’
structure and properties. The samples’ bulk densities for groups A, B, and C decreased with
the increase in the content of carbon fiber in the pore former, as demonstrated in Figure 3a.
Furthermore, the samples’ bulk densities decreased with the increase in the volume fraction
of the pore former because the graphite and carbon fiber burned sufficiently at the sintering
temperature of 1550 ◦C.
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(C) 70 vol.%, respectively.

Additionally, the linear shrinkage for the porous alumina samples increased gradually
as the volume fraction of the pore formers in the raw materials increased, as shown in
Figure 3b. However, the variation tendencies of the linear shrinkage for groups A, B, and C
were different. The linear shrinkage of group A’s samples first decreased and then increased
when the carbon fiber content in the pore former increased. The linear shrinkage was the
lowest, and the value was 16.9% for the 50 vol.% of carbon fiber relative to graphite. The
sample’s linear shrinkage demonstrated a gradually decreasing trend for group B. The
sample’s linear shrinkage was the lowest, and the value was 18.9% when the carbon fiber
content was 70 vol.% relative to graphite. For group C, the line shrinkage demonstrated
a trend of increasing first and then decreasing. The line shrinkage had the lowest value
of 19.0% when the carbon fiber content was 70 vol.% relative to the graphite. The above
findings showed that the linear shrinkage was correlated with the volume fraction of the
pore former and the ratio between carbon fiber and graphite. The linear shrinkage and
bulk densities for group B decreased with the increase in carbon fiber content in the pore
formers. The increase in linear shrinkage made the volume of the materials lower when
the sample mass was certain. However, groups A and C demonstrated various patterns
because of the shape of the carbon fibers and graphite.
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Figure 4 demonstrates the porous alumina samples’ pore size distribution when
prepared with various ratios of carbon fiber and graphite. The A1–A3 samples’ most
probable pore sizes were 440 nm, 425 nm, and 376 nm, respectively, which implies that
the average pore sizes of porous alumina decreased as the carbon fiber content increased.
Furthermore, the B1–B3 samples’ most probable pore sizes lacked a specific pattern of
variation, and the pore size distribution was either bimodal or trimodal. The large pore
sizes were produced from the combustion of carbon fiber and graphite. The pores’ tiny
pore sizes were generated through sintering among alumina particles. The large pore size
was on the micron scale, and the small pore size was on the nanometer scale for the B1
and B3 samples’ bimodal and trimodal pore size distributions. The B2 sample’s bimodal
pore size distributions were all nanoscale pores. The most probable pore size of the C1–C3
samples demonstrated that the pore size distribution of porous alumina ceramic samples
was unimodal. When the carbon fiber content increased from 30 vol.% to 50 vol.%, the
most probable pore size change was insignificant. However, the most probable pore size
demonstrated a substantial increase as the carbon fiber content increased to 70 vol.%.
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Figure 4. Pore size distribution of the porous alumina samples prepared with different ratios of
carbon fiber and graphite. The volume fraction values of pore formers are (a) 30 vol.%, (b) 50 vol.%,
and (c) 70 vol.%, respectively.

Figure 5 shows the contribution of the pore volume with various pore formers. The
volume fraction of >500 nm pores showed an increasing trend as the volume fraction of
the pore former increased. The volume fraction of pores in the range of 50–500 nm was
primarily offered by the pores in group A. The volume fraction of pores in the range
increased with the increase of the carbon fiber content, and the volume fraction of >500 nm
pores decreased, which was consistent with the most probable pore size’s variation pattern
in Figure 4a. The pore volume of >500 nm pores of group B demonstrated a trend of
decreasing and then increasing, and the pore volume fraction in the pore diameter range
was the lowest when the carbon fiber content was 50 vol.%. The pore volume was primarily
offered by the pores in the range of 500–2000 nm, and the volume fraction of >500 nm
pores gradually increased when the content of the pore former continued to increase to
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70 vol.%. The volume fraction of >500 nm pores was 91.79% when the carbon fiber content
was 70 vol.%.
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Figure 5. Pore volume of the porous alumina prepared with various ratios of carbon fiber
and graphite.

The physical properties of the porous alumina measured by MIP are demonstrated
in Figure 6. The porous alumina samples’ porosity increased as the volume content of the
pore former increased. However, the open porosity and median pore sizes demonstrated
various trends. The closed porosity gradually decreased as the volume proportion of the
carbon fiber in the pore former increased for group A, but the median pore size had no
substantial change. Additionally, group A’s pore size distribution was unimodal because
the porous alumina samples’ closed pore content was relatively high and the MIP only
measured the pore size distribution of open pores in the samples.
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The samples’ closed porosity and median pore size in group B both demonstrated
a trend of decreasing and then increasing with the increase of the carbon fiber content.
The samples’ closed porosity demonstrated a substantial increase when the carbon fiber
content increased from 50 vol.% to 70 vol.% because the disordered distribution of carbon
fiber and graphite caused the pore-forming agents to lap or overlap each other. The closed
porosity gradually increased with the increase of the proportion of carbon fiber in the pore
former for group C. The median pore size demonstrated a trend of decreasing and then
increasing. The possibility of mutual contact between the pore formers was increased, and
the contact between the pore formers was more complex because the content of carbon
fiber and graphite was high in group C. Therefore, the mutual contact between graphite
resulted in the generation of a larger pore size compared to the carbon fiber.

