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The Sustainable Composite Materials in Civil and
Architectural Engineering

Yeou-Fong Li 1, Walter Chen 1,* and Ta-Wui Cheng 2
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* Correspondence: waltchen@ntut.edu.tw

Sustainability is a central value in the United Nations’ 17 sustainable development
goals (SDGs), which include no poverty, zero hunger, good health and well-being, quality
education, gender equality, clean water and sanitation, affordable and clean energy, decent
work and economic growth, industry innovation and infrastructure, reduced inequalities,
sustainable cities and communities, responsible consumption and production, climate
action, life below water, and life on land. The use of sustainable composite materials in
civil and architectural engineering, which is the theme of this Special Issue, is particularly
related to SDG #9 (building resilient infrastructure, promoting inclusive and sustainable
industrialization, and fostering innovation) and SDG #11 (making cities and human settle-
ments inclusive, safe, resilient, and sustainable). We believe that, of all feasible solutions,
the use of sustainable composite materials is critical to accomplishing these aims.

However, when the Sustainability journal approached us to launch this Special Issue,
the world was facing an unknown infectious epidemic and quickly fell into a state of
uncertainty as a result of the COVID-19 pandemic’s rapid spread. Two years into the
outbreak, there appears to be no end in sight. We cannot help but wonder what lies ahead.
Everything has altered as a result of the unexpected pandemic, from how we keep ourselves
safe to how we connect with others. It is difficult for people from all walks of life, not just
academics. According to the United Nations, the epidemic has exacerbated poverty and
weakened our ability to respond to long-term sustainability challenges. It is a sobering
reminder that even in the face of a pandemic, we cannot abandon environmental protection.
This is why the Special Issue “Sustainable Composite Materials in Civil and Architectural
Engineering” was initiated. To act even in the midst of a disaster, we encourage researchers
to continue their work during this trying period and invite them to submit new work on the
experiment, analysis, inspection, and repair of a variety of infrastructures and engineering
structures to us. Additionally, we purposefully broadened the scope. The composite
material does not have to be of a certain type, such as fiber-reinforced plastic (FRP) and
geopolymer, but may be composed of recycled and reused waste materials. Furthermore,
the contribution may focus on any aspect of sustainable composite materials in civil and
architectural engineering, such as carbon emissions, cost analysis, experimental verification,
flame retardance, reinforcement, and energy consumption.

As a result, we received 18 submitted manuscripts that covered a broad range of
subjects and were excellent pieces of work. However, only ten manuscripts were accepted
following a rigorous peer-review procedure. Three of the manuscripts were published in
2020, six in 2021, and the final article was published in 2022. The following is an overview
of these works.

Lee et al. [1] conducted a study on oxygen furnace slag, a significant waste by-product
of steel manufacturing that can be used as a natural aggregate. To minimize undesirable
expansion, the authors applied novel geopolymer technology to capture free CaO and
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MgO and build a stable silicate composite. The laboratory- and plant-scale experiments
showed that expansion might be controlled to less than 0.5 percent while increasing the
compressive strength of the specimens.

Focusing on a different material and application, Cheng et al. [2] detailed the de-
velopment of conductive films using silver (Ag) flake powder and a multiwall carbon
nanotube (MWCNT) hybrid grid on a polytetrafluoroethylene (PTFE) film for applications
that require both electromagnetic shielding (EMS) and a conductive film. The suggested
conductive film exhibited superior electromagnetic shielding effectiveness (EMSE) and con-
ductivity compared to materials containing varying quantities of MWCNT. Additionally,
the film was more stretchable, with a 10% elongation at a 29% resistivity change rate.

In the context of recycling materials, Lin et al. [3] investigated and tested the usage of
SiC sludge as a geopolymer material in place of metakaolin. The mass ratio of Na2SiO3
and NaOH solutions (NS/SS ratio) was experimented with, as well as the influence of SiC
sludge content on metakaolin geopolymers. The results indicated that the geopolymer with
the ideal SiC sludge replacement level and NS/SS ratio possessed a high heat evolution
value, superior flexural strength, and high Q4 silicate deconvolution percentages, which is
due to a synergistic effect, increasing both the reactivity and strength of metakaolin-based
geopolymers. As a result, SiC sludge qualifies as a potentially useful ingredient in the
production of geopolymers containing metakaolin.

The following article by Shen et al. [4] contributes to the conversation regarding an
eco-friendly polyurethane hyperbranched hybrid made through the sol–gel process. The
organic–inorganic hybrid material was created by introducing a non-halogenated, hyper-
branched flame retardant containing nitrogen, phosphorus, and silicon to a polyurethane
(PU) matrix. Using a variety of instruments, the study examined the organic and inorganic
dispersity, morphology, and flame retardance mechanism of the hybrid material. The
hybrid material not only had a high condensation density, but it also had outstanding
organic–inorganic phase compatibility. Finally, the hybrid material passed the burning test
and demonstrated outstanding flame-retardant properties.

Shen et al. [5] investigated two dispersion methods (planetary centrifugal mixing and
three-roll milling) to minimize the time required to disperse graphene nanoplatelets into
a polymer matrix for graphene nanoplatelet-reinforced epoxy nanocomposites. Ultimate
tensile strength, flexural strength, and flexural modulus were used to evaluate the proce-
dures. The results revealed that planetary centrifugal mixing is more effective. It not only
took less time to complete, but it also produced a more uniform dispersion of graphene
nanoplatelets than three-roll milling and other traditional dispersal methods.

Wang et al. [6] investigated the effect of nano-MgO content and carbonization time on
nano-MgO-modified cement soil utilizing mechanical characteristics as well. The results
revealed that by adding 1.0 percent nano-MgO to the modified cement soil and carbonizing
it for one day, the compressive strength of the modified cement soil may be greatly increased.
The energy dissipation rate of the modified cement soil after 1-day carbonization achieved
its maximum, and the peak strain of the modified cement soil after 2-day carbonization
reached its highest value, both with the same nano-MgO concentration.

Returning to the topic of furnace slag, Li et al. [7] investigated the radiation cooling
effect of substituting basic oxygen furnace slag (BOFS) on asphalt concrete pavement.
Thermal conductivity, emissivity, and indoor and outdoor temperature measurements were
used to compare the thermal performances of varied proportions of 45 wt%, 55 wt%, and
75 wt%. The specimen with the BOFS substitution of 75 wt% absorbed the most heat inside
the body, resulting in less heat being released into the environment as a result of this. After
making the appropriate BOFS substitution, the specimen’s stability value, indirect tensile
strength, and British pendulum number (BPN) all met the criteria for each parameter.
Finally, because of its thermal performance, BOFS offers a wide range of potential benefits
in pavements, particularly for the purpose of achieving the goal of urban heat island
mitigation by radiation cooling.
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Carbon-fiber-reinforced plastic (CFRP) has been widely employed in civil and archi-
tectural engineering to repair or replace deteriorated or damaged engineering structures
such as bridge decks, concrete beams, walls, slabs, and columns. Its adaptability has
sparked a wave of invention and several technological advancements. Li et al. [8] em-
ployed microwave-assisted pyrolysis (MAP) to remove the resin from a CFRP bicycle
frame in order to recycle waste carbon fiber. They analyzed the mechanical properties of
carbon-fiber-reinforced concrete (CFRC) in static and dynamic testing using three distinct
types of carbon fiber, which are conventional carbon fiber, carbon fiber without a coupling
agent, and recycled carbon fiber. The mechanical performance of recycled carbon fiber
was found to be superior to that of normal carbon fiber and practically identical to that of
carbon fiber without a coupling agent.

Li et al. [9] studied the influence of a next-generation colored inorganic geopolymer
material (IGM) paint on an insulating concrete building shell for another geopolymer use.
Five insulating IGM paints, white, red, green, blue, and yellow, were applied to the top
surface of a concrete slab to determine their ability to reflect heat and to reduce a building’s
cooling requirements during hot summer seasons. The results indicated that IGM paints
significantly reduced the surface temperature and heat flow of the upper and lower surfaces
of concrete slabs, with the white IGM paint had the best performance of the five colors.

Chin et al. [10] closed the Special Issue with another investigation on waste CFRP. The
authors investigated the undesirable silane residue on recovered carbon fibers (rCF) that
was applied as a coupling agent during the commercial CFRP manufacturing process. The
surface morphologies and elements present on the rCF were studied using the microwave
pyrolysis method. It was discovered that increasing the pyrolysis temperature results in a
greater reduction in silicon content. Due to the uniformity of microwave pyrolysis recycle
treatment, this is a viable alternative to traditional furnace technology.

Author Contributions: Conceptualization and writing, Y.-F.L., W.C. and T.-W.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Studies on Recycling Silane Controllable Recovered Carbon
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Abstract: During the production process of commercial carbon fiber reinforced polymers (CFRPs),
a silane coupling agent is added to the carbon fiber at the sizing step as a binder to enhance the
product’s physical properties. While improving strength, the silane coupling agent results in a
silane residue on recovered carbon fibers (rCF) after recycling, which is a disadvantage when using
recovered carbon fibers in the manufacture of new materials. In this study, the rCF is recovered from
waste carbon fiber reinforced polymers (CFRPs) from the bicycle industry by a microwave pyrolysis
method, applying a short reaction time and in an air atmosphere. Moreover, the rCF are investigated
for their surface morphologies and the elements present on the surface. The silicon element content
changes with pyrolysis temperature were 0.4, 0.9, and 0.2%, respectively, at 450, 550, and 650 ◦C.
Additionally, at 950 ◦C, silicon content can be reduced to 0.1 ± 0.05%. The uniformity of microwave
pyrolysis recycle treatment was compared with traditional furnace techniques used for bulk waste
treatment by applying the same temperature regime. This work provides evidence that microwave
pyrolysis can be used as an alternative method for the production of rCFs for reuse applications.

Keywords: carbon fiber-reinforced polymer; recycled carbon fiber; microwave-assisted pyrolysis;
silane coupling agents

1. Introduction

In recent decades, carbon fiber-reinforced polymers (CFRPs) have been extensively uti-
lized in various applications of the aerospace industry, transportation, infrastructure [1–3],
energy, sport industries, defense, medical sector, and electronics [4,5]. The physical proper-
ties of CFRPs have led to increased use of these materials as replacements for more conven-
tional options, including steel, aluminum, alloys, etc. These physical properties include low
density and lightweight, superior strength to weight ratios and elastic modulus [6–8], stiff-
ness, low expansion or shrinkage, thermal stability [9–12], electrical conductivity, superior
resistance to corrosion and chemical attack, and exceptional endurance of physico–chemical
properties [13–16]. Given these properties, they have been heavily utilized in the man-
ufacture of automotive parts to reduce weight and improve fuel efficiency [17]. CFRPs’
composites are engineered materials that compose of carbon fibers (CFs) acting as rein-
forcing matrix materials within versed thermosetting polymer to form structures. [18].
The fibers act as load-carrying elements for their orientation and to resist environmental
damage [11,19].

Sustainability 2022, 14, 700. https://doi.org/10.3390/su14020700 https://www.mdpi.com/journal/sustainability

5



Sustainability 2022, 14, 700

CFRPs’ composite materials are differentiated by silane with different properties,
suitable for a variety of strength requirements. In response to increased demand to reduce
CO2 emissions through weight saving measures and production related energy costs, the
use of CFRP products and applications has a high potential to grow significantly over the
coming years. Carbon fibers were first commercially produced in the late 1960s. They are
now manufactured around the world. It is predicted that by 2025, revenues associated
with use of CFRPs will exceed 25 billion dollars per year [20,21]. Recent annual growth
rates of more than 10% underline these forecasts [22]. Given that the service life of CFRPs
is approximately 50 years, as end of life is reached, this will bring about a considerable
increase in CFRPs waste generation and present a significant challenge for the disposal and
recycling of CFRPs based components [6,23].

With increasing global focus on a circular economy model at domestic and foreign
scale, the problems of recycling and waste reduction are becoming more and more promi-
nent, with industry increasingly considering the impact of growth on finite resources. The
presence of carbon fibers in composite materials is a challenge when it comes to recycling
and separating the fibrous material from epoxy resins, plastics, and other materials. In
recent years, industries have speedily adopted these materials. However, it has displayed
no proper awareness and consideration of their disposal and possible recycling. The main
treatment methods for waste CFRPs have been landfill disposal and incineration [9,24].
Economic viability, new legislations, limited landfill capacity, and fuel incineration, and eco-
logical aspects are driving towards recycling and processing for CFRPs waste [25,26]. Thus,
the treatment methodology of CFRP waste is becoming a more critical issue, with industry
currently lacking in the skills and methodologies to respond effectively. Support is required
to provide industry with tools that can be implemented effectively and economically.

Currently, several technologies have been developed for recovering CFs from CFRPs
with excellent recycling yield and maintenance of critical physical properties. There are
three main approaches:

(1) Mechanical processes: shredding, crushing and other physical methods effect sep-
aration of CFs and raw matrix materials [2,27,28], or high voltage pressure (electro-
dynamic fragmentation) [29,30]. The recovery cost is low and the method is simple.
Production of pollutants is minimal. However, the damage to CFs in the recovery
process is high, making the recovered material unsuitable for the manufacture of
typical CF-based products. As such, material recovered in this way is usually made
into powder for filling or as a reinforcing material.

(2) Chemical recovery: separate CFs from the matrix resin [2,9,31–38]. The damage to
recovered CFs is minimal, but the cost of chemical agents is high and this technology
is still very much in its infancy. Waste solutions from the process require recovery
and subsequent treatment before reuse. In the absence of this step, the result is the
production of secondary pollution of large volumes of liquid waste and hazardous
gases, the disposal of which presents a significant hazard to the environment [6]. In
addition, the method does not allow simple recovery of CFs in large quantities. At
present, this method is rarely used.

(3) Thermal technology: The matrix material is decomposed by heat (combustion/
incineration, fluidized bed process, or pyrolysis) [2,7,39–42] or microwave radia-
tion [43,44]. Heat is utilized to decompose the scrap composite in the thermal recycling
process. Due to a higher operating temperature at ~450–700 ◦C [45–48], combustible
materials are burnt, leaving the CF material for recovery. Generally, the process
temperature is dependent on the type of resin used in the scrap composite. Irregular
temperature can leave char on the undercooked fiber surface or result in a decrease in
the diameter of the overheated recovered fibers [49,50].

Microwave pyrolysis is a relatively new approach, designed to replace conventional
pyrolysis. Heating by microwave pyrolysis has the advantage that the rate of thermal trans-
fer is increased, with reduced energy consumption [26,51] and heat loss reduction [52,53].
This process can recycle CFRPs, with resulting fibers maintaining desirable mechanical
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properties [49,54–58] These studies are focused on removing resin and maintaining me-
chanical strength to get high quality rCF, without considering the issue of residual silane on
the recovered carbon fibers. However, the manufacturing process of commercial CFRPs in-
volves adding an appropriate amount of silane [59,60]. Silanes are often used as a coupling
agent, possessing differing functional groups at each molecular end. For example, tri-
alkoxysilane can bond with inorganic substances. Alternatively, there are organofunctional
groups (methacrylate, epoxy, etc.). These silanes can enhance the compatibility between
carbon fibers and the resin matrix, improving the interfacial bonding strength of CFRPs.
Therefore, if silane could be saved during the fiber recovery process it would reduce the
need for the addition of further silane coupling agent when using rCF to manufacture
new materials, reducing overall costs and waste [61]. Furthermore, Li et al. [62] compare
the dispersion of sizing of carbon fiber after removed silane treatment and nontreatment,
with the product intended to be added to portland cement. The results show the carbon
fiber of removed silane can be efficiently dispersed to form carbon-fiber-reinforced cement,
with this composite cement exhibiting higher compressive strength. The residue of silane
could be a disadvantage when considering recovered carbon fibers for reinforced inorganic
applications.

In this study, the residual silane content of rCF surface can be controlled by the
temperature of microwave pyrolysis. The influence of the reaction temperature on the
degradation of silicon on the carbon fiber surface was studied. The recovered carbon fibers
were characterized by scanning electron microscopy (SEM), thermogravimetric analysis
(TGA), and Energy-dispersive X-ray spectroscopy (EDS).

2. Experimental Methods

2.1. Materials

The carbon fiber reinforced composite material (CFRPs) waste from recycled bicycle
frame and the original Carbon fiber (Mitsubishi TR 50) was supplied by Giant Manufactur-
ing Co., Ltd (Taichung City, Taiwan). The waste was cut and crushed by plate-cutting and
hydraulic press machine to the sample size of about 90 mm × 90 mm × 4.5 mm.

2.2. Pyrolysis

The traditional pyrolysis process is performed using a typically muffle furnace (JH-5,
Taiwan, 1200 W). The CFRP waste (10 g) was loaded into a ceramic crucible and pyrolyzed at
650 ◦C in an air atmosphere. Figure 1 shows the micro-wave pyrolysis system (MILESTONE
PYRO 260). Pyrolysis of the chips of waste (10 g) was carried out at 350–950 ◦C in an air
atmosphere. The special microwave–transparent ceramic muffle furnace allows microwave
energy to transmit through and rapidly raise the temperature of silicon carbide plates
situated inside the muffle. Microwaves were generated by a single magnetron system with
rotating diffuser for homogeneous microwave distribution, the power was set up to 1200 W
and the frequency of the microwave was set to 2.45 GHz. The detail condition shows at
Table 1.

2.3. Characterization

The CFRPs wastes are characterized using Thermogravimetric Analysis (TGA), Scan-
ning Electron Microscopy images and Energy-dispersive X-ray spectroscopy (SEM-EDS).
Netzsch instrument TG 209 F3 model is used to make TGA measurements. The measure-
ments were characterized for the thermal degradation curve of the CFRP characterized
under an air atmosphere. The weight of the sample is 10 mg. Each sample was heated
from room temperature to 650 ◦C at a heating rate of 10 ◦C/min. Three target areas were
identified for each of the rCF samples, and taking the core layer of each sample, the surface
element (C, O, and Si) of the core layer is measured using a Hitachi TM 4000 Plus instru-
ment with Oxford AZtecOne (EDS) to assess removal capability and uniformity for silane
and resin. The high magnification physical morphology of carbon fiber was detected by
Hitachi Regulus 8100 field-emission scanning electron microscopes (FE-SEM).
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Figure 1. CFRPs waste recycling treatment by micro-wave pyrolysis system.

Table 1. Details of samples at different reaction conditions.

