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Abstract

An effective utilization technique is required to recycle fine aggregate in concrete waste because the presence
of residual waste cement reduces the quality of the recycled concrete. In this study, recycled aggregate powder
(RAP) was prepared by milling Okinawan concrete waste and developing a ceramic compact with high flexural
strength using the spark plasma sintering (SPS) method. The RAP raw material consisted mainly of calcite and
quartz. The densification gradient of the sintered compact was uniform during sintering at 1123–1273 K. At
1273 K sintering temperature, Vickers hardness (HV) obtained a maximum of 393 along with 78.9 MPa max-
imum flexural strength, which exceeded the porcelain stoneware tile ISO 13006 standards. Scanning electron
microscopy with energy dispersive X-ray (SEM-EDX) element analysis suggested that the inner structure con-
stituted unmelted silica-rich sand particles and melted calcium-rich particles containing waste cement and
fine aggregate with limestone. Therefore, it can be concluded that SPS progressed by the liquid-phase sinter-
ing phenomenon between sand particles and calcium-rich particles, which contributed to flexural strength and
modulus improvement.
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I. Introduction

Concrete is widely used in the construction and in-
frastructure industries owing to its excellent mechanical
properties and durability. Infrastructural modification
and house building activities result in a large amount
of constructional and demolition waste. Billions of tons
of concrete waste are produced worldwide every year
as industrial by-products of construction and demolition
[1–3].

Currently, a certain quantity of concrete waste is re-
cycled as landfill, used in road construction as an un-
bound road sub-base or roadbed material, and reused
with fresh concrete to produce recycled concrete ag-
gregate [4–16]. However, roadbed material demands are
expected to reduce. Additionally, recycled concrete pro-
duces low-quality concrete due to residual waste cement
[11]. Thus, effective concrete waste recycling is desir-
able for environmental protection and to prolong the us-
able life of worldwide final disposal sites. A method to
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form recycled fine aggregate, which mainly constitutes
mortar, must be developed as the removal of waste ce-
ment by milling or peeling is difficult.

In the ceramics processing field, industrial wastes
such as fly ash were effectively utilized as the raw mate-
rial for ceramics [17–20]. Fly ash has very fine particles
with an average diameter of approximately 10µm, and
it is chemically made of SiO2 and Al2O3. Similarly, mu-
nicipal solid waste ash [21,22], blast furnace slag [23–
26], sewage sludge [27,28], and bagasse ash [29–31]
have been suggested as raw material for ceramic pro-
cessing. Furthermore, it has been suggested that mate-
rials with superior mechanical strength can be devel-
oped using the spark plasma sintering (SPS) method
with industrial waste as a ceramic raw material [31–35].
The SPS method, which sinters raw material powders
within a graphite mould under compression pressure,
lowers the sintering temperature and produces materials
with superior mechanical properties as compared to hot
pressing [36–40]. Thus, a material with superior density
can be made in a shorter sintering time as compared to
that made using ordinary electric furnace sintering. In-
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dustrial waste material such as fly ash can be used as
a structural material based on previous studies demon-
strating ceramic SPS [32–34]. In the SPS process for
fly ash and clay composite material, the improvement in
flexural strength was revealed by liquid-phase sintering
between unmelted fly ash and melted clay [32]. Elsie
et al. [39] investigated the fabrication of mullite from
lithomargic clay using the SPS method without the addi-
tion of binders. Recycled fine aggregate mainly consti-
tutes the mortar part; its chemical composition includes
SiO2, Al2O3, and CaO, in the form of fly ash or clay
[41]. The development of glass-ceramics using concrete
sludge has been reported in the literature [42–45]. Thus,
recycled aggregate powder (RAP), which is produced
by milling recycled fine aggregate, may be used as a
raw material for ceramics. In addition, the development
of ceramics with superior mechanical properties can be
expected upon applying the SPS method.

