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Abstract

Nickel aluminate spinel phase was successfully sintered from the thermal reactions between nickel oxide and kaolinite or y-alumina precursor,
to simulate the stabilization mechanism of hazardous metal-bearing waste by ceramic matrix. The product phases were then tested using nano-
indentation to obtain their nanohardness and Young’s modulus, as a means to evaluate the properties of the product after incorporating the waste
material. The results indicate the beneficial effect of forming aluminate spinel phase in the system due to its superior mechanical properties. A
higher sintering temperature was found to enhance crystal growth in the spinel phase, together with its nanohardness and modulus. The minimum
temperature for fabricating nickel aluminate spinel with a surface property comparable to ceramic materials was found to be 1200 °C, although the
initiation of the spinel phase can be achieved at a lower temperature. Nano-indentation experiments performed on the spinel-containing samples
leached by strong acid and alkaline solutions reveal the superiority of nickel aluminate spinel in resisting acid and alkaline attack and also suggest a

reliable mechanism for hosting hazardous nickel in the crystal structure.
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1. Introduction

Hazardous metals are widely known for their toxicity to
human health and ecosystems. Many investigations have
investigated methods for preventing the release of such
environmentally persistent pollutants into soils and aquifers
[1-5]. For example, various precipitation processes are
commonly used to remove hazardous metals from wastewater
streams. However, such processes usually result in a large
amount of metal-laden sludge that requires further stabilization
before disposal [6—8]. Nickel is a major type of hazardous metal
among the pollutants generated by electroplating operations [9—
11]. Electroless nickel plating plays an important role in
manufacturing industries, especially for the fabrication of
corrosion-resistant articles. Wastewater generated from this
type of processing can contain nickel concentrations of several
thousand ppm or higher [6,12,13]. After undergoing metal
extraction procedures for recovery purposes, the resulting
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sludge is then subject to be solidified/stabilized by cementing or
thermal process to immobilize the residual metals prior to
landfill disposal [14,15].

In developing a waste-to-resource strategy, a close system of
material flow must be sought and the beneficial use of metal-
laden sludge has attracted strong interest. Recent studies have
revealed a potential mechanism for fixing nickel within the
nickel aluminate spinel (NiAl,O4) structure in ceramic
products, by sintering nickel oxide with kaolinite and -
alumina precursors [16—19]. Alumina (Al,O3) is one of the
most abundant compositions in earth materials and y-alumina is
the thermodynamically favorable phase at temperatures below
750 °C [20]. Kaolin, consisting chiefly of kaolinite
(Al,Si,05(0OH),), is a common type of clay, and most ceramic
raw materials contain high percentages of kaolinite (40-65%)
[21]. When sintered at temperatures higher than 1200 °C for
3h, nickel aluminate spinel is effectively formed by
incorporating more than 85% of the nickel in the raw material
blended with v-alumina or kaolinite precursor [17]. For
products fabricated from waste materials, the surface properties
of the product need to be investigated in detail because the
failure of metal mobilization is usually initiated on the surface.
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The effect of surface deterioration, such as under acid or
alkaline attack, may be reflected by the mechanical properties
of the surface because the structure of the near-surface region
may have been extensively re-rearranged. For example, the
formation of a new mineral phase, the amorphization or change
in the properties of the grain boundary, usually leads to the
alteration of the mechanical properties of the solid surface.

The hardness and elastic modulus, two major parameters
commonly used for describing the mechanical properties of
solids, are usually very high for ceramic materials [22-25].
Therefore, the conventional test for bulk samples is not capable
of reflecting the small changes in these two parameters caused
by the deterioration of the ceramic surface. In contrast, the
surface indentation experiment carried out by a nano-indenter
can be used to probe the mechanical properties of the solid
surface by measuring the nano-scale penetration depth of the
indenter and the applied force [26-30]. Such information is
highly valuable for examining the robustness of the ceramic
surface after a chemical attack, which is critical for
determining whether the hazardous metals have been effectively
immobilized.

This study first prepared the samples containing nickel
aluminate spinel fabricated from the y-alumina and kaolinite
precursors, and nano-indentation was then employed to
measure the hardness and elastic modulus of the sample
surfaces. To investigate the influence of chemical attack on the
ceramic surface, the surface mechanical properties of samples
soaked in an HNO5; or NaOH aqueous solution (6 M) were also
measured to compare the change in surface characteristics. To
our knowledge, this is the first work to report the use of nano-
indentation to assist the investigation of metal stabilization
effects for environmental purpose.