Samples Temperature/(◦C) * Average Power/W Heating Method

TF 650 ◦C 650 1200 Traditional
MW 350 ◦C 350 1200 Microwave
MW 450 ◦C 450 1200 Microwave
MW 550 ◦C 550 1200 Microwave
MW 650 ◦C 650 1200 Microwave
MW 950 ◦C 950 1200 Microwave

* There was no retention time at the desired temperature.

3. Experimental Results and Discussions

3.1. TGA Analysis of CFRPs Waste

It is important to understand the thermal decomposition curve of the CFRPs’ waste
from bicycle frame waste, since cause each batch of CFRP could be from different source.
As shown in Figure 2, the DTG curve has a significant mass loss in the range of 250 to 450 ◦C
and 490 to 560 ◦C, respectively. Therefore, it can be defined that the decomposition temper-
ature of the first TGA stage is 220 to 450 ◦C and the second stage is 475 to 550 ◦C. The third
stage of the decomposition range is between 600 and 650 ◦C. The thermal decomposition
curve is consistent with results presented by Yatim et al. [57] and Deng et al. [55].

In Figure 2B–D, the SEM image also shows the extent to which CFRP waste is removed
from the resin between the fibers of the CFRPs’ waste at various stages of TGA. In stage
1, at 330 ◦C (Figure 2B), a weight loss of approximately 5% occurred. It can be observed
that there is still a large amount of epoxy residue between the fibers. In stage 2 (Figure 2C),
after heating beyond the first interval, the weight loss is 30%. The gaps between the fibers
can be clearly seen and there is still un-removeable resin around the carbon fiber. After
500 to 600 ◦C, second interval, an increasing amount of resin is removed; approximately
20%. No residual resin was observed on the surface of carbon fiber. Based on TGA thermal
weight loss results, it can be speculated that the carbon fiber-to-resin weight ratio of the
CFRPs waste is approximately 40:60.
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Figure 2. TGA analysis of CFRP waste: (A) CFRP of thermal decomposition curve; and (B–D) SEM
micrograph of CRFP thermal decomposition stages (B) stage 1, (C) stage 2, and (D) stage 3.

3.2. Compare the Pyrolysis Result of Microwave with Traditional Treatment for CFRPs Waste

The parameters obtained from TGA thermal decomposition were used as the reference
condition for the removal of the resin by high temperature furnace and microwave pyroly-
sis. Figure 3 presents CFRP waste samples recovered using two different heat treatment
methods. Figure 3A shows SEM image and EDS analysis results of virgin waste carbon
fiber. The SEM image clearly shows a significant quantity of resin wrapped around the
carbon fiber. EDS elemental analysis shows the presence of carbon, oxygen, and silicon
content at 85.8 ± 5.3%, 13.6 ± 4.7%, and 0.3 ± 0.6%, respectively. Figure 3B shows no
significant difference between CFRP waste in high-temperature furnaces after heating up to
650 ◦C, except for a color change resulting in a darker appearance. And in Figure 3C, CFRP
waste decomposed by microwave pyrolysis results in carbon fibers that can be separated
easily into individual fibers.

3.3. Influence of Different Temperature on Removed Resin in Large Scale Waste CFRP for
Microwave Pyrolysis

In this study, the samples of waste CFRPs were obtained from recycled bicycle frames.
Samples were prepared to the required sizes through smash and cut methods; the thickness
being approximately 4.5 mm. The CFRP was closely composed of multilayer CF and resin.
The pyrolysis of the resin requires enough oxygen and heat for carbon oxidation to occur
and for effective removal of resin from CFRP wastes. The irregular and curled shape of
CFRP wastes and the compact multilayer CF structure could easily result in non-uniform
hot spots in the inside of each waste element and this structure also makes it difficult for the
resin to make good contact with surrounding air. Therefore, the resin removal methodology
requires further research [56].

To understand the uniformity of waste CFRP at large scales under microwave assisted
pyrolysis, three parts of the samples in the crucible were studied via SEM and EDS as
shown in Figure 4 (marked 1, 2, and 3). The effectiveness of resin removal was assessed
through SEM images and with carbon and oxygen content determined using EDS element
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analysis. Each RCF sample was peeled off from the outside, and its core used for SEM/EDS
measurement. EDS analysis results of the samples are presented in Table 2.

Figure 3. Optical photo, SEM imagine, and EDS analysis: (A) CFRP waste of Giant Bicycles (GBW),
(B) CFRPs waste sample (TF 650 ◦C) after treatment with traditional furnace pyrolysis at 650 ◦C, and
(C) CFRPs waste (MW 650 ◦C) after treatment with micro-wave pyrolysis at 650 ◦C.

Figure 4. Photograph and SEM micrographs of the recycled carbon fibers in different part of ceramic
crucible after microwave pyrolysis with varying condition; (A) microwave pyrolysis at 350 ◦C, (B) at
450 ◦C, (C) at 550 ◦C and (D) at 650 ◦C.
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Table 2. EDS analysis of the samples.

Element% by Mass a Average of Area 1,2,3

Samples Area C O Si Si% by Mass

GBW - 85.8 ± 5.3 13.6 ± 4.7 0.7 ± 0.6 -

TF 650 ◦C - 91.2 ± 1.3 8.5 ± 1.2 0.3 ± 0.4 -

MW 350 ◦C
1 93.2 ± 0.7 6.3 ± 0.6 0.5 ± 0.1

0.8 ± 0.32 99.2 ± 0.3 - 0.8 ± 0.3
3 98.8 ± 0.3 - 1.2 ± 0.3

MW 450 ◦C
1 99 ± 0.1 - 0.9 ± 0.1

0.7 ± 0.32 99.6 ± 0.3 - 0.4 ± 0.3
3 99.2 ± 0.2 - 0.8 ± 0.2

MW 550 ◦C
1 98.9 ± 0.3 - 1.1 ± 0.3

1.1 ± 0.32 99.1 ± 0.2 - 0.9 ± 0.2
3 98.9 ± 0.3 - 1.3 ± 0.3

MW 650 ◦C
1 99.2 ± 0.2 - 0.8 ± 0.2

0.5 ± 0.32 99.4 ± 0.3 - 0.6 ± 0.3
3 99.8 ±0.1 - 0.2 ± 0.1

MW 950 ◦C - 99.9 ±0.1 - 0.1 ± 0.1 -
a Each value is an average taken over 6 different spots on the samples.

At 350 ◦C pyrolysis temperature (Figure 4(A-1–A-3)), the A-1 area of SEM image
shows the resin residue between the carbon fibers. EDS analysis determined the carbon,
oxygen, and silicon content as 93.2 ± 0.7, 6.3 ± 0.6, and 0.5 ± 0.1%, respectively. Compared
with samples GBW of Figure 3A, oxygen content decreased from 13.6 ± 4.7 to 6.3 ± 0.6%
and carbon content increased from 85.8 ± 5.3 to 93.2 ± 0.7%. These results revealed that
the resin is not fully pyrolyzed. In addition, the EDS and SEM results of A-2 and A-3 areas
are similar. These SEM images show a significant quantity of resin adhered to the carbon
fiber. Comparing the EDS results of three areas (Figure 4(A-1–A-3), Table 1), areas 2 and 3
show better resin removal. A similar situation also occurred under the different sample
pyrolysis conditions applied.

At 450 ◦C (Figure 4(B-1–B-3), Table 1), the EDS results showed the carbon content
is 99 ± 0.1, 99.6 ± 0.3, and 99.2 ± 0.2% and silicon content is 0.9 ± 0.1, 0.4 ± 0.3, and
0.8 ± 0.2%, respectively. Figure 4C,(D-1–D-3), shows the EDS and SEM results after mi-
crowave pyrolysis at 550 ◦C (B) and 650 ◦C (D). The carbon content of MW 550 ◦C from
areas 1 to 3 is 98.9 ± 0.3, 99.1 ± 0.2, and 98.9 ± 0.3% and silicon content is 1.1 ± 0.3, 0.9 ± 0.2,
and 1.3 0.3%, respectively. For MW650 ◦C, the carbon content is 99.2 ± 0.2, 99.4 ± 0.3, and
99.8 ± 0%, and the silicon content is 0.80.2, 0.6 ± 0.3 and 0.2 ± 0%, respectively. All of
the above EDS results show that pyrolysis of waste CFRP is uniform at different crucible
positions. While the pyrolysis condition is above 450 ◦C, the oxygen content reduced to 0%,
indicating that the resin was fully carbonized. The difference between carbon content for
the three areas is approximately 0.47 ± 0.01% at 550 and 650 ◦C. This was, perhaps, caused
by the waste having a curved and irregular shape or non-uniform density. Verification of
these statements requires further research. However, this pyrolysis condition had enough
process time and temperature to reduce the influence caused by different crucible position.

The SEM images show filamentous matter on the fibers. The shape changed from
the filament to a dot along with decreased silicon content. Section 3.4 will discuss silicon
removal from CFRP waste through microwave pyrolysis.

3.4. Silane Removal from CFRPs Waste at Different Microwave Pyrolysis Temperature

Figure 5 shows a SEM diagram of CFRP materials that are thermally treated at different
temperatures. A carbon fiber sample (pyrolysis 650) treated at 650 ◦C in a high-temperature
oven shows significant resin filling, as shown in Figure 5A. The results of the EDS element
analysis of the sample showed that the fiber surface of TF at 650 ◦C had an oxygen content
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of approximately 8.5 ± 1.2%. Based on results of the TGA analysis, the resin had been
carbonized to form carbide; this means, for a traditional furnace, resin pyrolysis is not
complete. For the residual resin layer wrapped on the surface of waste CFRPs, the Si
element content is 0.3 ± 0.04%, while the CFRPs samples treated with microwave pyrolysis
at 350 ◦C (Figure 5B), 450 ◦C (Figure 5C), and 550 ◦C (Figure 5D), show a cotton-like or fila-
mentous substance on the surface of the carbon fibers. The silicon content is approximately
0.9 to 0.4%. At a treatment temperature of 650 ◦C (Figure 5E), the shape of filamentous
substances changed to dots (silicon content: 0.2 ± 0%).

 
Figure 5. SEM micrographs of the recycled carbon fibers by thermally treated at different tempera-
tures; (A) traditional furnace pyrolysis treated at 650 ◦C, (B) microwave pyrolysis treated at 350 ◦C,
(C) at 450 ◦C, (D) at 550 ◦C, (E) at 650 ◦C; and (F) 950 ◦C.

By way of understanding the effect of microwave thermal pyrolysis temperature on
residual silane content on waste CFRPs surface, we also set the temperature of microwave
pyrolysis at 950 ◦C. Following this treatment, the silicon content is 0.1%. The SEM image
shows that the recovered carbon fiber surface is completely free of residues or obvious
defects, as shown in Figure 5F. In Figure 6, the MW 950 ◦C Figure 6A,B compared with
the original carbon fiber (Mitsubishi TR 50, Figure 6C,D), demonstrates they are without
defects on the fiber surface, which can be further proved by high magnification FE-SEM.

However, even if the microwave pyrolysis temperature increases by 300 ◦C, the silicon
content is only slightly reduced. Therefore, the results show the silicon content is gradually
reduced from the recovered carbon fiber along with breakdown of the resins, but it cannot
be completely removed by microwave pyrolysis at 350 to 950 ◦C.

Since the organic components in the silane compounds typically degrade when heated
to approximately 400 ◦C, only elemental silicon remains. Silicon gasification temperature is
3265 ◦C, which is difficult to achieve via thermal decomposition methods. Other researchers
also presented SEM/EDS results of pyrolyzed carbon fiber pretreated using silane coupling
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agent that exhibit the same dots on the carbon fiber surface and were determined as
containing elemental silicon [63,64].

Figure 6. High magnification FE-SEM micrographs of the recycled carbon fibers (MW 950 ◦C, (A); at
5000× magnification, (B); 10,000×) and the original carbon fiber (Mitsubishi TR 50, (C,D) they
magnification ware respectively 5000× and 10,000×).

For these reasons, these filamentous substances are inferred to be residual silicon and
carbonized resin produced during the CFRPs pyrolysis process. The residual silicon is
removed as the carbonized resin pyrolyzed to form carbon dioxide or carbon monoxide by
air atmosphere. Despite the evidence for the above conclusions, further research is required
to affirm this interpretation.

4. Conclusions

The silane controllable recycled carbon fiber can effectively simplify the process of
rCF reuse in suitable applications. Through adjusted silane content, the dispersion of
rCF in organic or inorganic materials was improved for use in the manufacture of high-
performance composite materials.

This study successfully demonstrates control of the silane content on the rCF surface.
Different microwave pyrolysis methods and temperature conditions were compared. The
results show that the microwave pyrolysis method achieves better resin removal when
compared with traditional thermal treatment methods at the same temperature. Over
450 ◦C, the SEM/EDS results show the recovered surface of the carbon fibers are absent of
oxygen. Compared with the GBW sample, no additional defects were observed. Moreover,
the resin and silane removal uniformities were examined from recovered carbon fiber in
large scale wastes. At different crucible position, the difference of maximum silane content
is about ±0.33%. Moreover, a higher treatment temperature can reduce this difference.

The results during microwave pyrolysis could be reproduced for this CFRP waste of
Giant Bicycles discussed in this article. However, a multitude of influencing parameters
affect the reclamation of carbon fibers, such as matrix material, temperatures, atmosphere
composition, etc. This complicates the recycling process control to reclaim high quality
fibers. Further research into the decomposition behavior of CFRPs recovered from other,
commonly recycled industrial composite materials is required.
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Abstract: Many studies have shown that paint with reflective heat can effectively reduce the tem-
perature of the building envelope and reduce the future energy consumption of the building. This
study inspired the next-generation inorganic geopolymer material (IGM) color paint without volatile
matter, which could be applied on concrete surfaces to reduce energy consumption in warm seasons.
In this study, a total of five insulating IGM paints, white, red, green, blue, and yellow, were applied
to a 50 cm × 50 cm × 12 cm concrete slab top surface. The highest average light reflectance of all
the paints was 87.5% of white IGM paint, which was higher than plain concrete (36.4%). The heat
flux and surface temperature were examined in the laboratory, and those test results were verified
outdoor. The results showed that the IGM paints could effectively reduce the surface temperature
and heat flux of the upper and lower surfaces of concrete slabs, and the white colored IGM paint
was the best performer among all five colors, whereas the heat storage coefficient (S f ) of red, white,
yellow, blue, and green IGM painted concrete slabs were 0.57, 0.53, 3.62, 2.95, and 1.91 W·m−2·K−1,
respectively, lower than plain concrete (24.40 W·m−2·K−1). This coefficient was presented to exter-
nalize the thermal admittance. The overall measurement results showed that the concrete slab with
colored IGM paints had better heat insulation ability than the plain concrete slab, especially in white
IGM paint.

Keywords: inorganic; geopolymer; heat storage; light reflectivity; heat flux; sustainable cities
and communities

1. Introduction

The problem of global warming caused by greenhouse gas emissions has continued
to worsen in the last few decades. In hot seasons, the demand for air conditioners is
increasing. Such demand is boosting the human consumption of energy, with carbon
emissions swelling, which has intensified global warming. Without effective reduction of
greenhouse gas emissions, the Earth will face unimaginable consequences. Thus, improving
energy efficiency and reducing energy dependency are crucial and can be accomplished
by effectively managing the use of energy or through insulation. The thermal capacity of
building concrete envelope emerged and became one of the most important factors for
urban energy balance, which could extensively affect the Urban Heat Island (UHI) in the
urban climate [1,2]. It is also a key element to obtain sustainable cities and communities.

In addition to the traditional low thermal conductivity insulating bricks, the materials
used for the energy-saving and heat-insulating improvement of the building shells are
gradually introduced into the paints with thermal insulation effects. With light-reflective
paints’ effective insulation technology, many studies have shown that the light reflectance
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of cold-colored paint formulations was significantly higher than general paints, and the
surface temperature was lower than general paints as well. The heat flux (or the thermal
flux, sometimes referred to as heat flux density) was relatively low once the light-reflective
paint was applied, and the surface temperature of the building wall and roof can be
effectively reduced. The surface temperature of the walls was decreased enough to have
an energy-saving effect [3–10]. In the past, studies on different paint colors also showed
that the brighter the surface, the higher the light reflectance value created, which also
significantly lowered the temperature [11–13].

After the finding, buildings in many countries were beginning to be painted with
bright colored paints such as Menton in France, Newfoundland in Canada, and Bristol in
the UK. The development and research of paints with both reflective heat insulation and
color diversity was booming. Further findings showed that not only could the shades of the
paint color affect the reflection of the sunlight, when phase change materials were added to
the paints under constant temperature conditions, they could also change the state of matter
and provide latent heat to achieve thermal insulation [14]. Some researchers studied the
paints with reflection and heat insulation by applying them to a wide variety of buildings
and roads [15–18]. There were also studies on the use of white cement paint, high-gloss
reflective gray or white paints, and environmental afforestation on the building rooftops, all
aimed to accelerate the light-reflecting of the sunlight. In comparison, white paint proved
to be more effective in reducing temperature than other heat-insulating methods [19–21].
Additional studies had pointed out that dust deposited on the roof surface was another
effective method, which accelerated thermal conductivity and increased building cooling
energy consumption [22].

The building envelope was one of the main thermal regenerators of the building;
therefore, the quality of the heat storage capacity of the casing could also significantly
improve any discomfort that is caused by the thermal in the room [23]. It has also been
suggested from the past studies that the heat storage capacity affects the surface colors of
different types of shells and the absorption, release, and temperature fluctuations of the
shells facing them [24]. Working as the first line of defense, the outer casing was responsible
for reducing the energy consumption of buildings. It was introduced with low heat storage
technology, in addition to reflecting and blocking the heat of outdoor visible and infrared
light that was passing through the building shell to the laboratory to reduce heat storage.
Meanwhile, it could also embellish the city and improve energy savings.

Considering that available commercial paints were mostly composed of organic poly-
mer resins, which allow them to be affected by ultraviolet radiation under long-term
sunlight, resulting in aging, deterioration, and reduced thermal insulation properties. In
the EU and the United States, the content of volatile organic compounds (VOCs) that might
cause disease in paints must be strictly limited to below 30 g/L and 50 g/L, respectively.
To meet the restrictions, the thermal insulation paints used in this study did not contain
any volatile VOCs. The IGMs used in this experiment were consisted of compositions
such as whetstone, kaolin, calcium magnesium carbonate, titanium dioxide and natural
minerals, and an alkali solution. The alkali solution was made of glass, alkaline metal salt,
nano-cerium dioxide, etc. It had a heat-reflective insulation capability and could be applied
to concrete building shells as insulation materials and meet the energy-saving requirements
of concrete building shells.

