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Abstract: The performance of attractive Ni-based composites can be affected by changing their
microstructures, e.g., introducing pores. Here, we report a novel, relatively low-cost process to
fabricate Ni/Al2O3 composites with open porosity modified by the size of Al2O3 particles. The
mixture of powders was subjected to thermal oxidation twice in air after a maximal temperature of
800 ◦C was reached in a stepwise manner and maintained for 120 min. The oxidation kinetics were
determined thermogravimetrically. The open porosity was evaluated by an Archimedes’ principle-
based method. Localization and quantification of NiO, newly formed on the Ni particle surface and
acting as a mechanical bonding agent, were explored by scanning electron microscopy with energy
dispersive X-ray spectroscopy and X-ray diffractometry. Larger ceramic particles prevented merging
of NiO layers on adjacent Ni particles more efficiently; therefore, the open porosity increased from
21% to 24.2% when the Al2O3 particle diameter was increased from 5–20 µm to 32–45 µm. Because
both Ni/Al2O3 composites exhibited similar flexural strength, the composite with larger Al2O3

particles and the higher open porosity could be a better candidate for infiltration by molten metal, or
it can be directly used in a variety of filtration applications.

Keywords: Ni composite; Al2O3; moderate-temperature oxidation; NiO; open porosity

1. Introduction

Ni-based composites are indispensable material in various industries given their attrac-
tive mechanical and physical properties are required for applications in high-temperature
and corrosive environments [1]. Among the various composites, Ni matrix composites rein-
forced with Al2O3 particles have drawn a significant interest because Ni/Al2O3 composites
demonstrate various combinations of remarkable thermal, chemical, and mechanical prop-
erties of Al2O3 on the one hand and superior tensile strength and toughness of Ni on the
other [2–4]. These properties make Ni/Al2O3 composites exceptionally useful; Ni/Al2O3
composites are used in advanced protective coatings against corrosion and abrasion, thus
becoming an attractive alternative to chromium [5–7]. Recently, nano-composite coatings
have gained remarkable interest due to a significant improvement in protection perfor-
mance [8–10]. Nickel-based coatings with Al2O3 particles smaller than 100 nm in diameter
have appeared and been used to increase the abrasion resistance of metal surfaces, espe-
cially in microdevices [11–14].

Ni/Al2O3 composites are usually prepared by various traditional methods such
as sol-gel processing, pressureless sintering, or hot pressing [15–21]. These approaches
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are, however, not optimal for the fabrication of open-porous products because of matrix
deformation resulting in a blockage of a substantial portion of pores. The open porosity
manifested by large, interconnected pores is fundamental for flow-through applications
such as filtration, electrochemistry, and acoustic absorption when the required functional
and structural properties are designed by the composition and the specific shape and
size distribution of pores (reviewed in [22]). Open porosity is also needed to fabricate
metal–matrix composites utilizing pressure-assisted or pressureless infiltration of molten
metals when all pores should be filled to obtain a homogenous and dense product [23]. In
addition to an appropriate open-porous structure, these preforms should display sufficient
strength and resistance to a thermal shock. Considering all of these requirements, open-
porous Ni/Al2O3 composites appear to be suitable candidates for the aforementioned
applications. In line with this, Al2O3 particles make these open-porous composites a
promising catalyst for the capture of carbon monoxide (CO) [24] and carbon dioxide
(CO2) [25,26]. Since these greenhouse gases contribute to climate change, we require
increased efforts to eliminate their accumulation in the atmosphere; open-porous Ni/Al2O3
composites could significantly contribute to these efforts.

In general, open-porous metallic materials are conventionally fabricated using two
approaches. One is a replication process when an interconnected porous network is
obtained by removing (shaking or dissolution) a porous preform filled with the molten
metal once solid [27]. The other is sintering of loose metal powder or fibers when pore-
forming agents or space fillers are used [4,28,29]. Although significant progress has been
made in controlling pore characteristics over the years (reviewed in [30]), fabrication of
open pores still remains challenging. To fully realize the application potential of open-
porous composites, novel fabrication technologies have to be developed and optimized.