This study investigates the SPS process using RAP
as a novel recycling method for concrete waste for ap-
plication in ceramics processing. According to the ISO
13006 standards, ceramic tiles having strength greater
than 35 MPa are better suited for porcelain stoneware
tiles [30,46]. We apply the SPS technique for sintering
RAP to produce ceramics that have a flexural strength
greater than 70 MPa, which is double the value set by
the ISO 13006 standards. The key to ceramic sintering
is the optimum sintering temperature for raw materials.
Therefore, the optimum SPS sintering temperature for
RAP was investigated to improve the mechanical prop-
erties of the ceramic compact. The ceramic compact
was validated by evaluating its mechanical properties
as compared to the characteristics of ordinary concrete
and sintered fly ash compact using SPS. Finally, we dis-
cuss the behaviour of RAP during the SPS processing by
analysing the surface structure of the sintered compacts
using scanning electron microscopy-energy dispersive
X-ray spectroscopy (SEM-EDX), thermogravimetric-
differential thermal analysis (TG-DTA) of the RAP and
the relationship between the displacement and sintering
temperature in the SPS process.

II. Experimental

2.1. Materials

Recycled aggregate powder (RAP), which is the ex-
perimental raw material, was prepared by crushing,
sieving and wet pot milling of concrete waste [47]. We
used the concrete waste YUIKURU (RC-40), which is
certified and authorized by the Okinawa prefecture gov-
ernment in Japan. This concrete waste with a fine aggre-
gate composition consists of sea sand, limestone and the
shells of sea creatures. Thus, the chemical composition
of the used concrete waste is expected to be calcium-
rich as compared to that of typical concrete. The con-
crete waste was crushed into 10 mm length cubes using
a Joe Crusher (Yoshida Manufacturing Co. Ltd, 1023B).
The crushed concrete waste was sieved using an open

sieve of mesh size 425µm and then milled using a pot
mill apparatus (AS ONE Corporation, PM-001). For pot
milling preparation, 300 g of prepared concrete waste,
10 × �30 mm, 15 × �25 mm alumina balls and 300 g
of ion-exchange water were added to a 1 l alumina pot.
Pot milling was performed at 200 rpm for 12 h. After
milling, the RAP slurry was dried for 2 h at 393 K. We
measured the particle size distribution of RAP using a
particle size analyser (MicrotracBEL Corp., MT3300).
The average particle size was 9.4 µm [47].

2.2. Spark plasma sintering (SPS)

The RAP was sintered using an SPS apparatus (Sum-
itomo Coal Mining Co., Ltd., Dr. Sinter SPS-2050). The
RAP raw material was poured into a graphite mould
capped by pairing two punches (�50 mm) and die (inner
�50 mm, outer �90 mm). The graphite mould was cov-
ered with carbon felt to prevent heat from radiating out
during the sintering process. A 20 MPa pressure, 20 min
sintering time, and 1123–1273 K sintering temperatures
were set as the SPS sintering conditions. The heating
rates were 42.5–50 K/min. The holding time for each
sintering temperature was 5 min. The current was turned
off as the holding time elapsed and the cooling rate was
furnace cooling. These SPS conditions were referred to
from literature based on SPS [31,32]. Subsequently, the
samples were removed from the graphite mould. The
SPS sintered compact was 5 mm thick with a diameter
of 50 mm.

2.3. Characterization

A three-point bending test was performed on spec-
imens obtained by cutting the sintered compacts into
bars. These bars were 7 mm in width, 40 mm in length,
and 3 mm in height. We attached the strain gauge (Ky-
owa Electronic Instruments Co., Ltd., KFGS-1-120-C1-
11L1M2R) at the bottom centre of the specimen. Three
specimens were used for each SPS condition. The three-
point bending test was performed with a 0.5 mm/min
crosshead speed and a 40 mm support span. In addi-
tion, the stress-strain curve was recorded using a digital
oscilloscope (Yokogawa Electric Co., Ltd., DL 750P).
The flexural strength, σ f was calculated using follow-
ing equation:

σ f =
3F · L

2b · h2
(1)

where F is the maximum load, L is the support span,
b is the specimen width, and h is the specimen height.
Furthermore, the flexural modulus, which is the slope
of the stress-strain curve in the elastic region, was cal-
culated using the least square method.

The Vickers hardness test was performed on the spec-
imen surface after the three-point bending test using an
Akashi Co. Ltd. (MVK-G1) with a load and loading
time of 500 g and 15 s, respectively. To investigate the
densification gradient, the specimen was divided into
five parts from the specimen centre. The measurement
was conducted at 10 points for each division point, as
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shown below. To avoid indentation load influence on
flexural strength and modulus, we used the HV speci-
men after the three-point bending test. However, work
hardening did not occur in the HV specimen due to the
sintered compact being ceramics. Thus, the HV values
are not affected by the three-point bending test.