The process of the experiment was to first measure the reflection and heat insulation
function of the IGM paints, while also considering a color that was suitable for the building.
By adding 6% inorganic pigment blend, a variety of colors were produced for options to
maintain the aesthetic appearance of the building shell. No volatile substances (VOCs)
were emitted during construction and procedures. At the same time, the nano-mineral
powder was added to overcome the problem when the porous surface was susceptible
to dirt and affects the heat insulation. In all, this study conducted a series of material
performance tests on white, red, green, blue, and yellow IGM paints in both laboratory and
outdoor measurements to investigate the thermal insulation properties of this IGM paint.
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2. Experimental Measurement and Theory of Thermal Property

2.1. Light Reflectance Measurement

The light reflectivity possessed an important effect on the reduction of building en-
ergy consumption and surface temperature reduction, which was measured with the
UV/VIS/NIR Spectrometer (LAMBDA 900, PerkinElmer Inc., Waltham, MA, USA) based
on ASTM E1331-15, as shown in Figure 1. The spectrometer was used to measure the reflec-
tivity of five colored IGM paint surfaces with the paint on the top of the steel plate (50 mm
× 50 mm) with a thickness of 0.3 mm. The light reflectivity measurements of all five colored
IGM paint surfaces and a plain concrete surface were repeated three times. The light source
was separated by a diffraction grating and then irradiated into the paint sample through the
instrument, and the light reflectance was measured according to the magnitude of the cur-
rent. It could accurately measure visible light (VL, wavelength 390–700 nm), near-infrared
radiation (NIR, wavelength 700–2000 nm), and the accuracy of reflective light grating in
spectral ranges was 1 nm. The measurement underwent qualitative analysis and relatively
reflectance relative to the preset values of the spectrometer in this article. According to the
reference, the hemispherical solar irradiance on a 37◦ tilted surface (W·m−2·nm−1) between
390 nm to 2000 nm was 91.60% of 280 nm to 4000 nm [25].

 
Figure 1. UV/VIS/NIR Spectrometers.

2.2. Laboratory Measurement of Heat Flux and Temperature

A total of seven 50 × 50 × 12 cm concrete slabs were prepared for the laboratory’s ther-
mal insulation performance measurements; each concrete slab was painted with two layers
of IGM paints with a total thickness of 0.3 mm. The density of the concrete slabs was
2592 kg/m3. The seven test concrete slabs included one plain concrete and six others each
painted in white, red, green, blue, and yellow IGM paint, and commercial white organic
paint (white paint (com’l)). The IGM powder was a rutile type of titanium dioxide (TiO2)
component with a heat-insulating reflection effect, and it was permeable, which allowed it
to produce various colors by adding different metal oxide pigments. The test used an IGM
powder mix which contained 6% colorant and alkali liquid, which included water, silicate

19



Sustainability 2022, 14, 164

solution, alkali salt, and silicon dioxide (SiO2). The weight ratio of the mixed powder to
liquid was 1:1, and it was uniformly mixed to form a heat-insulating material for paint.

Because solar irradiance contains 44% visible light and 53% infrared radiation, three
500 W halogen lamps and one 600 W infrared lamp were used to simulate the total ir-
radiance of VL and NIR that emit to the concrete buildings. The heights of the lighting
devices were erected to 20 cm for the halogen lamps and to 35 cm for the infrared lamp,
respectively. The irradiance of the visible light and infrared radiation were 609 W/m2

and 775 W/m2, respectively; the overall irradiance was 1384 W/m2 in this experiment
measurement. As a reference, in the Taipei area, the highest solar irradiance ever recorded
in the recent ten years inferred to the Central Weather Bureau in Taiwan was 1409.7 W/m2

at 1 p.m. on 10 July 2020. The heat flow patch (PHFS-01e, FluxTeq, Blacksburg, VA, USA)
and the thermocouple (K-type, model TPK-01BN, TECPEL, New Taipei City, Taiwan) were
attached to both the front and back sides of the concrete slab, and the heat flux and surface
temperature of the upper and lower portions were measured. The schematic diagram of
the heat flux, lamps, and surface temperature measurement and the test setup photo are
shown in Figure 2a,b, respectively. Thermal insulation performance measurements of the
seven concrete slabs were repeated three times in the laboratory.

 
(a) (b) 

Figure 2. The heat flux and surface temperature measurement of concrete slab in the laboratory:
(a) Schematic diagram; (b) Test setup photo.

2.3. Outdoor Measurement of Heat Flux and Temperature

The seven concrete slabs were placed on the rooftop of the Civil Engineering building
at the National Taipei University of Technology to simulate an outdoor condition with the
ambient temperature at about 30 ◦C, then, the heat flux and temperature on the upper and
lower surface of the painted concrete and the plain concrete specimens were measured and
recorded throughout the experiment. In the meantime, the ambient temperature, wind
speed, and humidity of the weather were recorded, and the solar irradiance was measured
by a pyranometer. After comparing the five colored IGM paint concrete slabs with the
commercial white paint and the plain concrete slabs, the thermal insulation performance
results were obtained within a 24-h time frame in this outdoor experiment. Figure 3
demonstrates the outdoor setup of the concrete slabs including the pyranometer, heat flux
sensor, and surface thermograph.
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Figure 3. Outdoor concrete slab measurement setup.

2.4. Heat Absorption, Conduction, and Storage

Figure 4 showed the upper and lower heat fluxes and temperatures, heat transfer, and
heat storage behavior of the concrete slab. In this study, solar irradiance was a measurement
value of the solar radiation after passing through the atmosphere to the concrete surface.
The upper surface of the concrete slab came in contact with the solar irradiance; part of
irradiance was first reflected by the surface material, and the rest of the radiance was
then converted to thermal energy and absorbed by the concrete slabs. The heat flux and
temperature were two common physical behaviors of heat absorption.

Figure 4. The heat flux, transfer, and storage behavior of concrete slab.

According to thermodynamics, the thermal capacity was defined by the quantity of
heat or energy a subject needed to increase a unit temperature change. It was related
to the specific heat capacity and mass of the subject as in Equation (1). According to
some research [26,27], the heat (Q) change in the system was related to the temperature
change, subject mass, and its specific heat capacity. The quantity of heat in absorption
and conduction and the specific heat capacity of the subject were hard to measure; thus,
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Fourier’s law of interface heat transfer was used to deduce the heat flux, reception surface
area, and reception time length are shown in integral form of Equation (2):

C =
Q

ΔT
= m·Cs (1)

Q = m
∫ Tx

T0

Cs(T)·dT = A
∫ tx

t0

F(t)·dt (2)

where C is heat capacity (J·K−1); Q represents the heat or energy added or subtracted into
the system (J); ΔT is temperature changes (K); m is the mass of the concrete slab (kg); and
Cs is specific heat capacity (J·kg−1·K−1). In Equation (2), T0 and Tx are the initial and final
temperatures (K); F(t) is the heat flux (W·m−2); t0 and tx are the initial and final time (s),
respectively, and A is the area between concrete and ambient air boundary (m2).

From Equations (1) and (2), the specific heat capacity Cs of the subject could be rebuilt
based on the heat flux, as shown in Equation (3):

Cs =
F(t)·A
m· dT

dt

=
ΔF·A·t
m·ΔT

(3)

Equation (4) defined the relationship between the heat flux, the thermal conductivity
coefficient, and the temperature gradient as in Fourier’s law in one dimension [28–30].
Regarding Equation (4), the thermal conductivity coefficient can be calculated by heat flux,
thickness, and temperature variation of concrete specimens, as shown in Equation (5):

F = −k·∇T = k·−ΔT
L

(4)

k =
F·L
−ΔT

(5)

where L is the thickness of concrete slab (m), and k is the thermal conductivity coefficient.
Moreover, the heat storage coefficient that had been studied in the past was used here

to clarify the heat storage ability in heat transfer processes as in Equation (6) [31] with unit
W·m−2·K−1·s0.5 and Equation (7) [32] with unit W·m−2·K−1:

S =
√

kCsρ (6)

S f =

√
2π

t
kCsρ (7)

where S is heat storage coefficient (W·m−2·K−1·s−0.5); S f is the quantity of heat storage
coefficient effect of periodic fluctuation (W·m−2·K−1).

It was assumed that the thermal conductivity of the concrete slab was constant, and
the heat transfer within the concrete was linear. Under such assumption, the heat storage
coefficient of the tested concrete slabs for 20 h in the laboratory was defined as S and S f as
in Equations (10) and (11), which described the heat absorption and its release based on the
heat flux and temperature differences (Equations (8) and (9)). As a result, the heat storage
coefficient S f of painted and plain concrete slabs was presented:

ΔF = Fupper − Flower (8)

ΔT = Tmean − Tambient =
Tupper + Tlower

2
− Tambient (9)

S =
√

kCsρ =

√
ΔF·A·t
m·ΔT

·ΔF·L
ΔT

·ρ =
ΔF
ΔT

·√t (10)
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S f =

√
2π

t
kCsρ =

√
2π

t
·ΔF·A·t

m·ΔT
·ΔF·L

ΔT
·ρ =

ΔF
ΔT

·
√

2π (11)

where Fupper is the heat flux from paint to concrete slab under the light (W·m−2 = J·m−2·s−1);
Flower is the heat flux from the back of concrete to the ambient (W·m−2 = J·m−2·s−1); Tmean
is the mean temperature in concrete under a linear gradient that changed over time (K);
Tambient is the ambient temperature that changed over time (K).

3. Light Reflectance Measurement Results

From the studies, the light reflectance of commercial organic white paints could reach
80 to 86% [4,12]. The rest, including the light reflectance measurement results of the
five colored IGM painted surfaces and the plain concrete, were shown in Figure 5 and
Table 1. As shown in Figure 5 and Table 1, the first finding indicated that between the
SR (390–2000 nm) spectral range, the average light reflectance of the white IGM painted
surface reached 87.5%, followed by yellow, blue, green, and red IGM paints, and the plain
concrete was 36.4%. The second finding indicated that IGM was tested higher in the light
reflectance values of NIR than in VL.

Figure 5. The light reflectance distribution of plain concrete and colored IGM paints in the wavelength
range of 390–2000 nm.

Table 1. Light reflectance of the plain concrete and colored IGM paints under each light band.

Light Wavelength
Average Light Reflectance (%)

Plain Concrete White Yellow Blue Green Red

VL 390–700 nm 30.7 94.0 53.9 59.6 43.7 36.6
NIR 700–2000 nm 37.7 86.0 76.6 67.1 61.9 62.0
SR 390–2000 nm 36.4 87.5 72.2 65.6 58.4 57.1

4. Laboratory Heat Flux and Surface Temperature Measurements

4.1. Laboratory Heat Flux Measurement Results

For 20 h, the upper surface of all seven concrete specimens were shined under both
halogen lamp (visible light, VL) and near-infrared lamp (NIR) simultaneously. Figure 6
showed the heat flux changes in both the upper surface and lower surface of the seven
concrete slab specimens over time. Table 2 showed the heat flux changes in both the upper
surface and lower surface of the seven concrete slab specimens in the 20th hour. In short,
IGM painted specimens showed lower heat flux in both charts.
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(a) 
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Figure 6. The heat flux of concrete specimens under SR over time: (a) Upper surface heat flux;
(b) Lower surface heat flux.

Table 2. The upper surface and lower surface heat fluxes in the 20th hour.

Color
Upper Surface Heat Flux

(W/m2)
Lower Surface Heat Flux

(W/m2)

Plain Concrete (unpainted) 463.40 83.50
White Paint (com’l) 170.10 56.35

Red IGM Paint 73.99 74.06
White IGM Paint 59.07 55.04
Yellow IGM Paint 95.40 55.40

Blue IGM Paint 89.88 55.83
Green IGM Paint 89.70 69.23

24



Sustainability 2022, 14, 164

In detail, the results of the heat fluxes of the specimens stated that the IGM paint was
more effective in blocking the heat created by the halogen lamp and the infrared lamp
compared to the commercial white paint and to the plain concrete in the upper surface. The
lower surfaces showed similar results regarding the IGM paint, the commercial white paint,
and then the plain concrete. Note that the lower surfaces of the seven specimens were not
painted. In other words, the results proved that the IGM paint had a better heat barrier
property that could effectively reflect the radiant of the portion it covered and slowed the
heat flow into the lower surface of the concrete slabs as well.

4.2. Laboratory Surface Temperature Measurement Results

Figure 7 showed the duration of the temperature changes of both the upper and
the lower surface of concrete specimens under the illumination of a halogen lamp and
infrared lamp in the laboratory, and Table 3 showed the measured values of the steady-state
temperature of the upper and lower surfaces under the same settings.

(a) 

(b) 
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Figure 7. The surface temperature of concrete specimens under VL and NIR over time: (a) Upper
surface temperature; (b) Lower surface temperature.
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Table 3. The upper surface and lower surface temperatures of the concrete slabs under VL and NIR
at a steady-state condition.

Color
Temperature (◦C)

Average Ambient Upper Surface Lower Surface

Plain Concrete (unpainted) 29.77 84.59 54.82
White Paint (com’l) 30.49 72.60 47.39

Red IGM Paint 28.57 74.83 45.65
White IGM Paint 31.18 73.10 44.66
Yellow IGM Paint 32.04 72.38 48.75

Blue IGM Paint 32.21 75.53 49.33
Green IGM Paint 30.14 74.28 49.70

All seven concrete specimens were irradiated under the halogen lamp and the infrared
lamp, and the temperature of each concrete slab specimen’s upper surface was measured
and shown in Figure 7a and Table 3. The lowest temperature measured was the concrete slab
painted with the yellow IGM paint, followed by the ascending order of white IGM, white
paint (com’l), red IGM, green IGM, and blue IGM plain concrete specimens. In comparison,
the lower surface temperature of each concrete slab specimen was also measured, and the
lowest temperature was the white painted concrete slab specimen, followed by the red
IGM, white paint (com’l), yellow IGM, blue IGM, green IGM, and then the plain concrete
specimens in an ascending order in Figure 7b and Table 3.

In the concrete slabs under the illumination of the light source experiment, the white
IGM paint had the best thermal insulation ability of all the colored IGM paints, and it
was superior to the commercially available white paint and plain concrete. In general,
the thermal insulation abilities of the painted concrete specimens were all better than the
plain concrete.

4.3. Laboratory Surface Temperature Measurement Results after Turn off the Light

Figure 8 showed the temperature drop gradation of the specimens to describe the heat
release of paint concrete slabs when the lamps were turned off. Each slope showed the gra-
dation in temperature changes for each concrete specimen from their starting temperature
(after 20 h of the illumination) until 30 min later.

(a) 

T i
T 0

Turn off the VL and NIR lamp

Figure 8. Cont.
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(b) 

T i
T 0

Turn off the VL and NIR lamp

Figure 8. The surface temperature drop gradation of the concrete slabs over time: (a) Upper surface;
(b) Lower surface.

According to Figure 8, the upper surface temperature of the plain concrete was the
worst among all specimens in cooling off, whereas the upper surface cooling rate of the
IGM paints were over 1.72 ◦C·min−1 better than the plain concrete in the first 5 min of the
30 min cooling process. In addition to that, the heat release of the white IGM paint concrete
slab was better than the commercial white paint concrete slab. Regarding the lower surface
measurements, the cooling outcomes of the white and blue colors were the best. It showed
that the painted concrete slabs could cool off more rapidly than the plain concrete slab. That
is to say that the paint layer could effectively dissipate the heat stored inside the specimen.

4.4. Thermal Admittance Calculation and t-Test Analysis

Thermal admittance is an important index in describing the heat absorbing and
releasing in relation to spaces of the building materials over time. In this article, the
changes of the heat storage coefficient were used to label the thermal admittance. Table 4
showed the specific heat capacity and heat storage coefficient of the colored IGM paint
specimens and the plain concrete specimen based on the laboratory test results. The plain
concrete had the highest heat storage coefficient (Thermal Admittance), while the white
IGM paint concrete specimen had the lowest. Evidently, IGM paint could reduce the
quantity of the heat absorption of concrete. As the heat flux into a concrete specimen
decreased, the heat storage coefficient decreased as well, and such an interaction is shown
in Figure 9. The heat absorption accumulation increased as time continued; however, the
decrease in the unit heat absorption quantity was found in the experiment as shown in
Figure 10, which agreed with the concept of when the heat storage of a building concrete
gradually decreased and the heat flux slowed under SR over time.

Table 4. Calculation of specific heat capacity and heat storage coefficient at a steady-state condition
(last 5 h average) under the light.

Color
Tmean
(◦C)

Tambient
(◦C)

ΔT
(◦C)

ΔF
(W·m−2)

Cs
(J·kg−1·K−1)

S
(W·m−2·K−1·s0.5)

Sf
(W·m−2·K−1)

Plain Concrete
(unpainted) 69.94 29.74 40.203 391.34 126.96 9.73 24.40

White Paint (com’l) 60.19 30.66 29.533 114.18 50.43 3.87 9.69
Red IGM Paint 60.49 28.70 31.785 7.21 2.96 0.23 0.57

White IGM Paint 59.26 31.42 27.841 5.88 2.76 0.21 0.53
Yellow IGM Paint 61.09 32.28 28.806 41.66 18.86 1.45 3.62

Blue IGM Paint 62.88 32.50 30.382 35.73 15.34 1.18 2.95
Green IGM Paint 62.54 30.44 32.096 24.41 9.92 0.76 1.91
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S f

Figure 9. The heat storage coefficient of plain concrete slab and six painted slabs over time.

Size of test concrete slab: 0.5 m  0.5 m  0.12 m

Figure 10. The heat absorbed accumulation of plain concrete slab and six painted slabs over time.

The cooling rate of the plain concrete slab was slower than the other painted concrete
slabs. After the painted concrete slabs were illuminated by the light, some of the heat could
be reflected first due to the influence of the paint layer. So, the heat absorbed by the test
body was relatively reduced. In consequence of the lower amount of heat travelling to the
lower surface, the temperature was lower in respect to the effect of the paint layer. This
proved that the next generation of IGM paint has good reflective heat insulation and low
heat storage capacity. If it could be effectively applied to the insulation of building shells, it
was believed that it would be able to improve the energy efficiency of urban buildings and
reduce the energy consumption of all buildings.