In this study, open-porous Ni/Al2O3 composites were prepared by a relatively simple
and low-cost technology of the thermal oxidation in air when the temperature was increased
stepwise up to 800 ◦C and maintained for 120 min. The size effect of Al2O3 particles on the
open porosity, internal microstructure, and flexural strength was evaluated.

2. Materials and Methods
2.1. Powder Samples

High-purity Ni powder (99.99%, Metco 56C-NS, OC Oerlikon Corporation, Pfäffikon,
Switzerland) with a particle size of <70 µm was used throughout the investigation. Al2O3
powder (95.50%, Metco Amdry 6060, OC Oerlikon Corporation, Pfäffikon, Switzerland)
with a particle size in the range of 5 µm to 45 µm was added into Ni powder samples
(12.87 wt.% Al2O3 corresponding to 25 vol.% Al2O3 when solid density was used for
conversion). The maximum volume fraction was determined experimentally, because
more than 25 vol.% Al2O3 resulted in a substantially weak sample cohesion after thermal
oxidation. Al2O3 powder was sieved to gain two fractions with particle sizes of 5–20 µm
and 32–45 µm, respectively. Analysis of the particle size distribution (the D50 parameter)
was obtained for Ni powder and both Al2O3 fractions by laser diffraction in water using
Analysette 22 NanoTec (Fritsch, Germany). The value of mean particle size (D50) was
69.91 µm for the Ni powder, 27.73 µm for the 5–20 µm Al2O3 fraction, and 36.80 µm for the
32–45 µm Al2O3 fraction. Although the morphology of Al2O3 powder exhibited a blocky
shape, as stated by Oerlikon Metco company, laser diffraction to evaluate the particle size
was used because it has been shown that even for blocky particles the D50 parameter is
sufficiently accurate [31]. The particle morphology could also explain a slightly higher
value of D50 for the 5–20 µm Al2O3 fraction because narrow blocky-shaped particles with a
length of more than 20 µm also passed through a sieve with the mesh size of 20 µm. The
Ni/Al2O3 powder mixtures were vigorously blended in a mechanical blender, Turbula
type T2F (WAB, Muttenz, Switzerland), for 30 min.



Metals 2021, 11, 1582 3 of 14

2.2. The Thermal Oxidation of Powder Mixtures

For the first oxidation cycle, 60 g of Ni powder or 60 g of Ni/Al2O3 powder mixtures
was loosely added to a conical alumina crucible (height: 50 mm, top diameter: 24 mm,
bottom diameter: 20 mm) and heated in a tubular oven Type 018LP (Elektrické pece
Svoboda, Světice u Říčan, Czech Republic) in static air. The conical shape of the crucible
was critical for smooth removal of the bulky oxidized sample using only gravitational force.
After the maximal temperature of 800 ◦C was reached in a stepwise manner (Figure 1),
it was held for 120 min to facilitate the oxidation process. The cooling was spontaneous
with a rate of approximately 1 ◦C/min. Subsequently, the sample was removed from the
crucible to allow oxygen diffusion across the whole surface area of the pre-oxidized sample
during the second oxidation cycle with the same thermal regime, shown in Figure 1. The
weight of the powder samples and the weight gain related to a newly formed NiO phase
during the first and second oxidation cycles were determined by the semi micro balance
R200D (Sartorius, Goettingen, Germany) with an accuracy of 0.1 mg.
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Figure 1. The time–temperature cycle of samples thermally treated in air.