The surface structure and elemental composition of
the sintered compacts were observed and analysed using
SEM-EDX (Hitachi High-Technologies, TM3030).

RAP thermal analysis was performed using a TG-
DTA apparatus (RIGAKU Corp., Thermo plus EVO2
TG-DTA/H-S) up to 1623 K temperature and 20 K/min
heating rate under air and N2 environments.

X-ray fluorescence analysis was performed on Shi-
madzu Corporation, EDX-8000.

III. Results and discussion

Table 1 shows chemical composition of RAP deter-
mined using energy dispersive X-ray fluorescence anal-
ysis [47]. The RAP chemical components constituted
mainly CaO and SiO2 with small amount of Al2O3 and
Fe2O3. The chemical composition of RAP resembles
fly ash or clay [32–35,42–44]. Percentage of CaO was
higher than that in the concrete waste [41] owing to
the waste concrete features mentioned earlier. To fur-
ther investigate the fundamental characteristics of RAP,
we conducted powder X-ray diffraction (XRD). Figure
1 shows the XRD pattern of RAP. The peak showed
the presence of calcite (CaCO3) and quartz (SiO2). This
analysis is similar to that of recycled fine aggregate
based on the existing literature [12]. Thus, the chemical
composition of CaO is mainly calcite, which is derived
from waste cement and fine aggregate of the Okinawan
concrete.

Table 1. Chemical composition of RAP in wt.% [47]

CaO SiO2 Al2O3 Fe2O3 SO3 MgO other
57.3 27.5 5.86 4.16 2.24 1.21 1.73

Figure 1. X-ray diffraction pattern of RAP

Figure 2 shows the relationship between relative den-
sity and sintering temperature. The theoretical density
was calculated using the chemical components in Table
1 and Fig. 1. Thus, CaO is substituted with CaCO3 and
gives a theoretical density value of 2.8 g/cm3. Moreover,
the density of the SPS sintered compacts was measured
by diving the weight of sample by its volume. The rela-
tive density linearly increased to almost 1.0 as the tem-
perature reached 1223 K. Increasing the sintering tem-
perature to 1273 K resulted in a decrease in relative
density. Melted RAP was observed around the graphite
punch after raising the temperature to 1273 K. This in-
dicated that melting occurred during sintering at over
1223 K due to the generation of micro inner pores at
temperatures close to 1273 K. The maximal density of
the SPS sintered compact, 2.8 g/cm3, is higher than that
of typical concrete 2.4 g/cm3. The concrete curing pro-
cedure is a hydration reaction between cement and wa-
ter without the application of compression pressure dur-
ing curing. It is well known that approximately 3% of
the inner structure of concrete contains pores. The SPS
sintered compact utilized the sintering phenomenon as
a curing procedure; during sintering, the applied com-
pression pressure assisted the escape of gases trapped
in the raw powders. Thus, the SPS sintered compacts
were denser than typical concrete. As a preliminary
experiment, we conducted the SPS experiment for ap-
plied pressures over 20 MPa. As a result, the mechanical
properties reduced at 30 MPa, and the graphite mould
broke at 40 MPa. For future work, we will consider uti-
lizing a high-strength mold to apply a 40 MPa pressure.

Figure 2. Relationship between relative density and sintering
temperature

To investigate the densification gradient and perfor-
mance of the mechanical properties, a Vickers hardness
test was conducted. Figure 3 shows the relationship be-
tween HV and the distance from the centre in the three-
point bending test specimen. In this test, the distance
was measured using the average length at each point
(2.0, 6.0, 10.0, 14.0 and 18.0 mm). The HV distribution
within the SPS sintered sample was almost uniform for
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Figure 3. Relationship between HV and distance from
specimen centre in three-point bending test specimen