2. Experimental methods

Nickel oxide (NiO), kaolin, and y-Al,O5; were used as the
starting materials for fabricating products containing nickel
aluminate spinel. NiO powder was purchased from Fisher
Scientific, with a measured surface area of 3.6 + 0.5 m?/g after
degassing by heating at 300 °C with He-gas purging for 3 h.
USP-grade acid-washed kaolin powder from Fisher Scientific
yielded a BET surface area of 9.0 + 2.9 m*/g, and its powder
X-ray diffraction (XRD) pattern matched kaolinite 1ICDD PDF
#78-1996). The diffraction patterns were collected using a
Rigaku Geigerfex diffractometer (Rigaku Denki Co. Ltd.)
equipped with a Cu X-ray tube operated at 35 kV and 15 mA.
Scans were collected by a MDI XRD diffractometer-control
and data-acquisition system (Material Data, Inc.) from 10° to
80° 26-angle, with a step size of 0.02° and a counting time of 1 s
per step. The y-Al,O3 was prepared from HiQ-7223 alumina
powder (Alcoa Corporation) with a reported surface area of
228 m2/g and a particle diameter of 54.8 um in dso. XRD
analysis confirmed that as-received HiQ-7223 alumina was
boehmite (AIOOH; ICDD PDF #74-1895), which was
transformed into a y-Al,O3; dominant material after heat
treatment at 650 °C for 3 h [30,31]. The NiO and the kaolin (or
v-Al,03) precursor was mixed with an Ni:Al molar ratio of 1:2

by ball-milling in a water slurry for 22 h and was then dried at
95 °C overnight. The powder was further homogenized by
grinding and was then formed into 13 mm pellets at 125 MPa
and sintered at 1140 °C, 1200 °C and 1480 °C for 3 h. The fired
ceramic pellets were air-quenched and polished with sub-
micrometer diamond-lapping film for electron-microscopy
scanning (FEI XL30, USA) and nano-indentation (Hysitron
TI900, USA) analyses, or ground into powders for XRD
analysis.

The nano-indentation experiment began with the 1480 °C
sintered product of NiO + kaolinite (NK1480A), and then
compared the result after leaching the same sample in a 6 M
HNOj solution for 160 min (NK1480B). The NiO + y-Al,0;
raw material was sintered at 1140 °C (NA1140A) to achieve a
partial transformation to nickel aluminate spinel, and at
1200 °C (NA1200A) for more complete spinel formation. The
nano-indentation was performed on these two y-Al,O3 system
samples and their 80 min 50% NaOH-leached samples
(NA1140B and NA1200B) to observe the influence of the
alkaline environment.

The nano-indentation was carried out using a tribo-indenter
with a diamond Berkovich indenter. The indentation load, P
(between 0 and 10 mN), and displacement, /&, were recorded
during each loading—unloading cycle. The contact area between
the indenter and the sample could be less than 10712 mz, and as
a result it was possible to identify the properties for specific
positions on the sample in the data. A typical load versus
indentation-depth curve is illustrated in Fig. 1, and the
mechanical properties were derived using the method reported
previously [26-28]. During the loading period, the total
displacement, h, is regarded as h = hg+ h., where h. is the
vertical distance along which contact is generated and A, is the
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Fig. 1. A schematic representation of load versus indenter displacement data
for an indentation experiment. The P,y is the peak indentation load; /.,y is the
indenter displacement at peak load; /,is the final depth of the contact impression
after unloading; S is the initial unloading stiffness; /. is the vertical distance
along which contact is generated, and A, is the displacement of the surface at the
perimeter of the contact.
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displacement of the surface at the perimeter of the contact. At
peak load, the load and displacement are referred to as P,,,, and
hmax, respectively. Upon unloading, the elastic displacements
are recovered, and when the indenter is completely withdrawn
the final depth of the residual indenter impression is Ay.

The nanohardness (H) is defined as the mean contact
pressure under the condition of the indenter at maximum load

&)

where the contact area, A, is calculated from an area function
using the contact depth (h.) and the specific shape of the
indenter tip as the parameters [26,27]. The contact depth
(h,) is related to the maximum indentation depth (/,,,) by:

Nmax — éPmax
S ()

where S is the contact stiffness and is defined as an increment
in the load divided by the resulting increment in displace-
ment without plastic deformation. In our case, the value of ¢
was adopted as 0.75 for the Berkovich diamond indenter. The
slope at maximum load can be calculated from the unloading
curve:

dpP

By integrating Egs. (2) and (3), 4. can be obtained to determine
the contact area, A, from the area function and to estimate the
nanohardness via Eq. (1).