2.3. Thermogravimetric (TG) Measurement

First, 1.2 g of Ni powder or 1.2 g of Ni/Al2O3 powder mixtures, loosely filled into a
smaller cylindrical alumina crucible (height: 14 mm, diameter: 6 mm) of a TG apparatus
(Linseis Thermal Analyzer L75/L81/2000, Selb, Germany), was subjected into the first
oxidation cycle in air using the same thermal regime (Figure 1) as was utilized for the
60 g samples. Keeping the sample in the TG crucible, the second oxidation cycle was run.
The sample weight gain (∆m) was measured as the difference between post-treatment
weight (m) and initial weight (m0). In addition to the maximal weight gain (∆mmax)
reached after each thermal treatment, the oxidation behavior of the samples was monitored
in detail. Because the weight gain of all samples depended only on the oxidation of Ni
particles (not Al2O3 particles), the weight gain of Ni/Al2O3 samples was related to the
initial Ni content (m0,Ni).

2.4. Measurement of the Open Porosity

The open porosity of the 60 g Ni sample and 60 g Ni/Al2O3 sample after each oxidation
cycle was assessed by the Archimedes’ principle-based method. Although it is a simple
method, it can generate reliable quantitative information on the samples’ open porosity
over a wide range of pore sizes. The sample was situated in a container and mounted
above the water level. When a vacuum was achieved in the closed container, the sample
was immersed into distilled water. The open porosity was deduced from the difference
between sample weights before and after water saturated the pores. For this purpose, the
semi-micro balance R200D (Sartorius, Goettingen, Germany) with an accuracy of 0.1 mg
was utilized.
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2.5. Analyses of the Microstructure and Chemical Composition

The microstructures of the 60 g Ni sample and 60 g Ni/Al2O3 sample were deter-
mined by scanning electron microscopy (SEM) utilizing JEOL JSM 6610 (Jeol, Tokyo Japan).
Specifically, the top, middle, and bottom of the bulky samples were analyzed to evaluate
volume heterogeneity. The samples were found to be brittle after the first oxidation cycle;
the particles fell out during grinding and polishing. Therefore, detailed microstructure
analysis was performed only after the second oxidation cycle (Figure 2). For illustration
purpose, SEM images after the first oxidation cycle are shown because the top region of
samples was sturdy enough for metallographic preparation. A newly formed NiO phase
was identified and localized on the surface of the Ni particles by combining SEM with
energy dispersive X-ray spectroscopy (EDS, OI X-max 50 mm, Oxford Instruments, Tubney
Woods, Abingdon, UK). NiO thickness was determined from SEM pictures when only Ni
particles with a diameter around D50 were selected for measurement. On each Ni particle,
one measurement of NiO thickness was performed. In total, more than 30 Ni particles were
included in one dataset, characterizing the top, middle, and bottom of the 60 g sample.
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Figure 2. Macrostructure of oxidized samples: (a) Ni; (b) Ni with Al2O3 particles with a diameter of
5–20 µm; (c) Ni with Al2O3 particles with a diameter of 32–45 µm. A, C, E after the first oxidation
cycle; B, D, F after the second oxidation cycle. The open white squares indicate regions from which
SEM images were taken. The white dots represent regions where SEM, EDS, and XRD analyses
were performed.

The qualitative and semiquantitative phase compositions of samples in three different
regions (top, middle, bottom) were studied by SEM-EDS and more specifically by X-ray
diffraction (XRD) using Bruker AXS D8 (Bruker AXS GMBH, Karlsruhe, Germany) Advance
diffractometer with Cu Kα radiation in parallel beam configuration with a Goebel mirror in
the incident beam and a 0.23 deg Soller slit and LiF monochromator in the diffracted beam
path. The measurements were performed under a constant incidence angle of 10 degrees
with a collection time of 8 s per step in steps of 0.05 deg. Semiquantitative phase analysis
was carried out using a TOPAS 3.0 (Bruker AXS, Bruker AXS GMBH, Karlsruhe, Germany)
in the Rietveld-like mode; phase content determination accuracy was 1 mass %. To avoid
misinterpretation when comparing Ni/Al2O3 samples to the Ni sample, the content of
NiO in Ni/Al2O3 samples was expressed as a portion (wt.%) from the post-treatment
Ni/NiO content rather than from the Ni/NiO/Al2O3 content. The results are reported
as the average ± SEM. Statistical comparisons of differences were made by the one- or
two-way ANOVA with Tukey’s post hoc test. Differences were regarded to be statistically
significant at p < 0.05.