According to the above experimental results above, the t-test analysis between the VL
reflectance, SR reflectance, and heat storage coefficient of different-colored IGM paints and
plain concrete were calculated in this study. The Pearson correlation coefficient (Pearson’s
R) between the reflectance of the SR, VL, NIR and heat storage coefficient (S f ) were about
−0.763, −0.504, and −0.819, respectively; the t-values were about −1.313, −1.340, and
−1.306, respectively. In addition, the p-value (one-tailed) were about 0.123, 0.119, and
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0.124, respectively, and all the p-value were higher than 0.05. These results designated that
the reflectance of the color paints might not be a primary effective factor of the thermal
absorption of concrete. However, as stated by the results of the correlation coefficient,
the light reflectance of color paints had the negative relationship with the heat storage
coefficient that was crucial enough to affect the outcomes. According to physics, light is a
major form of energy radiation; therefore, increasing the light reflectance was a good way
to reduce the heat absorption of concrete. The results also indicate that IGM paints show
a promising interaction between the NIR reflectance and the heat storage coefficient (S f )
since heat radiation was often presented as a type of infrared radiation. Namely, the NIR
reflectance and the heat storage coefficient should be carefully considered and analyzed in
thermal absorption obstruction assessments for painted concrete.

5. Outdoor Heat Flux and Surface Temperature Measurements

All concrete slabs were placed outdoors for 24 h to measure heat flux and temperature
properties, and the results were presented in subsequent sections.

5.1. Outdoor Heat Flux Measurement Results

The heat fluxes of the upper and lower surfaces are shown in Figure 11. In addition,
the solar irradiance is shown in Figure 12. Table 5 shows the maximum values of the upper
surface and lower surface heat fluxes of concrete slabs over 24 h. The results indicate that
the upper surface and lower surface heat fluxes of the painted specimens were lower than
that of the plain concrete, even when the solar irradiance in the colored paint specimens
was higher than in the plain concrete specimens according to the pyranometer. The white
IGM paint had the best heat insulation performance among all specimens, while the plain
concrete specimen had the poorest thermal insulation. The outdoor measurement results of
all concrete specimens were similar to the laboratory measurement results in comparison.
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Figure 11. The heat flux of the concrete slabs during 24 h outdoor measurement: (a) Upper surface;
(b) Lower surface.

Figure 12. The solar irradiance of the concrete slabs during 24 h outdoor measurement.

Table 5. The maximum values of the upper surface and lower surface heat fluxes of concrete slabs
during the 24 h of observation.

Color
Upper Surface Heat Flux

(W/m2)
Lower Surface Heat Flux

(W/m2)

Plain Concrete (unpainted) 158.10 34.80
White Paint (com’l) 40.58 25.16

Red IGM Paint 35.96 31.66
White IGM Paint 13.49 15.28
Yellow IGM Paint 32.00 33.53

Blue IGM Paint 37.17 19.72
Green IGM Paint 40.47 31.60
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5.2. Outdoor Surface Temperature Measurement Results

Sometimes, the sun was obscured by the clouds during the daytime, which would
affect the solar irradiance and temperatures. The average temperature of the upper and
lower surfaces and the solar irradiance of the tested specimens were compared. The results
were divided into two time sections, one from 10:00 to 17:00 (daytime) and another from
19:00 to 5:00 (nighttime).

Table 6 shows the average temperature and temperature changes of the upper surfaces
of all seven specimens during the daytime. The white IGM paint had the lowest average
temperature and the smallest changes of temperature, followed by the blue IGM, the
green IGM, the commercial white, the red IGM, the yellow IGM, and the plain concrete
had the highest average temperatures and the biggest temperature changes. Similarly,
as seen in Table 6, the lower surface temperature differences of the six painted concrete
slab specimens were all lower than the plain concrete. In Table 7, the nighttime average
temperature of both the upper and the lower surfaces of the six painted concrete specimens
were all lower than the plain concrete specimen. Moreover, the average temperature and
temperature difference of the white IGM paint specimen had the lowest among the six
painted specimens. Based on the data of the solar irradiance recorded in the experiment,
the white IGM paint specimen had a lower solar irradiance than all the others due to the
weather conditions.

Table 6. Average daytime (10:00–17:00) temperature, humidity, and wind speed mean values of the
outdoor measurement.

Color
Ambient

Temperature (◦C)
Humidity (%) Wind Speed (m/s)

Upper Surface
Temperature

(◦C)

Lower Surface
Temperature

(◦C)

Plain Concrete (unpainted) 31.12 56.94 1.43 42.24 40.90
White Paint (com’l) 34.17 48.47 4.30 42.42 40.07

Red IGM Paint 35.80 43.84 2.38 45.97 41.91
White IGM Paint 33.02 57.47 2.46 35.41 35.23
Yellow IGM Paint 33.89 55.29 4.23 44.92 39.88

Blue IGM Paint 34.44 50.67 3.02 40.75 38.16
Green IGM Paint 33.70 56.50 3.23 42.37 38.75

Table 7. Average nighttime (19:00–05:00) temperature, humidity, and wind speed mean values of the
outdoor measurement.

Color
Ambient

Temperature
(◦C)

Humidity
(%)

Wind Speed (m/s)
Upper Surface
Temperature

(◦C)

Lower Surface
Temperature

(◦C)

Plain Concrete (unpainted) 26.49 81.72 1.16 31.64 33.98
White Paint (com’l) 30.06 68.90 2.67 29.47 30.46

Red IGM Paint 29.38 72.80 1.28 29.19 30.32
White IGM Paint 31.02 68.46 1.69 30.63 31.49
Yellow IGM Paint 29.45 82.07 3.50 30.36 31.17

Blue IGM Paint 29.32 78.75 1.50 29.82 30.86
Green IGM Paint 29.67 74.30 1.95 28.84 29.65

In the outdoor measurement, the white IGM paint specimen had the best thermal
insulation ability in all colors. The thermal insulation ability of the plain concrete had the
poorest insulation ability among all specimens. These outdoor measurement results were
similar to the laboratory measurement results. Regardless of either the laboratory or the
outdoor measurements, the thermal insulation ability of the IGM-painted concretes were
all better than the plain concrete and commercial paint concrete.

6. Conclusions

Solar radiation is the main heat source for most concrete building rooftops; therefore,
finding out how to minimize the concrete’s heat absorption and ameliorate the heat releas-
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ing of the concrete buildings has become crucial in order to achieve a greener building code.
This study attempted to improve the light reflectivity of concrete surfaces with color IGM
paints to reduce the heat absorption of concrete. Some conclusions of this study are stated
as follows:

1. The average light reflectance values of various color paint materials were obtained
by the light reflectance test. In the range of 390–2000 nm, the highest average light
reflectance value of all the covering materials was the white IGM at 87.5%, and the
light reflectance of the plain concrete was 36.4%.

2. It is known from the thermal insulation results in the laboratory that the IGM paint
had good thermal insulation properties. Under the influence of environmental factors,
the measurement results were inevitably challenged. Nevertheless, the results of the
experiment were still considered to be objective under the circumstances. That is,
under the irradiance of simulated sunlight, the thermal insulation performance of the
concrete specimens painted with the IGM paints were better than the plain concrete
specimen.

3. Thermal admittance was described in place of the changes of the heat storage co-
efficient in this research. The results indicated that the IGM paints could reduce
the quantity of heat absorption of the concrete slabs. The heat storage coefficient of
red, white, yellow, blue, and green IGM-painted concrete slabs were 0.57, 0.53, 3.62,
2.95, and 1.91 W·m−2·K−1, respectively, which were lower than the plain concrete
specimen (24.40 W·m−2·K−1). Based on the changes of the heat storage coefficient
over time, it was confirmed that the heat absorption of specimens through the IGM
paints and then into the concrete under the light was slowed, and it was lower than
the commercial white paint specimen and the plain concrete specimen.

4. The results of outdoor measurement showed that the IGM painted specimens had
good thermal insulation ability, and these results were similar to the measurement
results in the laboratory. The concrete specimens painted with IGM had better thermal
insulation performance than the plain concrete specimen. Furthermore, the thermal
insulation performance of the white IGM paint was also better than the commercial
white paint.

5. Through various physical properties and thermal insulation measurement results, it
was clear that the next generation of colored IGM paints had high reflectivity, good
thermal insulation, and low heat storage capacity. The next generation of colored IGM
paint could be applied to various building shells and especially to concrete building
shells in sustainable cities and communities. Its strong and practical characteristics
could effectively reduce the indoor temperature and attain an energy-saving effect
in subtropics.
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Abstract: In the last decade, waste carbon fiber-reinforced plastic (CFRP) products have not been
properly recycled and reused, and they sometimes cause environmental problems. In this paper,
the microwave-assisted pyrolysis (MAP) technology was utilized to remove the resin from the
CFRP bicycle frame, which was recycled into carbon fiber. A scanning electron microscope (SEM)
and single filament tensile test were used to observe and compare the difference between recycled
carbon fiber and normal carbon fiber. The mechanical performances of carbon fiber-reinforced
concrete (CFRC) were investigated with static and dynamic tests under three different fiber/cement
weight proportions (5‰, 10‰, and 15‰). Three different kinds of carbon fiber were used in this
study, normal carbon fiber, carbon fiber without coupling agent, and recycled carbon fiber. The
experimental program was tested according to ASTM C39-01, ASTM C293, and ACI 544.2R standards
for compression, flexural, and impact test, respectively. From the experimental results, addition of
10‰ of carbon fiber into the concrete exhibited maximum compressive and flexural strength. The
impact performance of recycled carbon fiber improved the highest impact number compared with
normal carbon fiber under different impact energy.

Keywords: recycled carbon fiber; fiber-reinforced concrete; microwave-assisted pyrolysis; shock wave

1. Introduction

1.1. Background

Reinforced concrete structures are deteriorated by seismic and other loadings, which
cause structural damage or failure. Recently, carbon fiber-reinforced plastics (CFRPs) have
been widely used in structural repair and seismic retrofit. The merits of carbon fiber
are that it does not corrode, degrade, fatigue, and it possesses high specific strength. In
addition, CFRP is a composite material with carbon fiber as the stiffener and thermosetting
or thermoplastic resins as the matrix. Therefore, it has been widely used in the aerospace
industry, automotive industry, sports equipment, and civil engineering. However, CFRP
is a kind of material that is difficult to decompose by nature and sometimes can produce
toxic gases when burned. The traditional disposal of the waste CFRPs is harmful to the
environment; thus, an effective recycling method is urgently needed to turn waste CFRPs
into potential recycling products, such as the fiber of fiber-reinforced concrete used in

Sustainability 2021, 13, 6829. https://doi.org/10.3390/su13126829 https://www.mdpi.com/journal/sustainability

35



Sustainability 2021, 13, 6829

civil engineering infrastructures. The world’s population is increasing gradually, and it is
affecting the environment by raw material wastage.

In the linear economy, renewable and nonrenewable raw material sources are collected
and transformed into products until it is discarded as waste. For example, the CFRP bicycle
frame has been used in linear economic material and it is discarded as waste. Recently,
some carbon fiber composite material has been recycled in different methods, such as
mechanical, thermal, and chemical recycling approaches. In this paper, microwave-assisted
pyrolysis (MAP) technology approaches are used to remove the resin from the CFRP bicycle
frame and transform it into recycled carbon fiber, and then it is used in fiber-reinforced
concrete (FRC) structures; the waste materials have been recycled and turn the linear
economy to a circular economy. The recycled carbon fiber from the CFRP wastes reduces
environmental pollution by being applied in civil engineering.

1.2. Literature Review

Fiber-reinforced cement matrix materials can significantly improve the mechanical
properties of fiber-reinforced cement or fiber-reinforced concrete. So far, there have been
many studies on fiber-reinforced cement-based materials. Fiber-reinforced concrete can
inhibit the formation of large cracks, control the development direction of concrete cracks,
and improve the toughness of concrete, thereby improving the tensile and crack resistance
of traditional concrete [1,2].

Compared with glass fiber and polypropylene (PP) fiber, steel fiber has better elastic
modulus and tensile strength, and the steel fiber-reinforced concrete enhances the effect of
shock absorption, compressive and flexural strength of concrete specimens. According to
some research test results, adding silica fume can effectively disperse the steel fiber more
evenly [3,4]; and adding 1.5% fiber proportion of steel fiber to concrete can increase the
impact number in the free-fall impact test [4,5].

There have been many studies on the application of chopped carbon fiber in cement
matrix materials over the last few decades. For example, the mechanical properties and
microstructures of cement and concrete have been studied by using different types of
carbon fibers, carbon fiber lengths, and carbon fiber proportion [6–13]. Furthermore, the
level of dispersion of carbon fiber in the cement will greatly affect the strength of the
specimen after solidification. Research has shown that different mixing methods will affect
the level of dispersion of carbon fiber [14–17]. The carbon fibers were immersed in the
hydrolysis method and the furnace heating method to remove silane on the surface of the
carbon fiber. The furnace heating method can effectively remove the silane on the surface of
the carbon fiber, and combining the furnace heating method with the pneumatic dispersion
method can improve the chopped carbon fiber to uniformly disperse inside cement [18].

The amount of industrial waste and commercial waste increases with an increase
in demand. Many scholars have begun to study the application of waste in civil engi-
neering to improve the mechanical properties or durability of concrete. Polyethylene
terephthalate (PET) waste replacement weight percentage and volume fraction affect the
compressive strength. Due to the incorporation of PET waste, the flexural strength and
split tensile strength were also deteriorating to the concrete, but the impact resistance
had a tiny enhancement effect by weight percentage replacement with aggregates [19,20].
The addition of 1% volume fraction of metalized plastic waste (MPW) fibers into the
concrete enhances the compressive strength and impact resistance [21]. The compressive
strength was increased by using scrap tire fibers compared with scrap tire fragments. In
addition, the fiber-reinforced concrete with a 0.8% weight proportion of recycled tire steel
fiber (RTSF) and 0.2% of polypropylene fiber (PPF) had the highest compressive strength.
Using PPF instead of RTSF will not greatly affect the flexural strength [22,23]. The glass
fiber-reinforced plastics (GFRP) sheets were chopped into short fiber and incorporated
into concrete. The recycled GFRP was not affected by alkaline aggregate reaction and
shrinkage of concrete. The test results showed that 3 wt % aggregates replacement with
GFRP attained maximum compressive and flexural strength. Adding recycled GFRP into
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concrete improves the impact strength of concrete, but it will reduce the slump flow [24–26].
The chopped recycled CFRP improves the compressive, flexural, and impact strengths of
concrete [27–29]. Adding 3 wt % of CFRP waste into the mortar enhances the stiffness and
also the flexural strength [29].

Based on the above research background and literature review, this research will use
recycled carbon fiber obtained by microwave-assisted pyrolysis (MAP) technology and
apply it to fiber-reinforced concrete. The three different types of carbon fibers (recycled
carbon fiber, normal carbon fiber, and carbon fiber without coupling agent) were used
with different fiber weight proportions (5‰, 10‰, and 15‰). Additionally, the pneumatic
dispersion process was used to disperse the fibers uniformly into cement. The mechanical
properties of recycled carbon fiber-reinforced concrete were studied through a compression
test, three-point bending test, and impact test.

2. Materials

In this study, the mechanical behavior of concrete was enhanced by adding three types
of chopped carbon fibers (normal carbon fiber, carbon fiber without coupling agent, and
recycled carbon fiber). This section introduces the materials used in the preparation of
CFRC, which include the material characteristics of carbon fiber, carbon fiber recycling
technology, and coupling agent removal process.

2.1. Carbon Fiber

The lightweight polyacrylonitrile (PAN-based) carbon fibers, which have a high tensile
and specific strength, have been applied to the aerospace industry, wind turbine, sports
equipment, and automotive parts. The carbon fiber was obtained from Tairylan Division,
Formosa Plastics Group; then, the fiber was chopped at Sheng Peng Applied Materials Co.,
Ltd. [30]. The material properties are listed in Table 1 [31].

Table 1. Material properties of chopped normal carbon fiber.

Material Property Value

Tensile strength (MPa) 4900
Tensile modulus (GPa) 250

Elongation (%) 2.0
Density (g/cm3) 1.81

Fiber diameter (μ) 7

2.2. Removal of Coupling Agent on the Surface of Carbon Fiber

The carbon fibers were immersed in pure water for one day, and then we performed
GC-MS testing on the immersion solution to identify the type and boiling range of the
coupling agent and other substances. The coupling agent was found to be C26H48O3Si with
a molecular weight of 436.74 g/mol under the boiling point of 507.1 ± 50.0 ◦C at a pressure
of 760 mm-Hg [18]. The removal of the coupling agent process is shown in Figure 1; the
carbon fibers were wrapped with aluminum foil and then placed into a Muffle furnace
(PF-40, Chuan-Hua Precision, New Taipei City, Taiwan) at a high temperature of 550 ◦C for
3 h.
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Figure 1. Coupling agent removal processes. 1. Carbon fibers were wrapped with aluminum foil; 2. Placed the carbon fibers
with aluminum foil into a Muffle furnace; 3. Set the furnace temperature at 550 ◦C for 3 h.

Generally, the coupling agent is an inorganic compound, and it reduces the adhesion
between the fiber and cement. The differentiation of the coupling agent presence and
absence on the surface of carbon fiber is shown in Figure 2. The carbon fiber is easier
to distribute in the concrete by removing the coupling agent, compared with normal
carbon fiber.

  
(a) (b) 

 

Figure 2. The appearance of chopped carbon fiber: (a) Normal carbon fiber, (b) Carbon fiber without
coupling agent.

2.3. Recycled Carbon Fiber

Carbon fiber tow is the thread used to weave carbon fiber fabrics. As a standalone
product, it can be used to make wound parts, in pultrusion, or chopped as a local reinforce-
ment. This 12 k tow (or yarn) comprises 12,000 individual carbon filaments, which boast
the highest ultimate tensile strength in the industry. The microwave-assisted pyrolysis
(MAP) is different from the traditional heating method. It uses microwaves to quickly rub
the molecules in the substance, prompting the molecules to rotate quickly to generate heat,
and then quickly decompose. The characteristics of microwave heating are: Microwaves
only aim at the materials that can absorb them, so energy use is more concentrated. The
electric power system is used to generate microwaves, it can be quickly heated, the process
is easy to control, and automatic control can be realized. Microwaves penetrate to the
absorbable substances, so they can heat the entire object uniformly [32,33].
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In the MAP technology, the microwave heat radiations can transfer through the
carbon fiber from inner to outer. It can remove the resin from the CFRP bicycle frame
scrap to transfer into recycled carbon fiber. Figure 3 shows the microwave machine (PYRO
260, Milestone, Sorisole, Italy) at the Department of Molecular Science and Engineering
Laboratory of the National Taipei University of Technology, Taipei, Taiwan. The recycled
carbon fiber was obtained from the carbon fiber scrap by using the MAP process in the
microwave machine at 950 ◦C for 1 h, and then a single filament tensile test was carried out.