The Young’s modulus (E;) and Poisson’s ratio (v,) for the
specimen can also be obtained from the indentation experiment.
The contact stiffness can also be expressed by:

2
£, =20 )

where the reduced modulus, E,, accounts for the fact that the
measured elastic displacement includes contributions from
both the specimen and the indenter. The reduced modulus is
given by:

=y )

where E, and v, are the elastic modulus and Poisson’s ratio for
the specimen; E; and v; are the same modules as for the
indenter. The v can be defined by the fraction (or percent)
of expansion divided by the fraction (or percent) of compres-
sion, which is measured during the loading process. Therefore,
the value of E can be determined by Eq. (5) after obtaining E,
from Eq. (4). In this study, multiple loading—unloading cycles
were performed for each specimen in the nano-indentation
experiments.
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Fig. 2. The XRD results for the 3-h sintered products of (a) NiO + y-alumina at
1140 °C, (b) NiO + y-alumina at 1200 °C, and (c) NiO + kaolinite at 1480 °C.
“S” represents nickel aluminate spinel (NiAl,O,4, ICDD PDF #78-0552); “N”
represents nickel oxide (NiO; ICDD PDF #78-0429); “A” represents corundum
(a-Al,O3; ICDD PDF #83-2080); and “C” represents cristobalite (SiO,; ICDD
PDF #76-0938).

3. Results and discussion
3.1. Formation of nickel aluminate spinel

Fig. 2 shows the XRD patterns of the products sintered from
the NiO + y-Al,O5 and NiO + kaolinite mixtures. The results
confirm that Ni was significantly incorporated into the
aluminate spinel structure (NiAl,O4) using both the y-Al,O3
and the kaolinite precursors. With the y-Al,O3 precursor, the
incorporation reaction can be expressed as:

NiO + Al O3 — NiAlLO, (6)

Because the sintering temperatures (1140 °C and 1200 °C) for
the NiO + y-Al,0O3 system were lower than for the NiO + kao-
linite system (1480 °C), residues of unreacted nickel oxide and
a-Al,O3 (a high temperature phase of v-Al,0;) were still
observed in the XRD results (Fig. 2a and b). When kaolinite
is used as the sintering precursor, the phase transformation of
kaolinite under thermal conditions occurs and is known as the
kaolinite-to-mullite reaction series [32,33]. During this process,
it is usually considered that physically bound water is removed
at 105 °C, followed by the decomposition of kaolinite with the
loss of chemically bound water and transformation of amor-
phous metakaolin above 550 °C. At 1000 °C, mullite starts to
form with excess amorphous silica, which is converted to
cristobalite upon further heating. Therefore, the interaction
between NiO and mullite at high temperatures is as follows:

3NiO + 3Al,05 - 2Si0, (mullite) — 3NiALLO4 + 2Si0;  (7)

Fig. 3 shows the scanning electron micrographs of the polished
surface of sintered products. Three chemically distinct areas are
observable in Fig. 3a (the NiO + y-Al,O3; mixture sintered at
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Fig. 3. Scanning electron micrographs of the polished sample surfaces of (a) NiO + y-Al,Oj sintered at 1140 °C (NA1140A); (b) NiO + y-Al,Oj5 sintered at 1200 °C
(NA1200A); (c) NiO + kaolinite sintered at 1480 °C (NK1480A); and (d) NiO + kaolinite sintered at 1480 °C followed by 6 M HNO; leaching for 160 min
(NK1480B). Samples (a) and (b) show the co-existence of NiAl,O4, NiO and a-Al,O3 phases. The light-colored grains in samples (c) and (d) are enriched by Ni and
Al (NiAl,O,), and the darker matrix shows the enrichment of Si (cristobalite). The Si-matrix is clearly more vulnerable to acid attack than the NiAl,O,4 grains, as

reflected in (d).

1140 °C/3 h) and 3b (the NiO + y-Al,03 mixture sintered at
1200 °C/3 h), which can be identified as NiO, NiAl,O,, and
Al,O3 by integrating the results of the XRD and electron
dispersive spectroscopy (EDS) equipped with SEM. Fig. 3c
shows phase separation when the NiO + kaolinite mixture was
sintered at 1480 °C/48 h, and the light-colored grains were
indentified as nickel aluminate spinel together with a dark-
colored cristobalite matrix. After the sample was subject to acid
attack (soaking in 6 M HNOj; solution for 160 min), the spinel
grains were found to remain intact, whereas substantial cracks
were found in the cristobalite matrix, as shown in Fig. 3d. This
observation clearly reflects the stronger acid resistance of the
NiAl,O,4 phase, compared with the cristobalite phase.