2.6. Flexural Strength Testing

The strength of samples, which were oxidized twice, was assessed by a three-point
bending test [32,33]. Flexural strength testing was carried out on Zwick/Roell Z100
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materials testing machine (ZwickRoell, Ulm, Germany) at room temperature with a loading
rate of 0.2 mm/min. The flexural strength (σfls) was calculated from the following equation:

σ f ls =
FL
4

h2

12

(
b2

1+4b1b2+b2
2

2b1+b2

) , (1)

where F is the critical load for the fracture, L is the span length of 50 mm, b1 is the base
width, b2 is the top width, and h is the height of the specimen with a trapezoidal prism
shape (Figure 3). Here, b1 and b2 were 10 mm and 5.5 mm, respectively, and h was 6 mm.
The length of the tested specimen was 85 mm.
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3. Results and Discussion
3.1. TG Measurement

In 2017, we reported that Al2O3 particles increased the open porosity of the Ni/Al2O3
composite (Ni + 12.87 wt.% Al2O3—corresponding to 25 vol.% Al2O3) fabricated by two
cycles of thermal oxidation in air and at temperatures ≤ 800 ◦C [34]. We found that ceramic
particles impeded the formation of a robust NiO network as a result of Ni oxidation. In this
case, only Al2O3 particles of 20–32 µm diameter were tested and the powder mixture was
placed in a smaller crucible with a 16 mm diameter. Here, as a proof of concept, the role of
the Al2O3 particle size in porosity formation was studied in more details. Specifically, two
Al2O3 fractions with particle diameters of 5–20 µm and 32–45 µm, respectively, were tested.
First, TG measurement was used to assess the sample behavior after the first and the second
oxidation cycles (Figure 4). From the qualitative point of view, all three samples exhibited
a similar weight-gain profile during the first oxidation cycle (Figure 4a). Using the thermal
regime displayed in Figure 1, the weight of all three tested samples increased almost
linearly with time when the temperature was elevated stepwise up to 800 ◦C. Of note, this
increase was not terminated immediately when heating was stopped and spontaneous
cooling began. It continued during the next 350 min due to heat consumption accumulated
during the oxidative exothermic reaction. For the Ni sample, the weight gain after the
first oxidation cycle (11.57%) was slightly greater than that for both Ni/Al2O3 samples
(10.18% and 10.47%, respectively) because of the steeper increase during the heating and
cooling phases (Figure 4a). Almost the same behavior with the similar final weight gain
was exhibited by both Ni/Al2O3 samples (Figure 4b). The second oxidation cycle running
under the same conditions (the sample kept in a crucible) had a much smaller effect on
all three tested samples (Figure 4a). However, there was a larger difference between
samples containing Al2O3 particles of various sizes in this case. The larger the particle
size, the larger was the weight gain achieved (3.7% for smaller particles vs. 4.56% for
larger particles). Notably, the Ni sample exhibited the lowest weight gain. The presence of
Al2O3 particles substantially increased the steepness of the TG curve at 800 ◦C, pointing
to acceleration in Ni oxidation. Again, an ongoing increase in the weight gain during the
cooling phase for all three samples lasting for 350 min was observed (Figure 4a). When
the total weight gain after two subsequent oxidation cycles was calculated, only negligible
differences between samples were revealed. Moreover, it is evident that the Al2O3 particle
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size did not play any significant role in the total weight gain, albeit a slightly stronger
impact of the larger particles could be seen (Figure 4b).
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Figure 4. Relative weight gain of oxidized samples. (a) Ni (black line), Ni with Al2O3 particles with
a diameter of 5–20 µm (red line), and Ni with Al2O3 particles with a diameter of 32–45 µm (blue line)
during heating in air (dashed line); (b) The final relative weight gain after the first and second cycles
and a summary after two oxidation cycles.