3.2. Mechanical Properties and Weibull Distribution of the Porous Alumina

Figure 7 demonstrates the porous alumina samples’ four-point flexural strength when
prepared with various volume contents and ratios of pore formers. The samples’ total
porosity increased as the volume content of the pore former increased, as shown in Figure 6.
The samples’ four-point flexural strength decreased with the increase in pore former content
according to the Ryskewitsch equation [34,35]. The corresponding strength decreased when
the carbon fiber volume increased at 30 vol.% and 50 vol.% for the same volume content of
pore formers. When the volume of carbon fiber and graphite was 70 vol.%, the increase of
carbon fiber content lacked much impact on the samples’ strength.
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Figure 7. Flexural strength of the porous alumina samples with different volume contents and ratios
of pore formers. The volume fraction values of the pore formers are (A) 30 vol.%, (B) 50 vol.%, and
(C) 70 vol.%, respectively.

The A1–C3 samples’ Weibull distributions obtained with various volume contents of
pore formers are demonstrated in Figure 8 and Table 2. The larger the Weibull coefficient m
is, the smaller the deviation from the strength data is, and the higher the reliability of the
material’s measured strength is. The computed values of m were all within the range of
values trusted for the porous ceramics, such that the samples’ measured flexural strengths
had the needed reliability.
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Table 2. Weibull values of the porous alumina samples obtained by adding various pore formers.

Samples A1 A2 A3 B2 B2 B3 C1 C2 C3

Weibull (m) 21.9 37.4 24.1 18.6 11.7 20.0 11.9 12.9 11.2

3.3. Phase Composition and Microstructure of the Porous Alumina

Samples A1–C3’s XRD plots are demonstrated in Figure 9. The various ratios of
carbon fiber and graphite in the raw materials were completely burned during the sintering
process. The common diffraction peaks of alumina existed in the samples obtained through
sintering at 1550 ◦C and holding for 2 h. There was no residual pore former in the samples.

Fractal Fract. 2022, 6, 460  9  of  17 
 

 

Figure 7. Flexural strength of the porous alumina samples with different volume contents and ratios 

of pore formers. The volume fraction values of the pore formers are (A) 30 vol.%, (B) 50 vol.%, and 

(C) 70 vol.%, respectively. 

The A1–C3 samples’ Weibull distributions obtained with various volume contents of 

pore formers are demonstrated in Figure 8 and Table 2. The larger the Weibull coefficient 

m is, the smaller the deviation from the strength data is, and the higher the reliability of 

the material’s measured strength is. The computed values of m were all within the range 

of  values  trusted  for  the  porous  ceramics,  such  that  the  samples’ measured  flexural 

strengths had the needed reliability. 

 

Figure 8. Weibull distribution of the porous alumina samples obtained by adding various pore for‐

mers. 

Table 2. Weibull values of the porous alumina samples obtained by adding various pore formers. 

Samples  A1  A2  A3  B2  B2  B3  C1  C2  C3 

Weibull (m)  21.9  37.4  24.1  18.6  11.7  20.0  11.9  12.9  11.2 

3.3. Phase Composition and Microstructure of the Porous Alumina 

Samples A1–C3’s XRD plots are demonstrated in Figure 9. The various ratios of carbon 

fiber and graphite in the raw materials were completely burned during the sintering pro‐

cess. The common diffraction peaks of alumina existed  in  the samples obtained  through 

sintering at 1550 °C and holding for 2 h. There was no residual pore former in the samples. 

 

Figure 9. XRD of the porous alumina samples with different pore former contents.