3.2. Effects of acid attack on nanohardness and Young'’s
modulus

The nano-indentation experiments were performed on
samples sintered from both alumina and kaolinite precursors,
and aimed to compare the influence of acid/alkaline attack on the
product phases (Table 1). Samples sintered from the kaolinite
precursor showed phase separation, therefore a minimum of four
nano-indentation experiments were performed for each of these
two chemically distinct areas, NiAl,O,4 and SiO,, identified as

nickel aluminate spinel and cristobalite, respectively. The curves
of different colors in Fig. 4a represent the multiple loading-
unloading cycles performed on the spinel area in sample
NK1480A (NiO + kaolinite sintered at 1480 °C), and the
nanohardness and modulus values were obtained as 18.1 GPa
and 159.1 GPa, respectively. Similar experiments conducted in
the cristobalite area resulted in values of 6.2 GPa and 55.0 GPa
for nanohardness and modulus, respectively. The wider variation
in the load—displacement curves of the spinel area compared with
the cristobalite area generally indicates a more consistent surface
mechanical property of cristobalite in the sintered products.
However, the higher values for nanohardness and modulus in the
spinel indicate its superior resistance to permanent plastic and
elastic deformations when force is applied to the surface.
Because spinel and cristobalite co-exist in the products, the
spinel will clearly be a key factor in resisting the deformation of
the product surface when subject to external forces. The results
also indicate a preferred mechanism for hosting hazardous nickel
in the more robust spinel phase.

After leaching the NK1480A sample in a 6 M HNO;
solution for 160 min, the NK1480B sample was subjected to the
nano-indentation experiments, as shown in Fig. 5. Tests on the
spinel area (Fig. 5a) showed that the shapes and locations of the
load—displacement curves were much more consistent than
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Table 1

Nanohardness and Young’s modulus of the samples tested in this study.

3125

Source Sample Phase Nanohardness Young’s modulus
(GPa) (GPa)

Nickel aluminate spinel sintered NK1480A: sintered by 1480 °C for 3 h Spinel 18.1+£0.2 159.1 £ 1.8
from kaolinite precursor Cristobalite 6.2+0.2 55.0+£0.7
NK1480B: NK1480A in 6 M HNOj3,q, for 160 min Spinel 17.6 £0.2 163.8 + 1.5
Cristobalite 50+0.1 41.6 £0.5
Nickel aluminate spinel sintered NA1140A: sintered by 1140 °C for 3 h Spinel 1.0£0.1 1.6 £0.2
from y-alumina precursor NA1140B: NA1140A in 50% NaOH,q for 80 min Spinel 32+£0.1 95.1£0.7
NA1200A: sintered by 1200 °C for 3 h Spinel 45+0.1 109.1 £ 1.0
NA1200B: NA1200A in 50% NaOH,q for 80 min Spinel 7.1£0.2 131.1£1.2

those of the sample before acid leaching. However, the average
nanohardness and modulus values (17.6 GPa and 163.8 GPa)
obtained from the load—displacement curves were still very
close to the average values for the spinel area in the sample
before acid leaching. Further comparison of the cristobalite
area (Fig. 5b) shows decreases in both the nanohardness and
modulus values in the acid-leached sample. These results
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Fig. 4. Nano-indentation load—displacement curves of (a) the spinel phase and
(b) the cristobalite phase obtained from the1480 °C/3 h sintered NiO + kaolinite
sample (NK1480A).

indicate that although other materials, such as grain boundary
substances, may sometimes affect the surface properties of
sintered spinel, its intrinsic surface properties are highly robust
and consistent after removing surface impurities. However, this
is not the case for cristobalite, and the leached cristobalite area
produced a weaker surface layer, presumably due to the
amorphization of cristobalite after acid attack.
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Fig. 5. Nano-indentation load—displacement curves of (a) the spinel phase and
(b) the cristobalite phase obtained from the 1480 °C/3 h sintered NiO + kao-
linite sample leached by 6 M HNOj; solution for 160 min (NK1480B).
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3.3. Effect of alkaline attack on nanohardness and Young'’s
modulus