3.2. Impact of the Sample Weight and Dimensions

It has been evidenced in our previous work [34], and in agreement with others [35,36],
that the weight gain was caused solely by the formation of NiO layers on the surface of
Ni particles as a result of thermal oxidation. Moreover, it has been reported that the NiO
growth gave rise to the sample open porosity [34]. In an attempt to understand the role
of Al2O3 particle size in pore formation and distribution, the weight gain was associated
with the sample porosity determined by the Archimedes’ principal-based method. For
this purpose, we used 60 g samples instead of the 1.2 g samples usually used for TG
analysis. Samples were heated in a laboratory oven utilizing the same thermal regime
(Figure 1) as in the TG apparatus. The final weight gain was assessed by a precise laboratory
balance. First, we examined whether such an increase in the sample weight and inevitably
dimension could influence the demonstrated weight gain of the 1.2 g samples. Figure 5
summarizes yielded results. Interestingly, after the first oxidation cycle, the weight gain
was considerably smaller for the 60 g samples regardless of the Al2O3 particles present
(Figure 5). This behavior could be explained by a limited oxygen diffusion towards the
bottom of the 60 g samples with a bigger volume. However, the 60 g samples underwent
much larger changes after the second oxidation cycle (Figure 5). Obviously, this behavior
was a reasonable consequence of releasing the sample from a crucible before the second
oxidation. Despite the aforementioned differences, the total weight gain after two oxidation
cycles was comparable between the 60 g and 1.2 g samples (Figure 5), pointing to a
strong compensatory effect of oxidation, which ran out of a crucible in the case of the
bulky sample.
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Figure 5. Effects of sample weight on maximum weight gain of samples after the first and second
oxidation cycles and a summary after two oxidation cycles.

3.3. Correlation between Weight Gain and Open Porosity

It was of our primary interest to validate our hypothesis about the substantial role
of Al2O3 particle size in distributing open pores in Ni/Al2O3 composites. As displayed
in Figure 6b, the sample with larger Al2O3 particles (32–45 µm) exhibited the highest
open porosity after the first and second oxidation cycles (36.2% and 24.2%, respectively).
This behavior was accompanied with either a similar or slightly larger increase in the
sample weight gain when compared to that of the Ni sample with the lowest open porosity
(14.7% after the second oxidation). Comparing oxidation treatments, the open porosity was
substantially decreased when all three samples were repeatedly oxidized (Figure 6a). Our
results are consistent with the work of Zhao et al. [33] who studied Al2O3 as a porosity
agent in Cu-Sn-Ti/Al2O3 composites.

We assumed that some sort of internal NiO network was built by connecting NiO
layers formed on the Ni surface. With growing a more robust NiO, a decrease in the
level of open porosity could be expected, albeit the role of a porosity agent, in our case
Al2O3 particles, has to be also counted. To verify this conclusion at the structural level,
the SEM analysis was conducted after each oxidation cycle. Figure 7 shows representative
SEM images from the top region of samples. It is evident that much thicker NiO layers
were formed in the Ni sample, which became highly interconnected, particularly after
the second oxidation (Figure 7, top panels). The presence of Al2O3 particles substantially
inhibited NiO networking (Figure 7, middle and bottom panels). The kinetics of the NiO
growth has been extensively studied in a wide temperature range [37–40] because Ni is of a
prime interest, displaying one of the highest oxidation rate constants among the corrosion-
resistant metals [40]. Jeangros et al. [41] demonstrated that at 300 ◦C, voids of 5–10 nm
width began to be formed at the Ni/NiO interface as a consequence of the Kirkendall effect
when Ni2+ diffusion across the NiO layer was faster than the opposite diffusion of O2− [35].
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At this stage, new NiO regions began to form outwards at the NiO/O2 interface and made
the oxide growth rate faster. In fact, we demonstrated that the TG curves obtained for Ni
and Ni/Al2O3 samples had a slower weight gain up to 300 ◦C during the first oxidation
cycle (Figure 4a). Around 300 ◦C, oxidation kinetics were accelerated for all three samples.
In addition, Atkinson et al. [35] and Jeangros et al. [41] evidenced cracking of the NiO layer
that resulted in formation of permeation pathways for oxygen to a fresh Ni surface. In
such a scenario, a new NiO phase will also be formed directly on the surface of the Ni
particles. In SEM images, some voids under the NiO layers after the first oxidation cycle
were detected (Figure 7). However, they did not accumulate. Therefore, strong Ni/NiO
contacts were maintained in all samples. Even the second oxidation treatment did not lead
to the nucleation of multiple voids (Figure 7); thus, the NiO layer stayed in contact with the
surface of a not fully oxidized Ni particle. Because we did not measure the closed porosity,
the presence of the Kirkendall effect remains to be elucidated.
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Figure 6. Comparison of the final relative weight gain (black column) of samples and the open
porosity (white column): (a) after the first and second oxidation cycles; (b) summary after two
oxidation cycles.

