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A B S T R A C T

The implementation of environmentally-friendly manufacturing, which include the reuse and recycling of ma-
terials is nowadays crucial in order to meet the circular economy approach. The present study shows the possi-
bility of recycling waste alumina scraps obtained after the green machining step during the manufacturing process
of alumina ceramics as a broken ware, which contained small amounts (�5 wt.% in total) of sintering additives in
the form of organic binders and MgO. Dense alumina samples containing various amounts of waste alumina
powder (0–100 wt.%) were produced by spark plasma sintering (SPS) at sintering temperature of 1450 �C, dwell
time of 5 min at a 50 MPa of uniaxial pressure. The influence of waste alumina content on microstructure,
hardness, and fracture toughness was investigated to determine the possibility of recycling broken ware.
1. Introduction

The circular economy (CE) concept is focused on stimulating a sus-
tainable approach by promoting the use of recycled materials as a sub-
stitute for primary resources [1–3]. Ellen MacArthur Foundation has
stated in their report [4] that primary resources made between 40% and
60% of main manufacturing costs. The transformation of generated waste
into secondary raw materials leads to cost reductions in the
manufacturing processes, boost revenue fromwaste in the secondary raw
market, and consequently reduce the resource dependency [5]. In order
to reduce waste generation and achieve a sustainable economy, the new
government strategies [6] concerning CE were implemented while
numerous studies of various industry sectors were reported [7–9].

The ceramic industry produces different types of solid waste pollut-
ants such as scraps from machining, waste moulds, for example. More-
over, ceramic manufacturing companies can gain considerable financial
benefits by recycling the waste as secondary raw material. The usage of
generated solid waste in the traditional ceramics industry was mainly
reported for floor tile [10], and sanitaryware production [11]. Consid-
ering advanced ceramics production, the possibility of reusing 3Y-TZP
ceramic waste in the processing of dental ceramics was recently re-
ported [12,13]. The CAD/CAM machining process, where oversize
milling of the pre-sintered zirconia blocks is performed, can generate up
to 80% waste 3Y-TZP powder scrapes of the initial block mass [14].
.
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Alumina is another major engineering ceramic material processed in
big quantities worldwide. It is one of the most important oxide ceramic
engineering materials, which has been widely used in many applications
because of its convenient properties such as high strength and hardness,
thermal stability, wear resistance, and chemical stability [15]. Some
studies related to waste alumina recycling in road construction [16] and
concrete production process [17,18] were reported, but only a few of the
available studies reported recycling solid waste within a ceramic
manufacturing process [19–21]. During industrial manufacturing of
alumina ceramics, different kinds of process losses in terms of scraps are
generated. The scraps can be reused and recycled within the
manufacturing process if they fulfil the product specifications such as
dimensional tolerance, density, strength, hardness, durability, and
refractoriness; otherwise, they are considered as waste and disposed to
external disposal facilities [22].

The desired product specifications of alumina ceramics can be met by
implementing different sintering techniques. In this way, the desired
impact can be made to affect the finer grain size, porosity, and density
after the sintering process. One of the novel sintering techniques is the
Spark Plasma Sintering (SPS) which attracts attention as a highly
promising technique for materials sintering [15,23,24]. The reduced
sintering time due to short holding times, high heating rates (up to 500
�C/min) are the main advantages of SPS compared to conventional sin-
tering [25–27]. SPS, thus, has a great potential for obtaining denser and
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Table 1
Chemical composition of pure (C 90 LSB) and waste alumina powder.

Powder Component MgO Fe2O3 SiO2 Na2O CaO Al2O3

C 90 LSB wt.% 0.066 0.015 0.02 0.05 0.013 99.836
Wastea wt.% 0.1 0.02 0.02 0.08 0.03 99.7

a Used in the first cycle of manufacturing.
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finer microstructures due to the ablity to exert densification at limited
grain growth [28–30]. The utilization of the SPS technique for sintering
commercially available alumina was reported previously [31–34]. Con-
ducted studies suggested different optimal sintering conditions depend-
ing on powder characteristics and sample’s green density, which resulted
in fully dense samples with limited grain growth. As a consequence of
microstructure refinement by MgO addition, enhanced mechanical
properties such as the significant increase of hardness values and slight
improvement of fracture toughness were reported [35,36].