each sintering temperature. Thus, the density gradient
was not recognized in the sintered compact. The average
HV of the five points increased with increasing sintering
temperature, and the maximum value obtained was 393
at a sintering temperature of 1273 K. The concrete HV
is approximately 100, based on the literature [48]. The
SPS sintered sample’s HV is higher than that of concrete
due to the curing process difference between the con-
crete and SPS methods, as mentioned in the discussion
of relative density. The HV of the SPS sintered compact
is lower than that of SPS sintered fly ash HV, which is
approximately 850 [32]. The HV of lime ceramics is ap-
proximately 190–260 [49], commercial window glass is
420 [44] and alumina (Al2O3) ceramics sintered by SPS
is approximately 2000 [50]. SiO2 and Al2O3 content in
fly ash are higher than those in RAP [32]. Thus, we in-
ferred that the SPS sintered compact’s HV was lower
than that of the fly ash SPS compacts. Compared to the
HV of other materials, general steel and aluminium (Al)
alloy powders sintered by SPS have approximately 200–
300 [33] and 84 [51], respectively. Therefore, the HV
of the SPS sintered compact is superior to that of other
structural materials.

The effects of current flow during the SPS process on
the temperature distribution of the compressed RAP in
a graphite mould are also important. The electrical re-
sistances of individual components of RAP were as fol-
lows: CaCO3 6.7 × 104Ω·m [52], SiO2 > 1012Ω·m on

SiO2 glass [53], Al2O3 1.0 × 108Ω·m [38], and Fe2O3
> 1.0 × 1014Ω·m at 333 K [53]. The values for the
main components, CaCO3 and SiO2, are significantly
higher than that of graphite (1.8 × 10−5Ω·m at 300 K)
[40]. Thus, the current does not flow through the com-
pressed RAP in the graphite mould. In the FEM sim-
ulation of the SPS process, the current flowed through
the graphite mould instead of the compressed alumina
powder [38,40]. Thus, the current flow profile of SPS
using RAP was predicted as shown in Fig. 4. Moreover,
the temperature distribution of alumina was nearly uni-
form, as confirmed by FEM simulation [40]. Thus, the
temperature distribution in the compressed RAP during
the SPS process was nearly uniform as well. Therefore,
the HV distribution was nearly constant, and uniform
densification of the sintered compacts took place.

Figure 5 shows the relationship between mechanical
properties (flexural strength and modulus) and the sin-
tering temperature. The flexural strength increased lin-
early from 30.4 to 74.2 MPa as sintering temperature in-
creased from 1123 to 1223 K. Finally, a 78.9 MPa max-
imum flexural strength and an 81.4 GPa maximum flex-

Figure 4. Current flow profile of SPS using RAP

Figure 5. Relationship between mechanical properties and
sintering temperature
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Figure 6. SEM images of the compact surface at each sintering temperature: a) observation direction, b) 1123 K, c) 1173 K,
d) 1223 K and e) 1273 K

ural modulus were achieved at 1273 K. This value was
significantly higher than that of ISO 13006 standards
(35 MPa). The compressive strength of high-strength
concrete is 118 MPa [54], whereas its flexural strength
is generally one-seventh of the compressive strength.
Thus, the flexural strength of high-strength concrete is
16.9 MPa. Additionally, the flexural strength of the fly
ash SPS sintered compact is 75 MPa [32]. The flexu-
ral strength of glass ceramics, which are derived from
industrial waste material, is 55–85 MPa, which is suffi-
cient for the ceramics to be used as construction materi-
als [42]. Therefore, at 1273 K, the SPS sintered compact
exhibits satisfactory mechanical strength for use as con-
struction materials.

To investigate the qualitative microstructure of the
SPS sintered compacts, we observed the specimen sur-
face using SEM. Figure 6 shows SEM images of the
compact surface at each sintering temperature. These
specimens were diamond polished in the final step; the

observation direction is shown in Fig. 6a. At 1123 K, the
surface asperity of the compact is shown in Fig. 6b by
an arrow. In addition, two types of colour particles were
recognized, namely, dark grey and grey particles. As the
sintering temperature increased to 1173 K (Fig. 6c), the
surface flattened and contained dark grey and grey par-
ticles. Thus, solid-phase sintering progressed at 1173 K.
Upon increasing the sintering temperature to 1223 K, as
shown in Fig. 6d, a flat surface and some pores were vis-
ible. While the dark grey particles remained on the sur-
face, the grey particles disappeared. Two types of small
asperities were also recognized, as indicated by the ar-
rows. Owing to the elliptical shape formed, the small as-
perities 1 are reasoned to be melted grey particles. The
small asperities 2 are predicted to be the melted flat sur-
face (Fig. 6c) because they are close to the dark grey
particles. The SPS sintered compact, at 1223 K, can be
considered a composite material with distributed dark
grey particles in the grey matrix. Finally, at a 1273 K
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Figure 7. Element analyses of the compact surface using SEM-EDX at each sintering temperature: a) 1123 K, b) 1173 K,
c) 1223 K and d) 1273 K