Figure 10 shows the photographs of the porous alumina samples’ cross-sections, as
obtained with various contents of carbon fiber and graphite. The pores’ shapes in the
samples retained the shapes of the pore formers. The black arrows in the figures indicate
the holes left by the combustion of the flaky graphite, and the white arrows indicate the
circular holes left by the combustion of the fibrous carbon fiber. These circular holes
were primarily induced by the fibrous holes perpendicular to the cross-sectional surface.
However, the overall samples’ most probable pore size was higher than that measured
using MIP because the use of carbon fibers and graphite as pore-forming agents easily
resulted in the formation of ink bottle-like pores in the sintered samples. Additionally, the
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porous alumina samples’ pore shapes changed from predominantly flat to fibrous when the
content of carbon fibers increased. The A1–C3 samples’ average pore diameters measured
using the Ferret diameter test approach were 32 µm, 17 µm, 6 µm, 34 µm, 35 µm, 45 µm,
36 µm, 39 µm, and 52 µm, respectively. The most probable pore size decreased with the
increase in the carbon fiber content for group A. The most probable pore size decreased
with the increase of the carbon fiber content for groups B and C. The pore former’s volume
fraction in the samples of group A was low, and there were almost closed pores in the
sintered samples. Meanwhile, the samples’ pores after sintering were linked, and large
pores were generated for groups B and C such that the diameter values computed by the
Ferret diameter were high.
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alumina; (B3) 35 vol.% carbon fiber + 15 vol.% graphite + 50 vol.% alumina; (C1) 21 vol.% carbon 
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Figure 10. Cross-sectional morphologies of the porous alumina samples. (A1) 9 vol.% car-
bon fiber + 21 vol.% graphite + 70 vol.% alumina; (A2) 15 vol.% carbon fiber + 15 vol.%
graphite + 70 vol.% alumina; (A3) 21 vol.% carbon fiber + 9 vol.% graphite + 70 vol.% alu-
mina; (B1) 15 vol.% carbon fiber + 35 vol.% graphite + 50 vol.% alumina; (B2) 25 vol.% carbon
fiber + 25 vol.% graphite + 50 vol.% alumina; (B3) 35 vol.% carbon fiber + 15 vol.% graphite + 50 vol.%
alumina; (C1) 21 vol.% carbon fiber + 49 vol.% graphite + 30 vol.% alumina; (C2) 35 vol.%
carbon fiber + 35 vol.% graphite + 30 vol.% alumina; (C3) 49 vol.% carbon fiber + 21 vol.%
graphite + 30 vol.% alumina.

Figure 11 demonstrates the porous alumina samples’ cross-sections, as obtained with
various contents of carbon fiber and graphite. The orientation of the carbon fiber in the
alumina was random in the A1–A3 samples, which resulted in a decrease in the porous
alumina’s density. Furthermore, the alumina particles’ average particle size was 2 µm. The
porous alumina particle sizes for groups B and C were substantially reduced compared
to group A, and the average particle sizes were 700 nm and 600 nm, respectively. The
disordered arrangement of carbon fibers in the samples and the alumina particle sizes’
reduction resulted in the flexural strength’s reduction, according to Figure 6, as shown in
Figure 11.
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Figure 11. SEM of the fracture surfaces of the porous alumina samples. (A1) 9 vol.% car-
bon fiber + 21 vol.% graphite + 70 vol.% alumina; (A2) 15 vol.% carbon fiber + 15 vol.%
graphite + 70 vol.% alumina; (A3) 21 vol.% carbon fiber + 9 vol.% graphite + 70 vol.% alu-
mina; (B1) 15 vol.% carbon fiber + 35 vol.% graphite + 50 vol.% alumina; (B2) 25 vol.% carbon
fiber + 25 vol.% graphite + 50 vol.% alumina; (B3) 35 vol.% carbon fiber + 15 vol.% graphite + 50 vol.%
alumina; (C1) 21 vol.% carbon fiber + 49 vol.% graphite + 30 vol.% alumina; (C2) 35 vol.%
carbon fiber + 35 vol.% graphite + 30 vol.% alumina; (C3) 49 vol.% carbon fiber + 21 vol.%
graphite + 30 vol.% alumina.

3.4. Fractal Characteristics of the Porous Alumina

The porous alumina samples’ Ds values with various pore former contents and the
coefficient of determination of R2 were computed based on the experimental data of the
MIP findings and Equation (4), as demonstrated in Figure 12.

Table 3 demonstrates the porous alumina samples’ Ds values with various pore former
contents and the coefficient of determination of R2. The computed fractal dimensions
were between 2.4 and 2.7, and the correlation coefficient values were all higher than
0.99000. Therefore, the porous alumina samples’ pore structure had prominent fractal
characteristics, and the pore surface had high roughness and irregularity. The fractal
dimension of the porous alumina samples showed a decreasing trend with the increase of
the pore former’s volume fraction. Furthermore, the average particle size of the alumina
decreased, the tiny pores made by the sintered alumina particles decreased, and the
samples’ density decreased. The samples’ pores were linked after sintering, and the tiny
pores generated large pores. The decrease in the proportion of tiny pores resulted in
the simplicity of the sample pore structure. Thus, the group A and C samples’ fractal
dimensions decreased with the increase in the carbon fiber content. The fractal dimension
of the group B samples increased first and then decreased, and the Ds values were the
lowest when the carbon fiber content was 30 vol.% because the increase in carbon fiber
content caused the inhomogeneous distribution of carbon fiber. When the carbon fiber
content was more than 50 vol.%, the fibers lapped or contacted each other, increasing the
proportion of large pores, which is consistent with the pattern in Figure 5.
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tents. (a) 30 vol.% pore formers + 70 vol.% alumina; (b) 50 vol.% pore formers + 50 vol.% alumina;
(c) 70 vol.% pore formers + 30 vol.% alumina.