The main objective of this study is to determine the possibility of
reusing waste alumina powder as a secondary raw material to produce
high-quality technical ceramics via SPS technique. For that purpose, wide
ranges of waste alumina powder, which contain up to 5 wt.% of the
organic binder and 0.1 wt.% MgO, were mixed with cheap and
commercially available alumina powder. The effect of waste alumina
content on mechanical properties was compared to the available litera-
ture data. The possibility of reusing powdered scraps (waste alumina)
would bring significant improvements in ceramic manufacturing by
decreasing waste production, energy consumption, and ultimately lead to
a sustainable and cost-effective process.

2. Experimental procedure

2.1. Starting alumina powders

The waste alumina powder used in this study was generated during
the ceramic production process. In the first step, a spray-dried thermally
reactive alumina powder, which contains up to 5 wt.% of the organic
binder was pressed at high pressure into a pre-designed mould to form a
raw shape. After the pressing, the ceramic compact was subjected to the
green machining as closely as possible to desired final dimensions. The
green machining is far more economically favourable than post-
machining after the sintering process. The broken ware (waste alumina
powdered scraps) generated during this forming step was collected by
industrial dust sucking machine into bags for further storage.
Fig. 1. The XRD patterns of pure and waste alumina powder, which were
collected as absolute intensity versus 2 theta in the range from 20 till 80�.
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Commercially available high-purity 99.5% alumina powder (C 90 LSB
Alumina, Alcan Chemicals, USA), was used as the primary material. In
Table 1 the chemical composition of used alumina powders is shown.

The particle size distributions (PSD) of both powders and their mix-
tures were determined by the laser diffraction method (Horiba LA-920,
Kyoto, Japan). Prior to the measurements, the aqueous dispersions con-
taining pure and waste alumina powders, and their respective mixtures
were made using the Dolapix® (Zschimmer & Schwarz GmbH Co., Ger-
many) as a dispersant agent, followed by intensive mixing and an ul-
trasonic horn design treatment of the aqueous dispersions. The specific
surface area was determined by the Brunauer-Emmett-Teller (BET) ni-
trogen adsorption analyser (Quantachrome Nova 2000e, Anton Paar
QuantaTec Inc., Austria). XRD analyses (AXS D4 Endeavor, Bruker AXS
GmbH, Germany) were conducted on as received starting alumina
powders for secondary phases or impurities. The measurement condi-
tions were as follows: CuKα radiation at ambient temperature, the 2θ
range from 20� to 80�, step size 0.04, and acquisition time per a channel
of 3 s.

2.2. Powder processing and sintering

The waste and commercial alumina powders were sintered as
received while various mixtures of Al2O3 (commercial powder) Al2O3
(waste powder) were prepared using ethanol as liquid media via ball
milling (PM100, Retsch GmbH, Germany). The milling process was
conducted in a steel container with interior alumina coating and alumina
balls at 300 rpm for 2 h. The prepared suspensions were dried to obtain
powder form. The mixtures of alumina powders ranging from 20 to 80
wt.%, commercial, and waste alumina were sintered by SPS (Dr. Sinter
3000, SPS Syntex Inc., Japan). The weight amount of 1.96 g for each
sintering was placed into a graphite die with an inner diameter of 16 mm.
In order to secure easy removal of the sample after the sintering, a thin
graphitic sheet was positioned between the powder and the die body.
Also, the thermal insulation of the die was achieved by using graphitic
foam. After placing the die into the SPS chamber and focusing an optic
pyrometer on the die to measure and control the sintering temperature,
the vacuum pump was activated to achieve chamber pressure which was
less than 30 Pa. The common sintering conditions for all sintered samples
were a heating rate of 100 �C/min and a cooling rate of 200 �C/min. Also,
the uniaxial pressure was programmed to start pressurizing the sample
around 600 �C and achieve the desired pressure around 1000 �C. The
achieved pressure was maintained the entire dwell time and gradually
removed during 1 min. The obtained samples were shaped as a disk with
16 mm diameter and approximately 2 mm of thickness.