sintering temperature, the micropores were uniformly
distributed on the surface containing the dark grey par-
ticles with few pores, as shown in Fig. 6e. These mi-
cropores were generated by the inner gas exiting from
the melted grey matrix due to the high temperature of
1273 K. Thus, as seen in Fig. 2, the relative density at
1273 K decreased due to the generation of micropores.

To further evaluate the surface structure, we con-
ducted an SEM-EDX analysis. Figure 7 shows the el-
emental analysis results for each sintering temperature.
The dark grey particles (DG) mainly constituted oxy-
gen and silicon at each measured sintered temperature.
Moreover, the dark grey particles are evidence of the
non-melting phenomenon because the ridge line main-
tains its edge. Thus, this section contains silica-rich sand
in the waste mortar. The grey particles (G), asperity
surface (AS), flat surface (FS), small asperities (SA1
and SA2), and micropores (MP) are mainly composed

of oxygen and calcium. Therefore, these parts are the
waste cement and fine aggregates (including shells of
sea creatures) with rich limestone. This shows that the
small asperities 1 in Figs. 6d and 7c were created by
melted grey particles. Thus, at sintering temperatures
above 1223 K, the grey matrix was generated by melting
the waste cement and fine aggregate with rich limestone.
In addition, the liquid-phase sintering phenomena be-
tween the dark grey particles and grey matrix occurred
over a sintering temperature of 1223 K.

To examine the liquid-phase sintering phenomena
of the SPS process using RAP, we conducted a TG-
DTA analysis. Figure 8 shows the TG-DTA curves. The
curves between air and N2 were similar showing that the
liquid phase formation temperature of the SPS is simi-
lar to that of conventional furnaces. Here, Figs. 1 and
8b showing the recycled fine aggregates have a similar-
ity with that from previous report [12]. Thus, the ther-
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Figure 8. TG-DTA curves of RAP: a) in air and b) in N2

mal characteristics of the aggregates shown in Fig. 8b
have similarities to those in previous studies [12, 55].
The endothermic peak around 373 K is the vapour from
the residual water present in the particles. Subsequently,
dehydration occurs from the remaining Portlandite and a
large endothermic peak is observed around 1023 K. The
decrease in TG is due to the decarburization reaction of
CaCO3 and is expressed as follows:

CaCO3 −−−→ CaO + CO2 (2)

Thus, limestone (CaCO3) was converted to lime (CaO)
at 1273 K. The endothermic peak around 1373 K and
the slightly decreased TG show the RAP melting phe-
nomenon. However, we observed melted RAP on the
graphite mould at a sintering temperature of 1273 K
(from Fig. 6e) after the experiment. We considered that
the temperature difference between the compressed ce-
ramics powder in the graphite mould and the die sur-
face is nearly 373 K [38,40]. Thus, the compressed pow-
der temperature rises to 1373 K at a sintering tempera-

Figure 9. Relationship between displacement and
temperature for each experiment

ture of 1273 K. To further discuss the RAP melting phe-
nomenon, we examined the densification behaviour of
the SPS process. Figure 9 shows the relationship be-
tween displacement and temperature for each experi-
ment. The displacement indicates the graphite punch
position. The temperature was plotted over 873 K be-
cause it was measured using a radiation thermome-
ter. The maximum displacement increased with increas-
ing temperature until 1223 K; its values were 2.6 mm
at 1123 K, 3.5 mm at 1173 K, 5.0 mm at 1223 K, and
4.9 mm at 1273 K. Therefore, the full densification tem-
perature is considered at 1223 K. The compressed RAP
temperature is predicted as 1323 K at 1223 K sintering
temperature. The 1323 K RAP temperature approached
the melting state, as shown in Fig. 8b. These results
suggest that liquid phase formation occurred beyond a
sintering temperature of 1223 K. To discuss the rein-
forcing behaviour of the compact sintered at 1273 K,
we examined the element composition in Fig. 7d. As
cited before, the dark grey particles are silica-rich sand
whereas the grey matrix constitutes waste cement and
limestone-rich fine aggregates. As shown in Eq. 2, the
limestone was converted to lime at a sintering temper-
ature of 1273 K. Hence, the grey matrix mainly consti-
tuted CaO. As mentioned, the HV of CaO ceramics is
190–260 and that of glass is 420. Thus, we predicted
that the dark grey particle hardness is higher than that of
the grey matrix. This indicates that the dark grey parti-
cles acted as reinforcement particles in the SPS sintered
compact.