 

Figure 3. The microwave machine.

In this study, both carbon fiber and recycled carbon fiber groups were tested in the
single filament tensile test and carried out in accordance with ASTM D3379 [34]. Each
group of carbon fibers had 30 individual filaments. The load–displacement relationships of
the normal and recycled carbon fibers are shown in Figure 4.

  
(a) (b) 

Figure 4. The load–displacement curves of the single filament tensile test: (a) Normal carbon fiber, (b) Recycled carbon fiber.

The single filament tensile test results show that the tensile strength of recycled carbon
fiber treated with MAP is similar to that of the normal carbon fiber. This proves that MAP
technology can effectively recycle CFRP waste and retain its mechanical strength.

2.4. SEM Surface Morphology of Carbon Fiber

In order to understand the cleanliness of the resin on the surface of the recycled carbon
fiber, in addition to observing the samples before and after the MAP treatment with a
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scanning electron microscope (SEM), energy dispersive X-ray spectrometry (EDS) was also
used to observe the amount of removal. Figure 5a–d shows the photos and SEM images
of the waste (recycled) CFRP before and after MAP technology. Using EDS to measure
the carbon content of the carbon fiber, the carbon content of the recycled carbon fiber after
MAP technology was 99.8%. The SEM image is shown in Figure 5d.

  
(a) (b) 

  
(c) (d) 

Figure 5. Photos and SEM images of fragment samples of recycled carbon fiber composite materials. (a) Fragment samples
of recycled CFRP before MAP technology; (b) SEM image before MAP technology; (c) fragment samples of recycled CFRP
after MAP technology; (d) SEM image after MAP technology.

The surface morphology of the chopped carbon fiber with and without coupling
agent was analyzed by scanning electron microscope (model: JSM-7610F, JEOL, Tokyo,
Japan) in the Department of Molecular Science and Engineering Laboratory of the National
Taipei University of Technology, Taipei, Taiwan. The surfaces of normal carbon fiber (with
coupling agent) and carbon fiber without coupling agent were observed, and their SEM
images are shown in Figure 6. Using EDS to measure the carbon content of the carbon fiber,
the carbon contents of the normal carbon fiber with and without furnace heating process
were 100% and 99.2%, respectively. The coupling agent on the surface of the carbon fiber
might have interfered with the bonding strength between the carbon fiber and cement by
the furnace heating method.

40



Sustainability 2021, 13, 6829

  
(a) (b) 

Figure 6. SEM observation results of the surface of normal carbon fiber and carbon fiber without coupling agent. (a) SEM
image of the chopped carbon fiber without furnace heating; (b) SEM image of the chopped carbon fiber with furnace heating.

2.5. Carbon Fiber-Reinforced Concrete

Carbon fiber is a non-corrodible material. The CFRC can reduce the cracks during
the service life of concrete structures, it can preserve the steel rebar from corrosions, and
mitigate impact loading. In this study, Portland cement was obtained from the Taiwan
Cement Corporation [35]. The concrete (benchmark) and CFRC specimens were tested
under compressive, three-point bending, and impact tests. The concrete water–cement ratio
was 0.6; the cement, sand, fine aggregate, and coarse aggregate ratio was 1:1.05:1.5:0.75.
The fineness modulus of the fine aggregate (3/8′′) and coarse aggregate (6/8′′) were 3.03
and 7.33, respectively. The fineness modulus (F.M.) of both aggregates for the concrete
specimen was 6.01, as shown in Table 2. The concrete and CFRC specimens were cured at
28 days.

Table 2. Fineness modulus of aggregates.

Sieve No. Weight Retained (g) Percent Retained (%)
Cumulative Percent

Retained (%)

3/2′′ 0 0 0
3/4′′ 672.3 23 23
3/8′′ 1352.4 46.2 69.2
No. 4 10.2 0.3 69.5
No. 8 165.6 5.7 75.2
No. 16 236.7 8.1 83.3
No. 30 178.2 6.1 89.4
No. 50 146.7 5 94.4
No. 100 83.7 2.9 97.3

Pan 79.2 2.7 100

Total 2925 - Cumulative = 6.01

3. Experimental Methods and Setups

In this study, the CFRC specimens were prepared using three kinds of carbon fiber
(recycled carbon fiber, normal carbon fiber, and carbon fiber without coupling agent). The
compressive test, flexural test, and impact test followed the ASTM and ACI standards.
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3.1. Experiment Planning

The three types of carbon fiber (normal carbon fiber, recycled carbon fiber, and carbon
fiber without coupling agent) were planned to be used to prepare CFRC specimens with
three different fiber weight proportions (5‰, 10‰, and 15‰), and the specimen names and
descriptions, and the planning of the specimens are shown in Tables 3 and 4, respectively.
For example, specimen C-R05 represents the compression test of recycled carbon fiber with
the addition of 5‰ weight proportion.

Table 3. The naming and descriptions of CFRC specimens.

Naming Description

C compressive test
F flexural test
I impact test

B benchmark (without carbon fiber)
N carbon fiber with coupling agent
W carbon fiber without coupling agent
R recycled carbon fiber

Weight proportion (‰) 5, 10, 15

Table 4. Planning of CFRC specimens.

Experiment

Fiber
Weight

Proportion
(‰)

Carbon Fiber

Benchmark Total
Normal Recycled

Without
Coupling

Agent

Compressive
test

5 3 3 3

3 3010 3 3 3

15 3 3 3

Flexural test

5 3 3 3

3 3010 3 3 3

15 3 3 3

Impact test 10 25 25 25 25 100

3.2. Slump Test

The workability of the fiber-reinforced concrete has a significant impact on the con-
struction quality, and good workability will prevent honeycombs in the concrete that
reduce its strength. In this study, the slumps of CFRC of different types of carbon fiber and
different weight proportions were tested according to ASTM C143/C143M−20; the slump
fluidity range was about 15–230 mm, respectively [36].

3.3. Compressive Test

To explore the compressive strength of the three types of CFRC with different fiber
additions, the dispersed chopped carbon fiber was mixed into concrete at a cement weight
ratio of 5‰, 10‰, and 15‰. The diameter of the CFRC cylindrical specimen was 10 cm
and the height was 20 cm. According to ASTM C39/C 39M-01 [37], the universal testing
machine (HT-9501 Series. Hong-Ta, Taipei, Taiwan) was used for testing.

3.4. Three-Point Bending Test

According to ASTM C293-02 [38], the bending test of 28 cm × 7 cm × 7 cm CFRC
specimens was carried out by a universal testing machine (HT-9501 Series. Hong-Ta,
Taipei, Taiwan) with a load cell (WF 17120, Wykeham Farrance, Milan, Italy). The bending
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specimen was tested in the material laboratory of the Department of Civil and Disaster
Prevention Engineering, National Taipei University of Technology. The three-point bending
test is shown in Figure 7.

 

Figure 7. CFRC specimen flexural test setup.

3.5. Impact Test

According to ACI 544-2R [39], the impact test of φ150 mm × 64 mm CFRC specimens
was carried out by impact equipment (SP-006, Sheng Peng, Yunlin, Taiwan). The impact
energy was 25 J as the interval, and the number of repeated impacts was measured from 50
to 150 J. Figure 8a shows the impact specimen and impact device, and Figure 8b shows the
impact test equipment.

  
(a) (b) 

Figure 8. Impact test: (a) CFRC with impact device, (b) impact test equipment.

4. Experimental Results and Discussions

Three types of CFRC specimens were prepared from different fibers (recycled carbon
fiber, normal carbon fiber, and carbon fiber without coupling agent). The test results of
compressive, bending, and impact performance were obtained with the different kinds of
carbon fiber in CFRC specimens. The recycled carbon fibers were fabricated by a scrap of
CFRP bicycle frame with a MAP technology. The recycled carbon fiber was adopted from
Thermolysis Co., Ltd. (Kao-Hsiung, Taiwan) [40]. The recycled carbon fiber was chopped
to a length between 20 and 30 mm. The microwave conditions were established according
to the process in Section 2.3.
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4.1. Slump Test Result

The workability depends on the w/c ratio and weight proportions of fibers. The
slump values of CFRC with different types of carbon fiber and different weight proportions
are shown in Table 5. The test results showed that the slump value was not affected by the
types of carbon fibers but affected by different weight proportions. The recycled carbon
fiber with a length of 20–30 mm had a slight variation in the slump according to carbon
fiber coupling agent presence and absence. The CFRC with 5‰ fiber weight proportion
of the carbon fiber had the best workability, and its slump was about 160 mm. The CFRC
with 15‰ fiber weight proportion of the carbon fiber became stickier, making the CFRC
wet mixing hard to mix and sometimes diminished its mechanical strength. The CFRC
mixture with more than 15‰ weight proportion had less workability under 0.60 w/c ratio.

Table 5. Slump test of different fiber weight proportions.

Fiber Weight Proportion (‰)

Slump of CFRC (mm)

Recycled Normal
Carbon Fiber without

Coupling Agent

0 230 230 230
5 160 165 165
10 85 80 80
15 40 40 40

4.2. Compressive Test Result

In this study, the three different kinds of carbon fiber-reinforced concrete were sub-
jected to compression test by uniaxial loading. Figure 9 shows the average compressive
strength of CFRC and benchmark under different proportions. Compared with other
fiber weight proportions, adding 10‰ fiber weight proportion of CFRC can increase the
maximum compressive strength.

 
Figure 9. Average compressive strength of CFRC and benchmark specimens. (Note: C—Compression
test; B—Benchmark; R—Recycled carbon fiber; N—Normal carbon fiber; W—Carbon fiber without
coupling agent).

Table 6 shows the compressive strength of different CFRC and benchmark under
different fiber weight proportions. Under three different carbon fiber weight proportions,
the recycled carbon fiber-reinforced concrete and normal carbon fiber-reinforced concrete
did not exhibit a greater enhancement effect on compressive strength than the carbon fiber-
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reinforced concrete by removing the coupling agent. For instance, the C-W10 specimen
exhibited the highest compressive strength (33.19 MPa) compared with C-B specimen,
C-N10 (30.69 MPa), and C-R10 (30.49 MPa), as shown in Table 6.

Table 6. Compressive strengths of CFRC and benchmark under different proportions.

Specimen Number
Compressive Strength

(MPa)
Average (MPa) Increase (%)

C-B

1 20.60

22.31 -2 23.32

3 22.99

C-R05

1 22.19

23.42 4.92 23.69

3 24.39

C-N05

1 26.94

28.99 29.92 31.32

3 28.72

C-W05

1 29.49

29.30 31.32 28.68

3 29.72

C-R10

1 30.87

30.49 36.72 31.47

3 29.14

C-N10

1 33.65

30.69 37.62 29.50

3 28.91

C-W10

1 33.27

33.19 48.92 33.15

3 33.15

C-R15

1 25.84

25.55 14.52 26.01

3 24.81

C-N15

1 30.08

29.00 302 28.93

3 28.00

C-W15

1 31.73

31.22 39.92 31.42

3 30.52
Note: C—Compression test; B—Benchmark; R—Recycled carbon fiber; N—Normal carbon fiber; W—Carbon
fiber without coupling agent.

When the fiber weight proportion was 10‰, the compressive strength of specimen
C-W10 was the highest, followed by specimen C-N10 and specimen C-R10. Using EDS to
measure the carbon content of the carbon fiber, the carbon contents of the normal carbon
fiber with the furnace heating process, the recycled carbon fiber with the MAP process, and
the normal carbon fiber were 100, 99.8, and 99.2%, respectively. The test results showed
that the higher the carbon content of the carbon fibers, the higher the compressive strength
of the CFRC specimen. The surface of the carbon fiber without coupling agent or resin
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residual, the adhesion force between carbon fiber and cement increased. Therefore, the
CFRC specimen without coupling agent (C-W10) has the highest compressive strength.

4.3. Three-Point Bending Test Result

In this Subsection, the flexural strength of three kinds of CFRC with different fiber
weight proportions are compared with the benchmark specimens. As shown in Figure 10,
the CFRC with 10‰ of fiber weight proportion increased its flexural strength more than the
other fiber weight proportions, such as 5‰ and 15‰. From the slump test results, the 15‰
fiber weight proportion of CFRC was close to the lower range compared with the ASTM
C143/C143M-20 standard requirement (mention in Section 3.2), respectively. Therefore, the
carbon fibers were not easy to distribute uniformly in the FRC, and the flexural strength
was reduced. Additionally, the CFRC with 5‰ fiber weight proportion of carbon fiber
was not enough to increase the flexural strength because the amount of carbon fiber was
too low.

 

Figure 10. Average flexural strengths of CFRC and benchmark specimens. (Note: F—Flexural;
B—Benchmark; R—Recycled carbon fiber; N—Normal carbon fiber; W—Carbon fiber without
coupling agent).

Table 7 shows the flexural strength of CFRC and benchmark under different fiber
weight proportions. The F-W10 specimen increased its flexural strength up to 50.4%
compared with F-B specimen. Similarly, the flexural strength of F-R10 and F-N10 had
higher strength than the benchmark specimen at 46.3 and 39.6%, respectively. In Section 2.4,
the SEM images with the corresponding EDS showed the carbon content of carbon fiber
without coupling agent, recycled carbon fiber, and normal carbon fiber were 100, 99.8, and
99.2%, respectively. As seen from the flexural test results and the EDS measurement, the
flexural strength increased with the carbon contents of the carbon fiber; the fewer residuals
increased the flexural strength of the CFRC specimens.
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Table 7. Flexural strengths of CFRC and benchmark under different proportions.

Specimen Number
Compressive

Strength (MPa)
Average (MPa) Increase (%)

F-B

1 5.55

5.46 -2 5.60

3 5.24

F-N05

1 5.90

6.07 11.22 6.24

3 6.08

F-R05

1 6.55

6.55 20.02 6.54

3 6.56

F-W05

1 6.77

6.62 21.22 6.50

3 6.58

F-N10

1 7.65

7.62 39.62 7.59

3 7.72

F-R10

1 8.00

7.99 46.32 7.90

3 8.06

F-W10

1 8.29

8.21 50.42 8.18

3 8.16

F-N15

1 7.24

6.97 27.72 6.86

3 6.80

F-R15

1 7.46

7.47 36.62 7.51

3 7.45

F-W15

1 7.52

7.53 37.92 7.61

3 7.46
Note: F—Flexural; B—Benchmark; R—Recycled carbon fiber; N—Normal carbon fiber; W—Carbon fiber without
coupling agent).

4.4. Impact Test Result

The impact numbers of benchmark and CFRC specimens under different impact
energies are shown in Table 8. From the test results, the I-N10, I-R10, I-W10 specimens
resisted repeated impact at low energy of 50 J and the average impact numbers were
about 285, 356, and 410, respectively. Compared with the I-B specimen, the I-N10, I-R10,
and I-W10 specimens and the impact number increase percentages were about 1828%,
2305% and, 2669%, respectively. From the impact test result, the CFRC specimens with
recycled carbon fiber and carbon fiber without coupling agent exhibited enhancement
effects compared to the CFRC specimen with normal carbon fiber.
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Table 8. Impact test results of CFRC specimens under different impact energies.

Specimen Impact Energy (J)
Specimen Number

Average Impact Number Increase Percentage (%)
1 2 3 4 5

I-B

150 1 1 1 1 1 1.0 -

125 2 2 2 2 3 2.2 -

100 3 3 4 4 4 3.6 -

75 5 6 6 7 7 6.2 -

50 13 14 15 16 16 14.8 -

I-N10

150 1 1 1 2 2 1.4 40.0

125 3 3 4 4 4 3.6 63.6

100 10 11 13 14 15 12.6 250.0

75 53 60 62 63 66 60.8 880.6

50 267 275 288 293 304 285.4 1828.4

I-R10

150 1 1 2 2 2 1.6 60.0

125 3 4 4 4 4 3.8 72.7

100 16 17 18 19 19 17.8 394.4

75 74 76 87 88 91 83.2 1241.9

50 338 349 353 366 374 356 2305.4

I-W10

150 1 2 2 2 2 1.8 80

125 3 4 4 4 5 4.0 81.8

100 16 16 18 19 21 18 400.0

75 78 81 86 92 98 87 1303.2

50 385 392 409 429 434 409.8 2668.9

Note: I—Impact; B—Benchmark; N—normal carbon fiber; R—recycled carbon fiber; W—carbon fiber without coupling agent.

Figure 11 shows the impact energy/number curve of CFRC specimens. It can be
clearly seen that the repeated impact number of CFRC specimens under low impact energy
is greater than that under high impact energy.

As seen in Figure 11, the I-W10 specimen had the highest average number of repeated
impacts when the impact energy was 50 J, followed by I-R10 and I-N10. The EDS measure-
ment results and impact test results show that the higher carbon contents of the carbon
fiber had higher repeated impact capability of CFRC.
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Figure 11. The curves of impact energy/number of CFRC specimens. (Note: I—Impact; B—
Benchmark; N—Normal carbon fiber; R—Recycled carbon fiber; W—Carbon fiber without cou-
pling agent).

5. Conclusions

Regarding the CFRC with different proportions of normal carbon fiber, recycled
carbon fiber, and carbon fiber without coupling agent under static and impact tests several
conclusions can be stated as follows.

1. According the SEM-EDS, the carbon content on the surface of recycled carbon fiber
was about 99.8% with the MAP technology process, which effectively removed the
resin to revert the carbon fiber of the CFRP product. In addition, the carbon content
for normal carbon fiber and carbon fiber without coupling agent were about 99.2 and
100%, respectively.

2. The test results showed that the slump value was not affected by the carbon fibers
but affected by different weight proportions.

3. The 10‰ proportion carbon fiber without coupling agent exhibited maximum com-
pressive strength compared with the benchmark, recycled, and normal carbon fiber.
The maximum compressive strengths of the C-W10, C-R10, and C-N10 specimens
were compared with the C-B specimen, and the increased percentages were about
48.8%, 37.6%, and 36.7%.

4. The CFRC with 10‰ fiber weight proportion increased its flexural strength compared
with other proportions because the 5% was not enough to increase the strength
compared with 10%, and the 15% proportions were too close to the lowest slump
value (mm) in the standard. The high fiber weight proportion made the CFRC difficult
to mix and reduced its strength.

5. From the impact test, the CFRC with the absence of coupling agent (I-W10) had high
impact resistance, and then recycled (I-R10) had a high impact resistance number
compared to carbon fiber with the presence of coupling agent (I-N10) under different
energies (J).