2.3. Microstructural and mechanical characterization

Before density measurements, the graphitic sheet was removed from
the sample. The density was first roughly estimated by measuring di-
mensions and the weight of the samples. The more accurate density
measurements were performed by the Archimedes method in distillate
water using a density meter (JP703C, Mettler-Toledo GmbH,
Switzerland). The calculation of density was done according to the rule of
mixtures and compared with the reported [37] alumina theoretical
density of 3.987 g/cm3 in order to obtain the relative density of sintered
alumina samples. The images of the thermally etched sample surface and
fracture surface, metallized with gold, were obtained by scanning elec-
tron microscopy (FEI, HeliosNanolab 650, the United States). Samples
were previously prepared on Struers® machine by grinding down their
surface on diamond plates (MD-Piano 220, followed by MD-Piano 1200
and MD-Largo) and polishing down on a diamond plate (MD-Dac) with
additions of 9 μm diamond paste and finally 3 μm. After the ceramo-
graphic procedure, the samples were subjected to thermal etching in an
electric furnace (Nabertherm GmbH, Bremen, Germany). The sintering
stage was consisted of 10 �C/min heating rate until 1400 �C with a dwell
time of 30 min to induce the etching of sample surface for quantification



Fig. 2. Relative dimensional change (ΔL=L0Þ for the alumina (20/80) samples
and its derivative ΔðΔL =L0Þ=Δt versus temperature during sintering process with
fixed dwell time of 600 s (10 min): a) 1300 �C, 50 MPa; b) 1400 �C, 25–75 MPa;
c) 1500 �C, 50 MPa.

Table 2
The validation of SPS optimal conditions.

Optimal conditions Density, g cm�3

20 wt.% of waste content

Temperature, �C Dwell time, min Pressure, MPa Predicted Experimental

1450 5 50 3.985
3.966

3.968

3.965
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of average grain size. The average grain size of produced samples was
determined by software processing of microstructure images where the
linear intercept technique [38] was applied on �250 measurements per
sample analysis.

The Vickers hardness (Hv) measurements were performed on
ceramographically polished (final abrasive size of 3 μm) samples surfaces
utilizing a Vickers diamond indenter (Innovatest, Nexus 7500, The
Netherlands), applying a load of 10 kg with indentation time of 10 s. The
average hardness values were determined by a minimum of 5 repetitions
per sample. The dimensions of the corresponding indentations and sub-
sequent crack lengths were processed by an optical microscope (Carl
Zeiss, Axio Imager Z1m, Germany). The obtained lengths were also used
to determine fracture toughness (KIc). The Vickers indentation method
and proposed formulas have been reported by many researchers [39–41].
3

3. Results and discussion

3.1. Powder characterization

The XRD of starting alumina powders is shown in Fig. 1 exhibiting all
characteristic α-alumina (corundum) peaks for both alumina powders.
The diffraction reflection patterns of waste and pure alumina powder
were matching according to JCPDS - ICDD card no. 46-1212 [42]. The
crystalline impurities on the processed XRD patterns of waste alumina
powder were not observed. The absence of impurities patterns could be
attributed to their low content [43].

The PSD and the cumulative curves of starting alumina powders and
their appropriate mixtures are shown in Fig. A.1. The commercial
alumina powder (Fig. A.1. a) demonstrated unimodal PSD, compared to
the multimodal distribution of waste alumina, with particle size range
from 0.20 to 5.12 μm, and average particle size of 0.88� 0.54 μm, which
is in reasonable agreement with manufacturer specifications. The size
range of waste alumina powder was from 0.17 to 214 μmwith an average
particle size of 3.35� 1.03 μm (Fig. A.1. b) which is broader compared to
pure alumina powder, as a consequence of the green machining. The PSD
for prepared mixtures by ball milling of waste and pure alumina powder
are shown in Fig. A.1. c-f). The addition of various amounts of waste
alumina powder after ball milling resulted in bimodal PSD for all com-
positions. Although, an increment of average particle sizes with
increasing the waste alumina content was noticed as follows: 20 wt.%-
10.87� 10.40 μm, 40 wt.%-10.02� 10.28 μm, 60 wt.%-4.20 � 3.12 μm,
and 80 wt.%-5.09 � 3.77 μm. This trend was expected because of the
broader PSD of waste alumina powder. The longer time or higher speed
rate of ball milling would result in narrower PSD and smaller average size
at the expense of higher energy consumption. Hence, the obtained PSD of
prepared mixtures represented a compromise between satisfactory
powder properties and minimization of energy consumption necessary
for milling. The determined specific surface area values were 3.42 m2/g
and 7.57 m2/g for pure and waste alumina powder, respectively. The
crystalline sizes were calculated from XRD diffractograms by the imple-
mentation of the Scherrer equation. The obtained crystallite size for pure
alumina was 28.9 � 7.0 nm while for waste alumina powder crystallite
size of 24.7 � 6.2 nm was determined. The difference in crystallite size
could contribute to a higher surface area of waste alumina powder [44].
3.2. Sintering conditions

Sintering optimization was conducted on alumina samples, which
contained 20 wt.% of waste alumina combined with 80 wt.% of pure
alumina powder. Optimal sintering conditions were determined by
monitoring the behaviour of alumina samples during the sintering pro-
cess, with a fixed dwell time of 10 min, while applying sintering tem-
perature (1300 �C–1500 �C) and pressure (25 MPa–75 MPa). The
optimization goal was to achieve maximum density of the samples as
shown in Fig. 2.