Because the nickel aluminate spinel formed at high
temperature (1480 °C) was found to be robust in resisting
acid attack, further nano-indentation experiments were carried
out to observe the performance of the lower-temperature
samples under an alkaline environment. The NiO + y-Al,03
sample sintered at 1140 °C (NA1140A), representing the
initial stage of spinel dominance in the sample, was selected to
obtain its load—displacement curves, as shown in Fig. 6a. Much
deeper displacement under the same loading was observed
from the load—-displacement curves, and the average nano-
hardness and modulus values were 1.0 GPa and 1.6 GPa,
respectively. This result clearly indicates a product with much
weaker surface strength that is highly subject to surface
deformation when subjected to external force. This result may
be due to the reactant residues among the spinels and/or the low
level of crystallinity in the spinel phase generated at this
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Fig. 6. Nano-indentation load—displacement curves of (a) the 1140 °C/3 h
sintered NiO + y-alumina sample (NA1140A) and (b) the result after leaching
by 50% NaOH solution for 80 min (NA1140B).

temperature. Because the transformation of very poorly
crystalline y-Al,O3 to a-Al,O5 is limited by both temperature
and kinetics constraints, the unreacted y-Al,O3 may still exist
in the areas where the spinel structures are newly formed. It is
also likely that the weak structure of the spinel phase has poor
connectivity among its small crystals due to the low sintering
temperature. Further leaching the NA1140A sample with 50%
NaOH solution for 80 min (NA1140B) increased the average
nanohardness and modulus values to 3.2 GPa and 95.1 GPa,
respectively. This result may further confirm the role of
intergranular substances in dominating the mechanical
property of products sintered at insufficient temperatures.
Although the overall nanohardness and modulus values
increased after alkaline leaching, a wider range in the load-
displacement curves was obtained, which may also reflect the
heterogeneous nature of products with incomplete sintering
reaction (Fig. 6b).

A higher sintering temperature is expected to improve
the mechanical strength and metal incorporation reaction.
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Fig. 7. Nano-indentation load—displacement curves of (a) the 1200 °C/3 h
sintered NiO + y-alumina sample (NA1200A) and (b) the result after leaching
by 50% NaOH solution for 80 min (NA1200B).
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Therefore, a sample with the same precursor (NiO + y-Al,03)
was sintered at a slightly higher temperature (1200 °C) for
nano-indentation experiments, aiming to explore whether a
limited increase in temperature improves the mechanical
properties. There was a noticeable increase in the mechanical
properties of the sintered sample (NA1200A), with values of
4.5 GPa for nanohardness and 109.1 GPa for modulus,
although the heterogeneous nature of the load—displacement
curves was still observed due to the incomplete metal
transformation reaction (Fig. 7a). These values are comparable
to the property range of the cristobalite tested in the previous
section, which plays a crucial role in the mechanical strength of
clay-based ceramics. Moreover, it is evident that the spinel
phase sintered at higher temperatures, such as 1480 °C, can
further increase surface hardness and stiffness. The NA1200B
sample was derived by leaching the NA1200A sample with a
50% NaOH solution for 80 min, and was then subject to nano-
indentation experiments to generate the load—displacement
curves shown in Fig. 7b. The nanohardness and modulus values
estimated from the load—displacement curves were 7.1 GPa
and 131.1 GPa respectively. This suggests that leaching the
sample in an alkaline solution enhanced its mechanical
property and improved its consistency, similar to the test for the
sample sintered at 1140 °C. This repeated result clearly
illustrates the adverse effect of intergranular substances and/or
reactant residues among spinel grains when the processing
temperature is insufficient to achieve a complete spinel
formation and sintering effect. By removing these mechani-
cally weaker materials with an alkaline solution, the overall
nanohardness and modulus values on the material’s surface
are generally increased due to the stronger influence of the
spinel.

4. Conclusion

The technological development of waste-to-resource
strategies is important in both environmental and manufac-
turing industries. The incorporation of metal waste into the
construction of ceramic products is viable due to the
preferred stabilization mechanism of crystal structures and
the large volume of ceramic products needed by the
construction industry. However, because product safety
and functionality should not be compromised, a fundamental
understanding of the surface properties of metal containing
phases should be further established, rather than relying
solely on data from regulatory tests on bulk samples. The
results of this study demonstrate the superior mechanical
properties of nickel-containing spinel phase, compared with
cristobalite silica matrix, even under severe acid attack. The
nano-indentations on spinel samples sintered at low
temperatures identified 1200 °C as the minimum temperature
for the basic surface property of ceramics to develop. Acid
and alkaline attacks do not weaken the nickel-incorporated
spinel structure, which suggests an aluminate spinel phase is
preferable for stabilizing the hazardous nickel ions in
ceramic products.
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