6. According to the test results, the flexural strengths and impact resistances of the CFRC
specimens were closely related to the carbon content of carbon fiber measured by
EDS. We saw from the experiment that the higher carbon content had higher flexural
strength and higher impact resistance.

7. The mechanical performance of recycled carbon fiber was superior to the normal
carbon fiber, and it was almost similar to the carbon fiber-reinforced concrete by
removal of silane. Using the MAP approaches, the waste scrap of CFRP can be
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recycled to carbon fibers and applied to reinforced structures such as bridge expansion
joints, tunnels, dams, airport and highway pavements, etc.
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Abstract: In this study, aggregates in asphalt concrete were partially replaced by basic oxygen furnace
slag (BOFS) in proportions of 45 wt.%, 55 wt.%, and 75 wt.%. The thermal performances of the
specimens are discussed based on the thermal conductivity, emissivity, and the indoor and outdoor
temperature measurements. Consequently, 75 wt.% of the specimen’s aggregates were replaced
by BOFS, which had a high emissivity of 0.86 across the sky window. In the indoor and outdoor
tests, the temperature change was recorded to estimate the thermal performance of specimens.
According to the quantitative calculation, when the substitution of BOFS was higher than 55 wt.%,
the specimens had a better radiation cooling ability. Among these specimens, the specimen with
the BOFS substitution of 75 wt.% absorbed the most heat inside the body, contributing to less
heat remaining in the environment. Furthermore, because Newton’s cooling energy accounted
for about 90% of the stored energy within 7 h, the heat dissipation after the seventh hour was
primarily radiation cooling, corresponding to the emission across the urban boundary layer. As for
the mechanical properties, the stability value, indirect tensile strength, and British pendulum number
(BPN) were in line with the specifications under the proper BOFS substitution. In conclusion, BOFS
has great applicability in pavements due to its thermal performance and mechanical properties. It
not only achieves the goal of urban heat island mitigation by radiation cooling, but also reflects the
concept of resource sustainability.

Keywords: asphalt concrete; basic oxygen furnace slag; radiation cooling; emissivity; thermal con-
ductivity

1. Introduction

In this century with booming industries, the enormous exploitation and consumption
of energy results in the ever-increasing concentration of carbon dioxide worldwide, causing
the greenhouse effect and extreme climate changes. According to the statistics from the
National Oceanic and Atmospheric Administration (NOAA), the average temperature
has increased by up to 0.18 ◦C per decade since 1981. This has caused the snow in
the polar regions to melt and subsequently raised the sea level [1]. Furthermore, the
concentration of carbon dioxide started at about 265 ppm in 1850, reached 385 ppm in 2009,
and even ascended to 407.4 ppm in 2018. The vicious circle of greenhouse gas emission
has a tremendous impact not only on metropolises but also environments. Under the
circumstances, building envelopes and pavements with high heat capacities bring on and
even worsen the urban heat island effect.

Nowadays, to mitigate the urban heat island effect, many studies have proposed to
utilize reflective coating of asphalt concrete and have recorded its ambient temperatures
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and internal temperatures at different depths, exploring the principle of cooling with its
spectral characteristics [2,3]. One study changed the color of asphalt concrete to discuss
its reflection characteristics [4]; some even improved the reflectivity across specific wave-
lengths, mainly aimed at visible and near infrared light [5–7]; others made multi-layer
structure coatings and compared their cooling benefits [8]. Furthermore, adding titanium
dioxide with different weight ratios and particle sizes could improve the reflectivity of
coating [9,10]. Hollow glass microspheres were substituted for fillers inside the asphalt con-
crete, optimizing the proportion for the best cooling effect with a simulated solar heating
test [11]. This replacement could improve concrete’s emissivity and also reduce thermal
conductivity [12]. The lower thermal conductivity materials painted on the asphalt concrete
were capable of preventing heat from passing through the coating [13]. The conductive
multi-layer structures contributed to diverse applications, such as a radiation-cooling
pavement in summer and heat preservation on permafrost [14,15].

In terms of building envelopes, inorganic coating made from mineral powders has
been painted on steel plates and concrete specimens. The temperatures and heat fluxes of
the coated and uncoated surfaces and interiors were measured in the laboratory and in field
tests and compared. The results showed that this coating had an obvious radiation cooling
effect and great insulation ability owing to the emissivity and reflectivity. Furthermore, the
adhesion and weather resistance were maintained at a certain level [16].

Apart from thermal properties, the mechanical properties of pavements need to be
examined as well for practical use. Basic oxygen furnace slag (BOFS) is a byproduct
of the steelmaking process. The converter is a by-product of the steelmaking process.
A proper ratio for partially replacing aggregate with BOFS should be favorable for the
development of bearing capacity and tensile strength when preparing asphalt or recycled
concrete [17–21]. Furthermore, based on a two-year on-site test, it was found that the
substitution of asphalt concrete entailed a longer life span with less damage in comparison
with the original one [22]. Due to the roughness, multi-angularity, and rigidity of BOFS, the
substitution concrete had better skid resistance, binding with bitumen, and also abrasion
resistance [23]. Even when adopting the warm-mix or hot-mix asphalt approaches, this
concrete still showed a great capability for resistance to deflection [24].

In this study, thermal and mechanical properties tests were done on the asphalt
concrete specimens, in which aggregates were partially replaced by BOFS. Our previous
research found that BOFS has a high far-infrared emissivity. After absorbing solar radia-
tion, these specimens were capable of emitting the stored energy across the sky window
(8–13 μm) to the upper sky, reducing energy accumulation and retention in the atmosphere,
thereby achieving the goal of urban heat island (UHI) mitigation. The surface skid resis-
tance is needed for the development of a radiation-cooling pavement. Ceramic particles
or fine sand particles were added to increase the pavement roughness and the British
pendulum number (BPN). BOFS is a byproduct of steelmaking that can not only achieve
the goal of radiation cooling but also meet the needs of resource sustainability.

2. Materials and Their Properties

BOFS, a byproduct of steel industries, has lower thermal conductivity compared to
natural aggregates. Under the same heat source and with an identical time duration, BOFS
has a slower temperature-raising rate. Due to the greater hardness, BOFS applied to asphalt
concrete has a bearing capacity comparable to natural aggregates.

In this study, five specimens were designed and prepared, including one general
asphalt concrete specimen, and the stone aggregates of the asphalt concrete specimens were
replaced by BOFS at proportions of 45 wt.%, 55 wt.%, 65 wt.%, and 75 wt.% respectively.
The compositions of the aggregates used in the asphalt concrete specimens are shown
in Table 1, and they are dense-graded and conform to ASTM D3515 [25]. The BOFS was
also sieved with different sieve sizes. Then, we used BOFS aggregates to replace stone
aggregates; the replacement percentage of every sieve size was the same. The content of
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asphalt to the aggregate mixture was 5.6 wt.%, meeting the specification of between 2 wt.%
to 10 wt.%. The naming rules and descriptions of the specimens are shown in Table 2.

Table 1. Passing percentages of aggregates in dense-graded asphalt concrete specimens.

Sieve No. Sieve Size (mm)

Passing Weight Percentage (%)

ASTM
Specification

Specimens
Permissible

Error

3/8 9.5 90–100 100 ±7%No. 4 4.75 55–85 76

No. 8 2.36 32–67 46 ±6%No. 16 1.18 - 31

No. 30 0.60 - 21 ±5%No. 50 0.30 7–23 14

No. 100 0.15 - 9 ±4%

No. 200 0.075 2–10 5.6 ±3%

Table 2. Naming and description of the specimens.

Specimen Description

Benchmark Standard asphalt concrete
BOF-45 BOFS replacing 45 wt.% natural aggregates
BOF-55 BOFS replacing 55 wt.% natural aggregates
BOF-65 BOFS replacing 65 wt.% natural aggregates
BOF-75 BOFS replacing 75 wt.% natural aggregates

2.1. Emissivity

To identify the radiation cooling effect, the specimens (10 cm in diameter and less
than 2 cm in thickness) were placed in the customized apparatus and then heated to 35 ◦C
and 80 ◦C, respectively. To reflect the reality of usage, it was necessary to confirm that no
aggregate was exposed on the measured surface. The environmental causes were reduced
as much as possible in the measurements. When the specimens were heated, the infrared
light emitted from the specimens was measured by Fourier transform infrared spectrometer
(FT-IR) (Invenior, Bruker, Karlsruhe, Germany) in the range of 4000–600 cm−1 (3–16.67 μm).
The raw data were the result of optical interference.

Through the Fourier transform, the emissivity of heated specimens was calculated
compared to the standard blackbody. The emissivity of five specimens was classified into
3–16.7 μm and 8–13 μm, as shown in Figure 1a,b, respectively. The corresponding average
emissivity for 3–16.67 μm and 8–13 μm is presented in Table 3. When the substitution of
BOFS exceeded 65 wt.%, the emissivity was higher than the benchmark specimen. Among
these, the BOF-75 specimen possessed the highest emissivity of 0.88 for 3–16.67 μm and
0.86 for 8–13 μm.

Table 3. Average emissivity of benchmark and BOFS specimens for 3–16.67 μm and 8–13 μm.

Wavelength (μm) Benchmark BOF-45 BOF-55 BOF-65 BOF-75

3–16.67 0.844 0.792 0.822 0.872 0.877
8–13 0.829 0.797 0.805 0.870 0.855
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(a) (b) 

Figure 1. Emissivity of benchmark and basic oxygen furnace slag (BOFS) specimens for (a) 3–16.67 μm and (b) 8–13 μm.

2.2. Thermal Conductivity

Thermal conductivity is one of the important parameters of thermal performance for
materials. The conductivity was tested with a quick thermal conductivity meter (QTM-
500, KEM, Tokyo, Japan) used on the specimens. After calibration, the slope equaling the
temperature divided by the logarithmic time represents the thermal conductivity coefficient.
The larger the slope, the faster the materials conduct heat, and vice versa. In this study, the
thermal conductivity of each specimen was averaged.

As illustrated in Figure 2, the thermal conductivity showed a downward trend with the
increasing replacement amount of BOFS. Among the specimens, the BOF-75 specimen had
the lowest conductivity of 1.17 W/m-K, which means it had better heat-insulating properties
than the others. As a consequence, BOFS was taken as a good heat-insulating material.

Figure 2. Thermal conductivities of BOFS and benchmark specimens.

3. Experimental Measurement Methods

In this study, the experimental measurement was divided into two aspects: thermal
performance and mechanical performance. The thermal performance was measured in the
laboratory and also outdoors; the mechanical performance, including the stability value,
indirect tensile strength, and British pendulum number, reflects the feasibility of practical
application in engineering.
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3.1. Indoor Temperature Measurement

To find the best radiation cooling among the benchmark and BOFS specimens, this
experimental measurement was conducted in the laboratory and outdoors. The fabrication
of the specimen started with a stir-fry pan and was evenly mixed, and the asphalt concrete
was poured into the customized steel mold and then compacted to form a specimen. To
simulate the actual pavement, the size of the specimen was molded as 50 × 50 cm and with
a thickness of 5 cm. Meanwhile, the aggregate layer was 13 cm in thickness underneath the
asphalt concrete.

To simulate a sunlight environment in the laboratory, halogen lamps and infrared
lamps were used as the heat source in this apparatus to irradiate visible light and infrared
light, which provide the majority of solar radiation. The ratios of visible light and in-
frared light remained at 44% and 53%. Two different radiation intensities, 623 W/m2 and
436 W/m2, were tested. According to the previous results of outdoor measurements in
summer at Taipei City, the radiation intensity of the heat source should be adjusted to
623 W/m2, composed of 279 W/m2 from the halogen lamps erected at 30 cm above the
specimen and 344 W/m2 from the infrared lamp erected at 33 cm above the specimen.
To simulate the surface temperature of pavement in winter at Taipei City, the radiation
intensity was adjusted to 436 W/m2 with the maximum surface temperature of 65 ◦C.
Schematic diagrams of the apparatus used in the indoor temperature measurement under
the radiation intensities of (a) 623 W/m2 and (b) 436 W/m2 are shown in Figure 3.

 
(a) (b) 

Figure 3. Schematic diagrams of the apparatus used in the indoor temperature measurement under the radiation intensities
of (a) 623 W/m2 and (b) 436 W/m2.

The test was conducted in a shaded and airtight room; the specimen was surrounded
by Styrofoam. To avoid errors from environmental factors, such as light and ambient
temperature, strict conditions were necessary. The thermal cables, which were attached
on the surface or buried inside the asphalt concrete, recorded the temperature change
at different depths. The experimental apparatus and a schematic diagram of the sensor
installation are shown in Figure 4a,b, respectively.

3.2. Outdoor Temperature Measurement

In order to measure their thermal performance, asphalt concrete specimens were
exposed to solar radiation, and the outdoor test was conducted on the empty top floor,
without shelter, in the summer in 2020 on the roof of the Department of Civil Engineering
building, National Taipei University of Technology, Taipei City. The size of the specimens,
50 × 50 × 5 cm, was the same as for those used in the indoor test. Likewise, the aggregate
layer was laid 13 cm in thickness beneath the specimens to simulate a real pavement. Also,
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thermal cables were installed to measure the temperature change, as shown in Figure 4b.
The outdoor temperature measurement setup is shown in Figure 5.

  
(a) (b) 

Figure 4. (a) Experimental apparatus, (b) schematic diagram of sensor installation.

Figure 5. The outdoor temperature measurement equipment and setup.

3.3. Mechanical Properties

The asphalt concrete specimen without BOFS, named the benchmark specimen, and
the asphalt concrete with BOFS in the three ratios were prepared with a Marshall apparatus
according to the ASTM D6926 standard [26,27]. First, following the mixing formula and
substitution ratio, the asphalt and aggregates were mixed by stirring until uniform. The
mixture was quickly poured into the steel mold. Then, through 75 times compaction on
both sides and then cooling down for about one day, the asphalt concrete specimen was
demolded. Its average diameter and height were measured with an electronic Vernier
caliper, with an accuracy of 0.01 mm.

The stability value, indirect tensile strength, and British pendulum number are dis-
cussed below. Following AI SS-1 set by the Asphalt Institute, the stability values of
specimens were measured and specimens were sunk into a constant 60 ◦C water tank for
30 min and tested with the computer-controlled automatic Marshall apparatus (Ye-Chance
Enterprise Co., Taipei, Taiwan) at a uniform rate of 50.8 mm/min. As the pavement is
subjected to severe traffic loadings, the stability value must be higher than 8.006 kN to
comply with the standard.

The indirect tensile strength was measured according to ASTM D6931 [28]. The
specimen was attached between two load stripes and was loaded radially at a speed of
50 ± 5 mm/min. The width of stripes was 12.7 ± 0.3 mm, complying with the standard.
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The specimen was exposed to 25 ◦C water for 30–120 min, and the maximum load at
fracture was measured. The indirect tensile strength can be calculated from Equation (1),
as follows.

St =
2000 × P

π × t × D
(1)

In Equation (1), St is the indirect tensile strength (kPa), P is the maximum load (N),
t is the average thickness of the specimen before test (mm), and D is the average diameter
of the specimen before testing (mm). Conforming to ASTM E303, the British pendulum
number was measured on the surface of the 50 × 50 × 5 cm specimen with a calibrated
British pendulum anti-sliding tester (EL42-6000, ELE International, Leighton Buzzard,
UK). In the end, the averaged value was regarded as the BPN value, which represents the
anti-skid ability.

4. Results and Discussions

4.1. Indoor Temperature Measurement under Radiation Intensity of 623 W/m2

The indoor temperature measurement of the specimens was divided into a heating
period under a radiation intensity of 623 W/m2 and cooling period without radiation
intensity. The temperature-time relationships and temperature profiles of specimens were
drawn and discussed.

4.1.1. Heating Period

The specimens were heated constantly for 24 h under the radiation intensity of
623 W/m2. Figure 6 shows the temperature–time relationships in the heating period
under the radiation intensity of 623 W/m2. As seen from Figure 6, the specimens reached
thermal equilibrium at 24 h. In Figure 6a, the highest temperature of 85 ◦C occurred in
BOF-75 at the end of 24 heating hours and the temperature decreased in the order of BOF-55
and then BOF-45, while the benchmark was 70 ◦C. No obvious order was observed at the
depths of 1 cm and 2 cm, as shown in Figure 6b,c. As seen in Figure 6d, BOF-75 possessed
the lowest temperature at the depth of 3 cm.

 
(a) 

Figure 6. Cont.

59



Sustainability 2021, 13, 3708

 
(b) 

 
(c) 

 
(d) 

Figure 6. Cont.
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(e) 

 
(f) 

Figure 6. Temperature–time relationships in the heating period under the radiation intensity of
623 W/m2 at (a) the top surface; (b) 1 cm depth; (c) 2 cm depth; (d) 3 cm depth; (e) 4 cm depth; and
(f) 5 cm depth.

There were two heat sources: one was the halogen and infrared lamps, and the other
was the accumulated heat underneath the asphalt concrete; both substantially affected the
temperature at the depths of 1 cm and 2 cm.

The order of the temperature on the surface was totally in reverse compared to the
temperature at the depths of 3 cm and deeper. The temperatures in profile taken from the
thermal equilibrium condition at the end of 24 heating hours are shown in Table 4 and
Figure 7. The depth–temperature curves of BOF-55 and BOF-75 were similar. In the profile,
their temperatures on the surface were higher than inside and broadly decreased when
going deeper. On the other hand, the depth–temperature curve of the benchmark and
BOF-45 were similar in another way: the highest temperature was recorded at the depth
of 3 cm. Compared to the benchmark specimen, although all the specimens with BOFS
replacements had hotter surfaces, their temperatures were lower starting at 3 cm depths,
especially BOF-75.
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Table 4. Temperature (◦C) corresponding to different depths at the end of 24 heating hours under the
radiation intensity of 623 W/m2.

Depth

Specimen
Benchmark BOF-45 BOF-55 BOF-75

0 cm 69.86 75.14 79.88 85.10
1 cm 77.94 79.56 70.83 75.33
2 cm 76.16 78.06 75.94 76.72
3 cm 81.40 80.20 78.71 76.63
4 cm 77.49 75.75 75.29 69.42
5 cm 75.77 70.98 69.97 69.64

Figure 7. Depth–temperature profile of specimens at the end of 24 heating hours under the radiation
intensity of 623 W/m2.

4.1.2. Cooling Period

All the lamps were turned off after 24 h of heating; the temperature change in the
subsequent 1-h cooling was recorded and shown in Figure 8. When the heat source was
removed, the heat obviously dissipated from the specimen. The cooling rate at each depth
gradually became similar, and the temperature–time relationships of all specimens at the
depth of 3 cm were the most concentrated.