In Fig. 2 a) is shown the impact of the lowest applied sintering tem-
perature of 1300 �C with 50 MPa pressure. The applied sintering tem-
perature was not high enough to obtain full density. The increased



Fig. 3. The SEM images of polished and thermally etched surface at 1400 �C/0.5 h with accompanying fracture surfaces and indicated average grain sizes: a) pure
alumina - 1.99 � 1.57 μm, b) 20 wt.% waste - 1.39 � 1.09 μm, c) 40 wt.% waste - 1.32 � 0.98 μm, d) 60 wt.% waste - 1.26 � 0.96 μm, e) 80 wt.% waste - 1.33 � 0.98
μm, and f) 100 wt.% waste alumina powder - 1.25 � 0.74 μm.
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Fig. 4. Cumulative volume grain size distribution versus Feret’s diameter of
sintered samples with different waste alumina content.

Table 3
Reported mechanical properties for alumina samples sintered by SPS.

Source Sintering
conditions

MgO
content
(wt.%)

Hardness
(GPa)

Fracture
toughness
(MPa m1/2)

Pristinskiy et al.
[36]

1450 �C, 50
MPa, 3 min

– 16 3.10
1.00 22 3.15

Shen et al. [34] 1450 �C, 50
MPa, 3 min

– 16.6 3.8

Chakravarty et al.
[35]

1150 �C, 50
MPa, 5 min

– 18 � 1 3.2 � 0.3
0.25 20.06 �

0.5
3.45 � 0.6
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sintering temperature to 1400 �C combined with lower pressure (25
MPa) demonstrated full density at 1375 �C in 881 s while for higher
pressure (75MPa) demonstrated full density at 1250 �C in 709 s as shown
in Fig. 2 b). Finally, the impact of the highest sintering temperature
(1500 �C) with a moderate pressure of 50 MPa resulted in a full dense
sample at 1330 �C in 776 s, which is shown in Fig. 2 c). The investigated
sintering conditions confirmed that the full density of alumina samples is
achieved around 1400 �C while applying moderate uniaxial pressure of
50 MPa. The optimal values were chosen as follows: 1450 �C sintering
temperature, 5 min dwell time, and 50 MPa of uniaxial pressure, with a
predicted density value of 3.985 (see Table 2).

Additional figures depicting the obtained densities at optimal SPS
conditions versus sample’s composition can be found in Fig. B.2 as the
effect of applied pressure (50MPa) on the green density of compacts with
varying waste content in Fig. C.3.

3.3. Microstructure characterization

The microstructures of the SPS sintered samples are shown in Fig. 3.
The samples were produced at optimal SPS conditions by varying the
amounts of waste alumina from 0 to 100 wt.%.

The computed average grain sizes are also indicated in Fig. 3, which
demonstrate a slight transition from bigger grain (1.99 � 1.57 μm) for
samples sintered without the addition of waste alumina to smaller grains
(1.25 � 0.74 μm) for samples produced solely from waste alumina
powder. The microstructures are relatively fully dense; however, some
intergranular pores and mainly elongated spinel grains [45,46] were
Fig. 5. Effect of waste alumina addition onto a) ha
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observed with increasing content of waste alumina powder. Also, the
abnormal grain growth resulting in slight bimodality with a fraction of
bigger grains was present in Fig. 3 a-d) while micrographs in Fig. 3 e, f)
demonstrated monomodal grain size distribution. The grain size distri-
bution (GSD) for each composition is depicted in Fig. 4 where a clear
distinction between GSD with a higher content of waste alumina
compared to smaller content of waste alumina (�60 wt.%) is visible.
From the cumulative volume distribution curves, it was established that
90 vol.% of grains were smaller in diameter than 3.70 μm and 5.26 μm for
100–80 wt.% of waste alumina content. GSD for smaller waste alumina
content (�60 wt.%) demonstrated bigger grains where 90 vol.% of grains
were smaller in the diameter range from 8.61 μm to 11.33 μm.