The SPS process model using RAP is shown in Fig.
10. Here, the sample constituents are mainly pores,
silica-rich sand particles, and calcium-rich particles,
which generated a grey matrix after sintering. It is as-
sumed that the current does not flow into the com-
pressed RAP, as shown in Fig. 4. Thus, the influence
of current distribution on solid- and liquid-phase sin-
tering is low. At a firing temperature ≤1223 K, the
SPS process was mainly solid-phase sintering. Then,
liquid-phase sintering progressed between the sand and
melted calcium-rich particles at a sintering temperature
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Figure 10. The SPS process model using RAP

>1223 K. The dark grey particles, which are considered
to be sand particles, were enclosed by the melted grey
matrix in Fig. 7c. Thus, improvement in wettability was
expected between the sand particles and grey matrix at
a sintering temperature over 1223 K due to the liquid-
phase sintering phenomenon similar to that in the SPS
process using fly ash and clay [32]. Furthermore, in-
ner micropores were formed by inner gas due to the
high sintering temperature. This phenomenon was pre-
dicted by the TG-DTA curves, which showed a melt-
ing temperature of 1373 K. Therefore, at the sintering
temperature of 1273 K, the compact density decreases
due to the formation of inner micropores at a high sin-
tering temperature, as indicated by the arrows in Fig.
6e. However, the flexural strength and modulus showed
maximum values at 1273 K due to improved wettabil-
ity between the sand particles and grey matrix. These
results indicate that the waste cement, which is the bot-
tleneck for re-mixing concrete, played an effective role
as a binder to reinforce sand particles.

In conclusion, RAP could be recycled as a ceramic
raw material for construction materials due to a nearly
80 MPa flexural strength [30,42,46]. However, the me-
chanical properties of the SPS sintered compacts can
be improved by further investigation of SPS processing
conditions such as applied pressure and decreasing par-
ticle diameter. In addition, we used Okinawan concrete
waste, which includes sea sand, limestone, and sea crea-
ture shells. For future studies, we will investigate the de-
tails of SPS processing conditions and the application of
RAP made from ordinary concrete waste.

IV. Conclusions

To develop a novel method for recycling concrete
waste, this study fabricated a ceramics using recycled
aggregate powder (RAP) by applying the SPS method.
In particular, the effect of sintering temperature on the
mechanical properties of the RAP compact was investi-
gated and the results are summarized as follows:

1. The maximum relative density was 1.0 (density value
2.8 g/cm3) at a sintering temperature of 1223 K, but
it decreased at 1273 K.

2. The density gradient was not recognized in the pro-
posed sintered compact because the HV was almost

uniformly distributed. The maximum HV was 393 at
a sintering temperature of 1273 K.

3. The flexural strength and modulus of the proposed
sintered compact increased with sintering tempera-
ture. The maximum flexural strength and modulus
were 78.9 MPa and 81.4 GPa, respectively, at a sin-
tering temperature of 1273 K.

4. The sintered compact, beyond a sintering temper-
ature of 1223 K, was composed of dark grey in-
clusions and a grey matrix-like composite material.
SEM-EDX element analysis results showed that the
dark grey inclusions were silica-rich sand particles
in the waste mortar. The grey matrix was generated
by melting the waste cement and fine limestone ag-
gregate.

5. The TG-DTA curve of RAP and displacement on
SPS processing showed the RAP melting phe-
nomenon over 1223 K. Therefore, the mechanical
properties, at a sintering temperature of 1273 K, were
improved due to the enhanced wettability between
the sand particle and the grey matrix by the progres-
sion of the liquid-phase sintering phenomenon.
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