Although the 20–32 µm Al2O3 fraction was examined in previous work [34], these data
cannot be simply combined with those demonstrated in the present work. The main reason
likely lies with the different volumes of samples, which could affect the open porosity. The
Ni/Al2O3 samples investigated in our previous work [34] were smaller by 36% than those
tested here. In line with this, we evidenced that the weight gain of the 1.2 g samples was
larger than that of the 60 g samples (Figure 5), which directly points to the larger amount
of NiO. This in turn facilitates NiO interconnecting, and lower open porosity could be
expected. Indeed, it was found that the Ni/Al2O3 sample, although containing Al2O3
particles of moderate size (20–32 µm), exhibited the lowest open porosity (28.3% after the
first oxidation; 19.2% after the second oxidation) in the present study.



Metals 2021, 11, 1582 9 of 14
Metals 2021, 11, x FOR PEER REVIEW  9  of  14 
 

 

 

Figure 7. SEM images from the top region of the oxidized samples: Ni (A,B), Ni with Al2O3 particles 

with a diameter of 5–20 μm (C,D), and a sample of Ni with Al2O3 particles with a diameter of 32–45 

μm (E,F). A, C, E after the first oxidation cycle; B, D, F after the second oxidation cycle. 

3.4. NiO Amount and NiO Thickness Related to Open Porosity 

To obtain a quantitative view, the NiO amount and thickness of NiO layers was de‐

termined in three regions (top, middle, and bottom) of each twice‐oxidized sample. Typ‐

ical XRD patterns  in  the middle position of Ni and Ni/Al2O3 samples are presented  in 

Figure 8a. They include intense narrow peaks corresponding to Ni and NiO phases and 

weak peaks corresponding to Al2O3. Figure 8b summarizes XRD data. Analysis of XRD 

patterns revealed  that Al2O3 particles substantially reduced differences  in NiO amount 

between the individual examined regions, reflecting the higher open porosity of Ni/Al2O3 

samples in comparison to that of the Ni sample (Figure 6). The larger Al2O3 particles com‐

pletely abolished differences between tested regions, pointing to an  increased chemical 

homogeneity in a sample volume. In addition, the averaged NiO amount over the sample 

volume was the largest when Al2O3 particles of 32–45 μm diameter were added; although, 

the increase did not reach statistical significance (Figure 8d). To assess an error introduced 

by the porosity of the samples, XRD data were validated by calculating the NiO amount 

from EDS analysis. Similarly, the highest heterogeneity regarding the NiO amount was 

found for the Ni sample (Figure 8c). Both Ni/Al2O3 samples displayed much smaller dif‐

ferences among top, middle, and bottom positions. Comparing averaged XRD and EDS 

data, a quantitative agreement highlighting a role of the Al2O3 particle size in NiO for‐

mation was found, presumably by regulating oxygen delivery (Figure 8d). 

Figure 7. SEM images from the top region of the oxidized samples: Ni (A,B), Ni with Al2O3 particles
with a diameter of 5–20 µm (C,D), and a sample of Ni with Al2O3 particles with a diameter of
32–45 µm (E,F). A, C, E after the first oxidation cycle; B, D, F after the second oxidation cycle.