Table 3. Fractal dimensions of the pore surfaces.

Samples Ds R2

A1 2.67513 0.99238
A2 2.65407 0.99291
A3 2.63362 0.99270
B1 2.54288 0.99144
B2 2.66333 0.99302
B3 2.60491 0.99283
C1 2.56622 0.99346
C2 2.55775 0.99045
C3 2.44255 0.99028

The plots of the relationship between Ds and the porosity, most probable pore size, and
median pore diameter of the porous alumina samples are shown in Figure 13. The porosity,
most probable pore size, and median pore size were all negatively correlated with the
fractal dimension, and the values of R2 were 0.67194, 0.87773, and 0.93495, respectively. The
proportion of large pores increased, the proportion of tiny pores decreased, and the pore
structure’s complexity decreased with the increase of the most probable and median pore
size. The high R2 value showed the close relationship between Ds and the pore structure
parameters of the porous alumina samples. Therefore, the pore structure parameters could
be characterized and expressed by Ds.
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median pore diameter of the porous alumina.

Figure 14 demonstrates the relationship between the porous alumina samples’ porosity,
most probable pore size, median pore size, and flexural strength. The three plots had a
negative relationship with the flexural strength, and had a high correlation. The correlation
coefficients R2 were 0.93801, 0.81039, and 0.95342, respectively. The densities of the porous
alumina decreased as the porosity of the samples increased; therefore, the mechanical
behavior during compression changed from brittle damage to a more fragile behavior [36].
Additionally, Meille et al. [37] concluded that the mechanical properties of porous ceramics
were regulated by the presence of isolated pores. During mechanical tests, tensile cracks
first popped out of the largest pores, and the cracks paralleled the applied load, followed
by the cracks’ steady expansion and crack–crack interactions, resulting in the final failure
of the specimen. In a specific range of porosity, the decrease in the most available pore
size and median pore size resulted in a substantial increase in the number of pores. In
contrast, the pores’ diameter became low. The increase in the number of pores contributed
to the crack expansion path’s deflection, which facilitated the increase in fracture energy
absorption. Additionally, the reduction of the pore size could efficiently reduce the occur-
rence of cracks; therefore, it increased the maximum value of fracture stress [36]. The above
findings show that the pore structure parameters were the decisive factors for the porous
alumina samples’ mechanical properties. For porous ceramics with the same porosity,
the mechanical properties could be efficiently enhanced by reducing the proportion of
macroporosity and increasing the microporosity, which was in good agreement with the
findings reported by Liu et al. [38].

The relationship between the flexural strength findings and the fractal dimension
of the porous alumina samples with various pore former contents is demonstrated in
Figure 15. There was a power function relationship between flexural strength and the
fractal dimension with an acceptable correlation coefficient of R2 = 0.64278. The primary
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reason is that the sample porosity increased, the volume fraction of large pores increased,
and the complexity of the pore structure decreased with the increase in pore-forming agent
content, which was consistent with the findings in Figures 13 and 14. As mentioned above,
the fractal dimension was a crucial parameter to reflect the pore structure of porous alumina
ceramics, which could explain how the flexural properties of porous alumina ceramics
were influenced by various pore-forming agent contents from the fractal theory.
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4. Conclusions

(1) The porous alumina with various porosities was completely sintered at a sinter
temperature of 1550 ◦C. The open pore proportion increased, the closed pore proportion
decreased, the porous alumina’s pore distribution became more extensive, and the vol-
ume fraction of large pores increased when the pore former content in the raw materials
increased. The samples’ pore structure and morphology varied, and the disorderly arrange-
ment of carbon fibers and the decrease of the alumina particle size in the samples resulted
in a decrease in the flexural strength.

(2) The pore structure parameters could be characterized and expressed by Ds. Ds
decreases with the increase in pore-forming agent content, and the impact of carbon fiber
on Ds is more substantial than that of graphite.

(3) The fractal dimension of porous alumina was positively correlated with flexural
strength and highly negatively correlated with pore structure parameters. The pore struc-
ture parameter was the decisive factor in the mechanical properties of porous alumina. The
fractal dimension can also be employed to investigate other properties of porous ceramics.
This new approach is also extensively applicable to the examination of ceramics with
different porosity levels.
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