The depth–temperature profiles of specimens within five cooling hours in the cooling
period are shown in Figure 9. In the beginning of the cooling period, the sequences of the
surface temperatures are the same. Notably, all the specimens containing BOFS possessed
a higher temperature at a depth of 5 cm than 3 cm. As seen from Figure 9, the temperature
of the benchmark specimen at the depth of 3 cm was higher than the temperature at 5 cm
in the first hour, but the temperature at a depth of 3 cm was less than the temperature at a
depth of 5 cm at other times.

4.2. Indoor Temperature Measurement under Radiation Intensity of 436 W/m2

The indoor temperature measurement of the specimens was divided into a heating
period under a radiation intensity of 436 W/m2 and a cooling period without radiation
intensity. The temperature–time relationships and temperature profiles of specimens were
determined and discussed.
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(a) (b) 

  
(c) (d) 

  
(e)  (f)  

Figure 8. Temperature–time relationships in the cooling period at (a) the top surface; (b) 1 cm depth; (c) 2 cm depth;
(d) 3 cm depth; (e) 4 cm depth; and (f) 5 cm depth.

4.2.1. Heating Period

The specimens were heated constantly for 24 h under the radiation intensity of
436 W/m2 until the temperatures of the specimens reached a stable state. As shown
in Figure 10a, BOF-75 had the highest temperature of 66.82 ◦C and BOF-55 had the next
highest temperature of 64.74 ◦C, corresponding with the results under the radiation inten-
sity of 623 W/m2. Although the order between BOF-45 and the benchmark was disrupted
and did not correspond with the previous results, the temperature difference between
56.95 ◦C and 57.69 ◦C was not significant. As shown in Figure 10b,c, the temperature
changes at the depths of 1 cm and 2 cm were similar to the results under the radiation
intensity of 623 W/m2. Influenced by the upper and lower heat sources, it was difficult
to find the order at these two depths. As shown in Figure 10d, the temperatures at the
depth of 3 cm were in descending order of BOF-75 (63.46 ◦C), BOF-55 (63.53 ◦C), BOF-45
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(64.17 ◦C), and then the benchmark (65.65 ◦C). This order happened for the results under
the radiation intensity of 623 W/m2, which was in reverse on the surface. As shown in
Figure 10e,f, the temperature–time relationship at the depths of 4 cm and 5 cm were similar
to those in Figure 10d.

Figure 9. Depth–temperature profile of specimens within five cooling hours in the cooling period.

 
(a) 

Figure 10. Cont.
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(b) 

 
(c) 

 
(d) 

Figure 10. Cont.
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(e) 

 
(f) 

Figure 10. Temperature–time relationships in the heating period under the radiation intensity of
436 W/m2 at (a) the top surface; (b) 1 cm depth; (c) 2 cm depth; (d) 3 cm depth; (e) 4 cm depth; and
(f) 5 cm depth.

The depth–temperature profile taken from the balanced condition at the end of 24 heat-
ing hours is shown in Table 5 and Figure 11. In the profile, the temperatures of all specimens
declined constantly from 3 cm to 5 cm depths. Furthermore, it clearly shows that BOF-75
possessed the lowest temperature of 63.07 ◦C at the depth of 4 cm and 60.04 ◦C at the depth
of 5 cm. Furthermore, the depth–temperature curves of BOF-55 and BOF-75 were similar.
In the profile, their temperatures at the depth of 3 cm were higher than at the depth of 5 cm,
and the temperatures on the surface were higher than that at the depth of 3 cm. On the
other hand, the depth–temperature curves of the benchmark and BOF-45 were similar in a
different way. These two specimens had the highest temperatures at the depth of 3 cm and
the lowest temperatures on the surface. All the trends above were similar to the results
under the radiation intensity of 623 W/m2.
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Table 5. Temperature (◦C) corresponding to different depths at the end of 24 heating hours under the
radiation intensity of 436 W/m2.

Depth

Specimen
Benchmark BOF-45 BOF-55 BOF-75

0 cm 57.69 56.95 64.74 66.82
1 cm 61.63 61.43 60.96 62.83
2 cm 63.78 61.76 64.60 64.69
3 cm 65.65 64.17 63.53 63.46
4 cm 64.97 63.49 61.15 63.07
5 cm 60.88 60.40 60.28 60.04

 

Figure 11. Depth–temperature profile of specimens at the end of 24 heating hours under the radiation
intensity of 436 W/m2.

4.2.2. Cooling Period

After 24-h heating, the temperature change in the subsequent 1-h cooling was recorded,
as shown in Figure 12. When the heat source was removed, the heat obviously dissipated
from the specimens, especially those which possessed higher conductivity. BOF-75 had the
lowest thermal conductivity, leading to the slowest cooling rate. In contrast, the benchmark
specimen had the highest thermal conductivity, leading to the fastest cooling rate. Also, the
cooling rates for each depth gradually became similar, and the rates at the depth of 3 cm
were the most concentrated.

The depth–temperature profiles of specimens within five cooling hours can be seen in
Figure 13. The temperature difference between 3 cm and 5 cm depths deserves discussion.
At the end of five hours, BOF-75 had the lowest temperature on the surface, and its
temperature at the depth of 3 cm was lower than that at 5 cm. With regard to BOF-55, its
temperature at the depth of 3 cm was lower than that at 5 cm only in the first hour, with a
slight difference, and its temperature on the surface was lower than that at the depth of
3 cm all the time. Also, the temperature of the benchmark at the depth of 3 cm was higher
than that at 5 cm until the fourth hour.

To sum up, compared to the benchmark asphalt concrete, no matter which radiation
intensity was taken, the specimens with partial BOFS replacement showed faster cooling
rates when the light was turned off, which might refer to more heat accumulating inside
the body.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 12. Temperature–time relationships in the cooling period at (a) the top surface; (b) 1 cm depth; (c) 2 cm depth;
(d) 3 cm depth; (e) 4 cm depth; and (f) 5 cm depth.

Figure 13. Depth–temperature profile of specimens within five cooling hours in the cooling period.
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4.3. Outdoor Temperature Measurement

The temperature–time relationships of specimens in the outdoor test, across both
daytime and nighttime for a full 24 h, were measured and are shown in Figure 14. The
specimens’ temperature and environmental information were recorded and are shown in
Table 6. The field test results were easily affected by the environmental factors, especially
after sunset. Therefore, it is more reliable to use the average ambient temperature for
comparison. As shown in Table 6, during the daytime, the benchmark had a higher
temperature than the ambient temperature of about 35 ◦C. Also, unlike the indoor test,
specimens could not obtain long-term and sufficient heat from the sun. As a consequence,
for BOF-75, its low thermal conductivity and large heat capacity resulted in relatively low
temperatures. The calculation of the heat capacity is explained in Section 4.4.

As shown in Table 6, using the ambient temperature of about 30 ◦C during nighttime
as the comparison basis, the temperatures of the benchmark specimen were generally
higher than those of BOF-55 and BOF-75. In terms of results, the use of BOFS did have a
positive effect on pavement cooling.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 14. The temperature–time relationships of specimens in the outdoor test at: (a) the surface; (b) 1 cm depth; (c) 2 cm
depth; (d) 3 cm depth; (e) 4 cm depth; and (f) 5 cm depth.
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Table 6. Environmental information and temperature corresponding to different depths.

Specimen Benchmark BOF-45 BOF-55 BOF-75

Time Period
10:00∫
14:50

20:00∫
22:30

10:00∫
13:10

20:00∫
23:30

9:20∫
11:40

22:40∫
04:10

9:20∫
10:50

22:40∫
06:00

Average Temperature (◦C) 35 30 35 30 35 30 35 30

Average Humidity (%) 42.23 70.81 43.90 70.13 38.40 77.26 44.70 74.24

Average Solar Radiation (W/m2) 642.73 0 412.75 0 756.34 0 646.32 0

Average
Temperature (◦C)
at Various Depths

0 cm 51.04 29.59 41.88 29.84 50.97 29.01 49.63 29.55
1 cm 54.54 30.32 49.11 30.82 53.09 29.39 52.21 30.01
2 cm 55.98 30.76 48.93 31.17 51.38 30.36 50.55 30.27
3 cm 55.67 31.11 48.53 31.47 49.87 30.27 49.64 30.40
4 cm 54.69 31.61 46.22 32.96 45.99 31.36 46.73 31.05
5 cm 56.25 31.58 48.45 32.26 49.32 30.80 48.87 30.35

4.4. Heat Capacity, Newton’s Cooling and Radiation Cooling

To confirm the radiation cooling effectiveness of specimens, the loss by radiation
cooling was quantified based on several assumptions as follows. The heat which enters the
asphalt concrete and then transfers to the ground has only a small impact on pedestrian
and human activities; the heat below the specimens was not discussed. On the other hand,
the heat on the upper surface of the asphalt concrete specimens is worth further study.

Ideally, when objects receive heat, they transfer it in three ways: reflection, trans-
mission, and absorption. The sum of the energy from these ways must be equal to the
energy incident, an illustration of which is shown in Figure 15a. However, it is hard to
determine the reflection, transmission, and absorption of specimens realistically, even using
a pyranometer. It is impossible to know how much heat has dissipated through radiation.
We can only assume that, following the law of conversation of energy, the relationship
between the energy entering and leaving the specimen is constant. In this study, the focus
was on the cooling period, as shown in Figure 15b. As the temperature of the test body
cooled over time under the radiation intensity of 623 W/m2, the time interval between
data was set to 5 min.

 
(a) (b) 

Figure 15. Relationship between the pavement and (a) basic heat transfer and (b) radiation cooling.

The heat stored in a specimen at various time intervals can be calculated as in Equation
(2). In this function, Q is the heat energy in storage (J), m is the mass of the specimen (kg), c
is the heat capacity of the specimen (J/kg-K), and ΔT is the change in temperature (K).

Q = mcΔT (2)

The specimen was divided into five equal parts each with a thickness of 5 cm; the
sectional drawing of the specimen is shown in Figure 16. In each part, the temperature at
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the center was the average of the adjoining temperature at the upper and lower part. Then,
the sum of the heat stored in each part at the t minute in the cooling period represented the
heat storage in the entire specimen at that time. Finally, the heat storage of (t + 5) minutes
was subtracted from that at the t minute, and added up over 24 h to obtain the final heat
storage of the specimen. This formula is shown in Equation (3), and the calculation results
for each hour are presented in Table 7.

The final heat storage in 24 h =
288

∑
t=0

(Q5t)−
(

Q5(t+1)

)
(3)

Figure 16. Sectional drawing of the specimen.

Table 7. Heat energy in storage at a different hour (unit: J).

Hour

Specimen
Benchmark BOF-45 BOF-55 BOF-75

1 3871.92 3928.44 3956.71 4691.52
2 2232.71 1695.73 2430.55 2656.65
3 1441.37 1526.16 1413.11 1610.94
4 904.39 960.91 1017.44 1187.01
5 678.29 763.08 932.65 932.65
6 536.98 423.93 650.03 734.82
7 423.93 367.41 452.20 508.72

. . . . . . . . . . . . . . .

Sum (24 h) 255,998.94 233,841.38 288,641.77 306,616.52

Based on Newton’s law of cooling, the heat stored in the pavement is also transferred into
the atmosphere, which is called “Newton’s cooling” in this study, as shown in Equation (4):

q = hAΔT (4)

In this function, q is the power of Newton’s cooling transferred out of the specimen
(watts), h is the heat transfer coefficient (W/m2-K), A is the heat transfer surface area (m2),
and ΔT is the temperature difference between the environment and specimen (K). The final
value for the difference, resulting from Newton’s cooling, between specimen and air can be
calculated as in Equation (5). Notably, it was necessary to multiply the difference between
the total heat of t and that at (t + 5) minutes by a time interval of 5 min. The calculation
results for each hour are presented in Table 8.

The final Newton’s cooling in 24 h =
288

∑
t=0

[
(q5t)−

(
q5(t+1)

)
× 5

]
(5)
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Table 8. Heat energy for Newton’s cooling at different hours (unit: J).

Hour

Specimen
Benchmark BOF-45 BOF-55 BOF-75

1 184.69 196.26 292.53 333.16
2 102.92 23.08 171.10 160.02
3 75.39 80.00 83.71 102.77
4 38.81 51.77 61.17 75.05
5 33.77 52.61 48.01 53.64
6 26.46 15.76 29.53 41.18
7 16.92 21.13 22.06 33.01

. . . . . . . . . . . . . . .

Sum (24 h) 14,186.33 13,545.51 22,342.61 23,985.92

Finally, following the above data in Tables 7 and 8, Newton’s cooling energy subtracted
from the stored heat energy equals the radiation cooling energy, as shown in Table 9.

Table 9. The heat energy in radiation cooling at different hours (unit: J).

Hour

Specimen
Benchmark BOF-45 BOF-55 BOF-75

1 3687.23 3732.19 3664.18 4358.36
2 2129.79 1672.65 2259.45 2496.63
3 1365.98 1446.16 1329.40 1508.18
4 865.58 909.14 956.27 1111.96
5 644.52 710.47 884.64 879.01
6 510.52 408.17 620.50 693.64
7 407.01 346.28 430.14 475.71

. . . . . . . . . . . . . . .

Sum (24 h) 241,812.61 220,295.87 266,299.16 282,630.60

The overall amounts of the accumulated heat storage energy, Newton’s cooling energy,
and the radiation cooling energy are presented in Tables 10–12, respectively. As shown in
Table 10, heat storage energy within 7 h accounted for up to 80% of heat storage energy
within 24 h. We can deduce that the main cooling was completed within 7 h in the cooling
period. Also, BOF-75 had the highest heat storage energy among all the specimens, as
shown in Table 10. In the seventh cumulated hour, Newton’s cooling energy accounted
for about 90% of the stored energy, as shown in Table 11. Therefore, the main way of
dissipating heat after 7 h was radiation cooling.

Table 10. Accumulated heat storage energy in the cooling period (unit: J).

Cumulated Hour

Specimen
Benchmark BOF-45 BOF-55 BOF-75

1 138,428.22 116,892.42 160,698.82 156,685.59
2 172,201.54 149,337.42 196,591.81 198,061.44
3 191,730.71 167,905.68 217,675.40 222,536.50
4 204,759.58 180,623.67 231,636.93 238,787.26
5 214,029.58 190,091.50 241,500.43 251,024.79
6 220,869.03 197,100.53 249,018.18 260,038.69
7 226,323.64 203,063.85 254,811.92 267,190.77

. . . . . . . . . . . . . . .

24 255,998.94 233,841.38 288,641.77 306,616.52
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Table 11. Accumulated Newton’s cooling energy in the cooling period (unit: J).

Cumulated Hour

Specimen
Benchmark BOF-45 BOF-55 BOF-75

1 9842.91 8253.74 15,271.91 15,796.84
2 11,389.49 9985.62 17,720.81 18,507.62
3 12,221.99 10,897.82 19,061.52 20,011.26
4 12,710.38 11,506.13 19,878.20 20,938.10
5 13,053.25 11,596.67 20,421.84 21,607.52
6 13,275.10 12,249.19 20,813.72 22,065.73
7 13,447.55 12,511.17 21,105.98 22,418.62

. . . . . . . . . . . . . . .

24 14,186.33 13,545.51 22,342.61 23,985.92

Table 12. Accumulated radiation cooling energy in the cooling period (unit: J).

Cumulated Hour

Specimen
Benchmark BOF-45 BOF-55 BOF-75

1 128,585.31 108,638.68 145,426.92 140,888.75
2 160,812.05 139,351.81 178,871.00 179,553.83
3 179,508.72 157,007.86 198,613.89 202,525.24
4 192,049.20 169,117.54 211,758.73 217,849.17
5 200,976.34 178,134.83 221,078.60 229,417.27
6 207,593.93 184,851.34 228,204.45 238,002.96
7 212,876.09 190,552.68 233,705.94 244,772.15

. . . . . . . . . . . . . . .

24 241,812.61 220,295.87 266,299.16 282,630.60

In the above calculations, it seems that, under the same radiation intensity, the spec-
imens with higher heat capacities could absorb more heat inside the specimen, and less
heat escaped to the environment. And according to Newton’s cooling law, the thermal
equilibrium occurs under the condition of releasing sufficient energy for the specimen.
BOF-75 had a higher surface temperature because it stored as well as absorbed more heat,
which is a reasonable result. As far as radiation cooling is concerned, a larger value is
considered better, which means that more heat leaves the specimen in this way. BOF-75
had the largest radiation cooling among the specimens.

Based on the results, it can be concluded that BOF-75 had better heat capacity and
could dissipate less heat into the environment and absorb more heat than other specimens.
Although a higher surface temperature occurred under the same radiation intensity, BOF-75
possessed the best radiation cooling ability in the cooling period among the specimens, and
the heat could be transferred into long-wave radiation, which is not easily absorbed by air.
In addition, the material emissivity results measured by the Fourier Infrared Spectrometer
(FTIR) help to show that BOF-75 demonstrated a better performance in the radiation
cooling project.

4.5. Mechanical Test Results

The stability values of the specimens were measured according to ASTM D6927 [27].
As shown in Table 13 and Figure 17, the stability values of all specimens were far larger
than the standard requirement of 8.006 kN, which was set by the Asphalt Institute. As the
replacement ratio of BOFS increased, the stability value increased. Among all specimens,
BOF-75 had the highest average stability value of 34.54 kN.
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Table 13. Stability value of the specimens.

Specimen No. Stability Value (kN) Average Stability Value (kN)

Benchmark
1 12.13

11.612 12.25
3 10.43

BOF-45
1 16.98

17.072 17.68
3 16.55

BOF-55
1 17.05

15.912 15.67
3 15.02

BOF-75
1 35.09

34.542 33.59
3 34.93

Figure 17. Stability values of the specimens.

Indirect tensile strength, one of the indexes of asphalt concrete, can be inferred from
the resistance of rut and crack. Following ASTM D6931 [28], the indirect tensile strength
was measured and calculated as shown in Table 14 and Figure 18. It implied that BOFS
had a better binding ability with bitumen than natural aggregate did.

Table 14. Indirect tensile strength of the specimens.

Specimen Maximum Load (kN)
Indirect Tensile
Strength (MPa)

Average Indirect Tensile
Strength (MPa)

Benchmark
5.592 0.511

0.5686.524 0.612
6.259 0.580

BOF-45
11.75 1.255

1.25312.09 1.251
12.02 1.253

BOF-55
13.64 1.509

1.41412.26 1.364
12.30 1.368

BOF-75
12.54 1.456

1.25311.08 1.264
9.369 1.038
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Figure 18. Indirect tensile strength of the specimens.