3.4. NiO Amount and NiO Thickness Related to Open Porosity

To obtain a quantitative view, the NiO amount and thickness of NiO layers was
determined in three regions (top, middle, and bottom) of each twice-oxidized sample.
Typical XRD patterns in the middle position of Ni and Ni/Al2O3 samples are presented in
Figure 8a. They include intense narrow peaks corresponding to Ni and NiO phases and
weak peaks corresponding to Al2O3. Figure 8b summarizes XRD data. Analysis of XRD
patterns revealed that Al2O3 particles substantially reduced differences in NiO amount
between the individual examined regions, reflecting the higher open porosity of Ni/Al2O3
samples in comparison to that of the Ni sample (Figure 6). The larger Al2O3 particles
completely abolished differences between tested regions, pointing to an increased chemical
homogeneity in a sample volume. In addition, the averaged NiO amount over the sample
volume was the largest when Al2O3 particles of 32–45 µm diameter were added; although,
the increase did not reach statistical significance (Figure 8d). To assess an error introduced
by the porosity of the samples, XRD data were validated by calculating the NiO amount
from EDS analysis. Similarly, the highest heterogeneity regarding the NiO amount was
found for the Ni sample (Figure 8c). Both Ni/Al2O3 samples displayed much smaller
differences among top, middle, and bottom positions. Comparing averaged XRD and
EDS data, a quantitative agreement highlighting a role of the Al2O3 particle size in NiO
formation was found, presumably by regulating oxygen delivery (Figure 8d).
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Figure 8. Analysis of NiO after two oxidation cycles. (a) X-ray diffraction pattern taken from the
middle part of samples; NiO amount derived from (b) XRD and (c) EDS performed in three different
regions (top, middle, and bottom); (d) Correlation between averaged XRD and EDS values for NiO.

The experimentally determined NiO amount was then related to the sample porosity.
As shown in Figure 9a, although, Ni/Al2O3 samples displayed increased open porosity
when compared to that of the Ni sample, a statistically similar amount of NiO was grown in
all three samples. This phenomenon could be explained by the presence of Al2O3 particles,
which impeded abrupt synthesis of NiO in the top region—the main pathway for oxygen
delivery during the first oxidation cycle (Figure 8b–d)—and thus pore clogging by the
interconnection of NiO layers was avoided (Figure 7, left panels). SEM images shown in
Figure 7 demonstrate that the presence of Al2O3 particles modified the thickness of NiO
layers. Therefore, this parameter has been quantitatively estimated in three regions (top,
middle, and bottom) of each twice-oxidized sample (Figure 9c). The presence of larger
Al2O3 particles resulted in a volume homogeneity in respect to the NiO amount and NiO
thickness. In support of this, the averaged values of these two parameters over the sample
volume followed a similar trend and qualitatively correlated to each other (Figure 9b).
Although data variability was not low enough to reach statistical significance for both
parameters, there is a detectable increasing trend for larger Al2O3 particles. Their presence
resulted in the growth of slightly more robust NiO layers while sample porosity was the
highest from all tested samples (Figure 9d). These results show that larger Al2O3 particles
occupying bigger volumes are more effective in keeping oxidized Ni particles away from
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each other to prevent their interconnection by, albeit the more robust, NiO layers. Because
NiO thickness determined for tens of Ni particles located in the tested sample region
was very similar (Figure 9c), it seems reasonable to conclude that the presence of Al2O3
particles did not cause any local heterogeneity to influence NiO growing on Ni particles of
the same diameter.
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Figure 9. Correlation between NiO amount derived from XRD analysis and the open porosity (a) and
NiO thickness (b); (c) NiO thickness measured in three distinct regions of Ni and Ni/Al2O3 samples;
(d) Correlation between NiO thickness and open porosity. NiO amount in (a,b) is related to the Ni
content. * Significant versus the top position, significant # versus the middle position.