Considering fracture surfaces, the micrographs indicate dominant
transgranular failure as a consequence of larger fraction of bigger grains,
which is visible on micrographs in Fig. 3 a, b). After increasing the
content of waste alumina powder, the intergranular fracture becomes
dominant with mainly intergranular crack propagation. In general, the
microstructure of pure alumina compared to other micrographs demon-
strated a great difference with a clearly visible transition from slightly
bigger grain size to evenly distributed grain size microstructure (Fig. 4).
The increasing content of the waste alumina in samples resulted in finer
and more homogeneous microstructure (bimodal to monomodal) due to
the impurities – MgO. Magnesia doping causes reducing the grain
boundary mobility of alumina resulting in refinement of microstructure
[47,48].

3.4. Mechanical properties

The Vickers hardness (Hv10) of alumina with increasing content of
waste alumina powder is shown in Fig. 5 a). The substantial increase of
hardness from 13.79� 1.47 GPa till 19.78� 1.27 GPa due to the addition
of 20 wt.%waste alumina powder was noticeable, which is in accordance
with the presented data in Table 3. The maximal hardness value of 20.81
� 1.35 GPa was achieved with 80 wt.% of waste alumina content. The
increase in hardness could be explained by the refinement of alumina
matrix due to sintering additives, i.e. organic binders, MgO, present in
waste alumina powder [35]. It should be noted that with the further
increase of waste alumina content the change of hardness to higher
rdness and b) indentation fracture toughness.



M. Vuk�si�c et al. Open Ceramics 5 (2021) 100076
values was obvious.
The fracture toughness of sintered alumina samples was determined

by applying the Vickers indentation fracture toughness method. It is
worth noting that this method was not used as an exact method for
fracture toughness determination but as a mean to assess its trend. The
toughness values, which were calculated according to three median
models are shown in Fig. 5 b). The pure alumina toughness value is
slightly higher compared to the toughness values of samples that contain
waste alumina. The samples with the addition of waste alumina tend to
level off at a moderate value of 3 MPa m1/2, which is in accordance with
existing data on advanced alumina ceramics [49]. In general, obtained
mechanical properties are in accordance with previously reported
studies, related to alumina doping with MgO followed by SPS, as shown
in Table 3. Shen et al. [34] systematically examined the influence of SPS
conditions on microstructure and mechanical properties. The enhanced
mechanical properties were noticed by optimizing SPS conditions to
lower sintering temperature where limited grain growth was achieved.
Pristinskiy et al. [36] determined a significant increase of hardness by
doping alumina with MgO up to 1 wt.% while other properties (flexural
strength, fracture toughness) remained unchanged. Chakravarty et al.
[35] investigated the effect of magnesia content on the grain size and
mechanical properties via SPS. The slight improvements of mechanical
properties were noticeable due to the addition of MgO and optimization
of SPS conditions. All the above-mentioned studies reported refinement
of microstructure and increase of mechanical properties as a consequence
of magnesium doping and SPS utilization.

4. Conclusions

This article has thoroughly investigated the possibility of reusing
waste alumina powder, which is accumulated during the green
machining process. The conducted study strongly suggests the feasibility
of using waste alumina powder as secondary raw material where the
desired product specifications permit its use. The SPS technique enabled
rapid densification of alumina compacts in short times resulting in fine
microstructure, which was reflected in higher hardness while fracture
toughness remained the same with increasing waste alumina content.
The hardness value of 13.79 � 1.47 GPa was achieved for the pure
alumina sample while increasing the waste alumina content resulted in
higher hardness values ranging from 18 to 21 GPa. This increase in
hardness was attributed to the refinement of alumina matrix due to
sintering additives, i.e., MgO, organic binders present in waste alumina
powder. In contrast, the fracture toughness demonstrated negligible
change with increasing waste alumina content, settling around 3 MPa
m1/2. The measured values of mechanical properties are in agreement
with previously reported values obtained for high purity alumina ce-
ramics doped with MgO while reusing up to 100 wt.% of waste alumina
powder as secondary raw material. Recycling the waste alumina scraps
enables a significant decrease in primary resource usage, which is a key
requirement for the implementation of the circular economy approach in
the ceramic manufacturing process.
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