3.5. Flexural Strength

It is well known that mechanical properties substantially vary with the level of poros-
ity. The relationship between porosity and the flexural strength of numerous materials has
been widely studied at both experimental and theoretical levels [42–45]. Understanding
this relationship is of great importance because it is necessary for optimizing the applica-
tion of porous metallic materials when, for example, high open porosity with a maximal
possible strength is often needed. Therefore, we tested the flexural strength of Ni and
Ni/Al2O3 samples utilizing the 3-point bending test. Figure 10a shows representative
load–displacement curves recorded for all three tested samples. The load increased in
direct proportion to the deflection up to cracking, and differences between flexural per-
formance were found only in the maximal load. The Ni sample exhibited a superior
flexural response cracking at 532.81 N load. In contrast, the failure load for Ni/Al2O3
samples was substantially lower (94.72 N and 140.6 N for Al2O3 particles of 5–20 µm and
32–45 µm, respectively). Figure 10b summarizes data for the flexural strength calculated
using Equation (1) and correlates them to open porosity. Expectedly, the highest flexural
strength of the Ni sample (141.95 ± 2.81 MPa) corresponds to the lowest open porosity
while more porous Ni/Al2O3 samples demonstrated almost fivefold lower flexural strength
(27.93 ± 0.25 MPa and 29.77 ± 1.35 MPa for Al2O3 particles of 5–20 µm and 32–45 µm,
respectively). Although the size of Al2O3 particles influenced the flexural performance
only negligibly, it substantially modified the sample open porosity (Figure 10b). Thus, the
addition of larger Al2O3 particles resulted in a more porous Ni/Al2O3 composite while
retaining a similar strength to that of a less porous sample with smaller ceramic particles.
Because mechanical properties reflect the internal structure [43], this specific behavior of the
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sample with the bigger Al2O3 particles could be explained by almost absolute homogeneity
in respect to NiO amount and NiO thickness (Figures 8b and 9c). In addition, mechanical
bonding can be likely achieved by the interlocking of adjacent NiO layers. NiO layers do
not grow as ideal smooth surfaces at the microstructural level; instead, there are some
preferential orientations of growing oxide. This process greatly depends on the possibility
of oxygen penetration into the defined area, the thickness of the already formed NiO layer,
and locally available space. The nature of bonding, however, needs to be further explored.
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Figure 10. Flexural strength of oxidized samples. (a) Load–displacement curves recorded during the
3-point bending test for Ni and Ni/Al2O3 samples; (b) Correlation between the flexural strength and
open porosity. * Significant versus the Ni sample.

4. Conclusions

Open-porous Ni/Al2O3 composites were fabricated by a method of thermal oxidation
in air at a moderate temperature of 800 ◦C for 120 min. The open porosity was studied in
relation to the size of Al2O3 particles and was correlated to weight gain, microstructure,
and chemical composition. Our results show that by increasing the size of Al2O3 particles
from 5–20 µm to 32–45 µm, the open porosity of the Ni/Al2O3 sample was increased
from 21% to 24.2%. Concurrently, the flexural strength was found not to be changed
significantly. This specific performance is likely to be a result of volume homogeneity with
respect to NiO amount and NiO thickness. While larger Al2O3 particles allowed for a
better oxygen supply into a sample volume, stimulating NiO growth on the surface of
Ni particles, they concurrently prevented massive NiO interconnecting, which resulted
in higher open porosity. Therefore, the composite with larger Al2O3 particles could be an
excellent candidate for infiltration by molten metal or it can be directly used in filtration
applications requiring a good penetrating porosity, substantial corrosion resistance, and
suitable mechanical strength. The conventional production of porous metal, ceramic, or
metal-ceramic composites is technologically, energetically, and financially demanding. In
most cases, a high melting point of metals, compared to that of ceramics, needs to be
reached. In contrast, thermal oxidation at a moderate temperature is a simple and relatively
low-cost processing route for open-porous Ni/Al2O3 composites. In addition to being
flexible and attractive, it also allows large-size components to be fabricated.
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