The BPN was measured according to ASTM E303 [29]. As shown in Table 15, all
specimens conformed to the BPN of 45 [30]. Specimens replaced partially by BOFS demon-
strated an anti-skid ability, while the flatness was roughly the same. There is no doubt that
using asphalt concrete pavement in which natural aggregates have been partially replaced
by BOFS affects driving safety.

Table 15. British pendulum number (BPN) of the specimens.

Specimen No. 1 2 3 4 Average

Benchmark 82 83 84 83 83
BOF-45 80 80 81 80 80
BOF-55 79 79 79 80 79
BOF-75 82 80 80 82 81

5. Conclusions

Regarding the asphalt concrete with partial BOFS replacement in different proportions,
several conclusions can be stated as follows.

1. The BOF-75 specimen had a high emissivity of 0.86 across the sky window (8–13 μm)
and the thermal conductivity of the specimen decreased as the substitution ratio of
BOFS increased.

2. Under two different radiation intensities, the surface temperature order among the
specimens was the same. Furthermore, the temperatures from high to low were in
the order BOF-75 > BOF-55 > BOF-45 > benchmark specimen.

3. At the end of 24 heating hours, the temperature order at the depth of 3 cm was
opposite to that for the surface, and the temperatures at the depth of 3 cm, from high
to low, were in the order benchmark asphalt concrete > BOF-45 > BOF-55 > BOF-75.
When the depth was more than or equal to 3 cm, the temperatures remained in the
same order.

4. According to the quantitative calculation of the heat storage, under the same radiation
intensity, the BOF-75 specimen absorbed the most heat inside the body, contributing
to less heat remaining in the environment. In the cooling period, Newton’s cooling
energy accounted for about 90% of the stored energy within 7 h, so the main ways
of heat dissipation after the seventh hour were radiation and conduction cooling,
corresponding to the emission across the urban boundary layer. Therefore, the BOF-75
specimen was considered more favorable to urban heat island mitigation.
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5. The anti-skid index, the BPN value, was far larger than the standard of 45; the stability
value complied with the standard of 8.006 kN, and BOF-75 could reach 34.54 kN.
Consequently, BOFS can be successfully applied in pavements.

6. All asphalt concrete with partial BOFS replacement had a greater indirect tensile
strength than the traditional concrete. It is very likely that BOFS has a better binding
ability with bitumen than natural aggregate does.

7. From the test results, it can be seen that BOFS has great applicability in pavements
due to its thermal performance and mechanical properties.
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Abstract: In order to explore the modification effect of carbonization time on nano-MgO-modified
cement soil, unconfined compressive strength tests of nano-MgO-modified cement soil with car-
bonization times of 0 h, 6 h, 1 d, 2 d and 4 d were carried out. A method for normalizing the
stress–strain curve was proposed, and the influence of nano-MgO content and carbonization time
was investigated from the three aspects of compressive strength, peak strain and energy dissipation.
The test results show the following: (1) The compressive strength of the modified cement soil can be
significantly improved by adding 1.0% nano-MgO and after 1 d carbonization. (2) Under the same
nano-MgO content, the peak strain of the modified cement soil after 2 d carbonization reaches the
maximum, which can significantly increase its ductility. However, the nano-MgO content has little
influence on the peak strain of the modified cement soil. (3) Under the same nano-MgO content, the
energy dissipation rate of the modified cement soil after 1 d carbonization reaches the maximum,
which can better resist the damage of external load.

Keywords: cement soil; nano MgO; carbonization process; compressive strength; energy dissipation

1. Introduction

Nowadays, with the rapid development of infrastructure construction, there are fewer
land resources available. In the process of building construction, soft soil foundations with
lower strength are often encountered. Cement and lime [1–4] are often used to improve
the bearing capacity of soft soil foundations to make them meet the needs of different
engineering fields, such as highways, slopes and residential construction [5,6]. However,
soft soil has many undesirable engineering properties, such as high compressibility and
high porosity and obvious thixotropy and creep properties [7], which require a large
amount of cement to solidify the soft soil foundation. Moreover, CO2 produced by cement
production accounts for 5–7% of the total amount of human-generated CO2 [8]. Therefore,
in order to reduce the dosage of cement and CO2 emissions, many scholars have found
suitable materials and methods to further improve cement soil on the basis of adding new
engineering materials as a curing agent [9–12].

Nanomaterials are widely used in the field of construction engineering due to their
characteristics of small particle size, large surface area and good stability. Commonly used
nanomaterials are nano-SiO2 [13–15], nano-clay [16–18] and nano-MgO. Among them,
nano-MgO is mainly made by sintering magnesite at 700 ◦C, while the temperature of
cement in the production process is above 1450 ◦C [19]. Therefore, using nano-MgO to
replace part of cement can also reduce energy consumption [20]. Gao et al. [21,22] explored
through tests that 6% nano-MgO content could significantly increase the compressive
strength and stability of clay, and better improve the shear strength and cohesion of
the modified cement soil. However, it had little influence on the internal friction angle.
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Moradpour et al. [23] found that the compressive strength and flexural strength of cement-
based materials was significantly improved with 1.0% nano-MgO content. In addition,
nano-MgO had expansibility, and the microstructure of nano-MgO-modified cement-based
materials was denser than the ordinary cement-based materials. Wang et al. [24] found
that under the erosion of sulfuric acid solution, the shear strength of modified cement
soil reached the maximum with 0.5% nano-MgO content. Yao et al. [25,26] investigated
through unconfined tests that the addition of nano-MgO could better improve the strength
of cement soil. Moreover, the cohesion of modified cement soil reached the maximum,
with the 1.0% nano MgO content, and the internal microstructure was more compact.
Yuan et al. [27] and Hou et al. [28] found that the addition of nano-MgO would form a large
amount of fluffy and acicular aluminate hydration products inside the cement paste, which
could effectively fill the larger pores inside the cement paste and improve the stability of
the structure.

As CO2 will lead to the corrosion of steel bars, research mainly focuses on the preven-
tion and control measures of the carbonation of concrete [29–31]. However, the corrosion of
steel bars is not considered in solidified soft soil, so CO2 can be injected into solidified soft
soil to improve its engineering performance. Moreover, CO2 could react with hydration
products to consume CO2 and reduce greenhouse gas emission. Yi et al. [32] found that
after carbonization, the unconfined compressive strength of solidified soil with 5% MgO
content was about 200% of that of ordinary cement solidified soil. However, with 10% MgO
content, the increase in strength decreased. Cai et al. [33] found that with the increase in
carbonization time, the number of cracks on the surface of MgO solidified sand gradually
increased. Vandeperre et al. [34] found that MgO generated rankinite after carbonization,
which had a larger volume expansion rate and could fill the pores of the mixture, so as
to improve the strength and toughness of the mixture. Mo et al. [35] found that under
the action of carbonization, the pore size and porosity of MgO-modified cement paste
decreased, while the apparent density and microscopic density increased.

In sum, the research on the mechanical properties of nano-MgO-modified cement
soil has been gradually carried out. However, there are few studies on the mechanical
properties of the modified cement soil by carbonization, which requires further exploration.
In this paper, on the basis of cement soil with 20% mass fraction of cement, the unconfined
compressive strength tests were carried out on the modified cement soil with different
nano-MgO contents and carbonized times. From the angle of strength and ductility, the
influence of carbonization time on the mechanical properties of the nano-MgO-modified
cement soil was investigated.

2. Test Materials and Preparation

2.1. Materials

The materials used throughout the experimental tests include subgrade soil, water,
cement and nano-MgO. The subgrade soil was collected from a coastal area in Shaoxing
city of Zhejiang province, China. The main physical and mechanical indexes are shown in
Table 1. Guyue brand P.C 42.5 composite Portland cement produced by Shaoxing Keqiao
Third Cement Co., Ltd. (Shaoxing City, China) was used as shown in Figure 1a, and the
main physical and mechanical parameters are shown in Table 2. The nano-MgO was a
50 nm spherical MgO produced by Shanghai Macklin Biochemical Technology Co., Ltd
(Shanghai City, China). The appearance was white to light yellow powder, as shown in
Figure 1b, and its physical and mechanical properties are shown in Table 3.

Table 1. The physical indexes of subgrade soil in coastal area of Shaoxing.

Density
(ρ/g·cm−3)

Void Ratio
e

Saturability
(%)

Natural Moisture
Content
w (%)

Liquid Limit
WL (%)

Plastic Limit
WP (%)

Liquidity
Index
IL (%)

Plasticity
Index
IP (%)

1.65 1.64 98 60.00 46.20 26.40 1.70 19.80
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(a) (b) 

Figure 1. Physical picture of cement and nano MgO. (a) Composite Portland cement; (b) nano-MgO.

Table 2. The physical and mechanical parameters of P.C 42.5 cement.

Fineness(%) Stability Setting Time (min) Flexural Strength (MPa) Compressive Strength (MPa)

0.08 mm 0.045 mm
Qualified

Initial Final 3 d 28 d 3 d 28 d
≤10 ≤30 ≥45 ≤600 ≥2.5 ≥5.5 ≥10.0 ≥42.5

Table 3. The physical and mechanical parameters of nano MgO.

Mean Grain
Size (nm)

Purity
(%)

Melting Point
(◦C)

Boiling Point
(◦C)

Density (20 ◦C)
(g·cm−3)

Specific Surface
Area (m2·g−1)

Refractive
Index (%)

50 99.9 2852 3600 3.580 30–50 1.736

2.2. Test Program

The samples were divided into 25 groups according to different nano-MgO contents
and carbonization times, and the mix proportion of each group of materials is shown
in Table 4. MCS represents nano-MgO-modified cement soil. Unconfined compressive
strength tests were carried out on 25 groups of MCS. In order to reduce the random error
and the discreteness of the test data in the test process, five repeated tests were performed
on each group of samples.

Table 4. The sample mix proportion and carbonation time design.

Group Cement Content (%) Moisture Content (%) Curing Time (d) Nano-MgO Content (%)
Carbonization

Time

MCS 20 80 7 0, 0.5, 1.0,
1.5, 2.0

0 h, 6 h, 1 d,
2 d, 4 d

2.3. Sample Preparation

(1) Soil sample preparation. The subgrade soil was soaked in water for 7 days until it
was softened and turned into silt. Next, large particles, stones or other impurities
were removed from the subgrade soil through a sieve with a diameter of 2 mm.

(2) Determination of the moisture content. The subgrade soil was stirred evenly and
stood for 2–3 weeks. Then, a small amount of subgrade soil was taken out to measure
its moisture content.

(3) Sample mixing. Appropriate amounts of subgrade soil, cement and nano-MgO were
weighed according to the experimental mix proportion, and placed into a mixer and
stirred for 5 min.

(4) Unconfined sample preparation. The prepared mixture was poured into a cylindrical
mold with a diameter of 39.1 mm and a height of 80 mm three times. Each time
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the mixture was poured, it was vibrated. The sample was left to stand for 2 h after
completion, and the upper and lower surfaces of the samples were flattened with a
scraper, wrapped with filter paper and placed into water for curing.

(5) Sample curing. The moisture content of the sample was high, so it was difficult to
form; therefore, it needed to soak in water for 3 days before demolding. Then, it was
placed into a standard curing box or carbonization curing box to continue curing. The
curing methods and conditions are shown in Figure 2 and Table 5, and the soaking
and carbonization curing are shown in Figure 3a,b, respectively.

Figure 2. The relationship between carbonation time and curing age.

Table 5. The maintenance conditions.

Maintenance Method Maintenance Conditions

immersion curing water temperature (20 ◦C ± 2 ◦C)
standard curing temperature (20 ◦C ± 2 ◦C); humidity (95% ± 2%)

carbonization curing temperature (20 ◦C ± 2 ◦C); humidity (95 ± 2%); CO2 concentration (20% ± 3%)

  
(a) (b) 

Figure 3. Maintenance method. (a) Immersion curing; (b) carbonization curing.

2.4. Mechanical Test

TKA-WXY-1F automatic unconfined pressure gauge produced by Nanjing TKA Tech-
nology Co., Ltd. was used in the unconfined compressive strength test. The loading rate
was set to 1 mm/min during the test. According to the GB/T 50123-2019 Geotechnical Test
Standard, when the axial force reaches its peak value, the test can be stopped by performing
another 3–5% axial strain value. In this paper, the test was stopped when the axial strain of
uncarburized MCS reached 10%. The test was stopped when the axial strain of carburized
MCS reached 12%.
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3. Unconfined Data Analysis

3.1. Stress–strain Curve Analysis

The stress–strain curves of MCS with different nano-MgO contents and carbonization
times are shown in Figures 4–8. It can be seen from the figures that the stress–strain curves
of MCS are all softening curves. At the initial stage of loading, the stress of MCS increases
linearly with the increase in strain. As the strain continued to increase, the upward trend
of stress gradually slowed down, and finally, the stress reaches the peak value. At this
point, the strain corresponding to the peak stress is the peak strain of the sample. When the
peak strain occurs, the sample will be destroyed and inclined cracks will appear, and the
force on the sensor will drop sharply, so the stress attenuation rate will increase. With the
increase in strain, the sample will be compressed, and the friction force will be generated
at the inclined cracks, so the stress attenuation rate will decrease. With the continuous
increase in strain, the sample will be further compressed, and the force on the sensor will
not change.

  
(a) (b) 

  

(c) (d) 

 

(e) 

Figure 4. The stress–strain curve of MCS with 0% nano-MgO content. (a) Carbonization 0 d; (b) carbonization 6 h;
(c) carbonization 1 d; (d) carbonization 2 d; (e) carbonization 4 d.
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 5. The stress–strain curve of MCS with 0.5% nano-MgO content. (a) Carbonization 0 d; (b) carbonization 6 h;
(c) carbonization 1 d; (d) carbonization 2 d; (e) carbonization 4 d.
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 6. The stress–strain curve of MCS with 1.0% nano-MgO content. (a) Carbonization 0 d; (b) carbonization 6 h;
(c) carbonization 1 d; (d) carbonization 2 d; (e) carbonization 4 d.
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 7. The stress–strain curve of MCS with 1.5% nano-MgO content. (a) Carbonization 0 d; (b) carbonization 6 h;
(c) carbonization 1 d; (d) carbonization 2 d; (e) carbonization 4 d.
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 8. The stress–strain curve of MCS with 2.0% nano-MgO content. (a) Carbonization 0 d; (b) carbonization 6 h;
(c) carbonization 1 d; (d) carbonization 2 d; (e) carbonization 4 d.

3.2. Curve Normalization

During the test, five repeated tests were conducted for all the tests designed in Table 4
to reduce the test error. The results of five repeated samples are different, so obtaining a
reasonable standard value from these five results is particularly critical. In this paper, the
deviation of five peak stresses were taken as the research object, and the weight of each
peak stress was calculated. Then, the weight of each peak stress was taken as the weight of
this curve, and the five curves were further normalized to one curve. The normalization
method is as follows:
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1. Determination of the average value of peak stress? σi.

σ =
1
N ∑

i∈[1,N]

σi (1)

where σi is the peak stress of each stress–strain curve of the sample, and N is the
number of repeated tests in this group of samples. In this study, there were five
repeated tests in each group, so N = 5, and i is the serial number of the data in the
sample.

2. Determination of the deviation Δσi of each peak stress.

Δσi = |σi − σ| (2)

3. Determination of the variance S of the peak stress.

s =
1
N ∑

i∈[1,N]

Δσ2
i (3)

4. Determination of the initial weight pi of each peak stress. In order to ensure that the
initial weight is between [0,1], the maximum value Δσimax of peak stress deviation is
introduced to calculate the initial weight of each peak stress.

pi =
Δσi

Δσimax + S
(4)

5. Determination of the weight mapping function f (x). In the above equations, the
greater the deviation of the peak value is, the greater the weight of the peak stress
is. Therefore, it is necessary to assign the weight of peak stress, so that the larger
the deviation of the peak stress is, the smaller the weight after assignment is. The
mapping function is shown in Equation (5). As the function decreases monotonously,
the greater the Δσi is, the smaller the weight after conversion is.

f (x) =
2
π

× arccos(x) (5)

6. Determination of the converted weight mi of each peak stress.

mi = f (pi) (6)

7. Determination of the weighting factor ni of each peak stress.

ni =
mi

∑
i∈[1,N]

mi
(7)

8. Determination of the standard value σ of peak stress.

σ = ∑
i∈[1,N]

σi × ni (8)

Five curves of MCS with 1.0% nano-MgO after 6 h carbonization were taken as
examples and weighted by the above methods. Five test curves and the weighted curves
are shown in Figure 9. It can be seen from the figure that the normalized curve has a good
correlation with the original five test curves.

Five stress–strain curves of MCS with different nano MgO contents and carbonization
times were normalized by the above method. The normalized curve is shown in Figure 10.
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Figure 9. Weighted curve of MCS with 1.0% nano-MgO content after 6 h carbonization.

  

(a) (b) 

  

(c) (d) 

 

(e) 

Figure 10. The Normalized stress–strain curves of MCS. (a) Carbonization 0 d; (b) carbonization 6 h; (c) carbonization 1 d;
(d) carbonization 2 d; (e) carbonization 4 d.
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4. Discussion

4.1. The Influence of Nano-MgO Content

The maximum value of the normalization curve of each group of samples is taken as
the peak stress of each group of samples. The compressive strength of MCS with different
nano-MgO contents is shown in Figure 11. It can be seen from the figure that under
the same carbonization time, the compressive strength of MCS increases first and then
decreases with the increase in nano-MgO content. When the nano-MgO content is 1.0%,
the compressive strength of MCS reaches the maximum. When the carbonization time is
0 h, 6 h, 1 d, 2 d and 4 d, the compressive strength is 440.69 Pa, 547.33 kPa, 818.25 kPa,
724.10 kPa and 489.18 kPa, respectively, which is 23.3%, 13.3%, 50.2%, 41.5% and 15.1%
higher than that of cement soil without nano-MgO.

Figure 11. The influence of different nano-MgO contents on the compressive strength of MCS.

This is mainly because when the nano-MgO content is between 0% and 1.0%, cement
and nano-MgO generate carbonate precipitation after hydration and carbonization, and
the volume increases and gradually fills the pores inside MCS. As a result, the internal
structure of the soil is denser. However, with the increase in nano-MgO content, the
reaction generates excessive carbonate precipitation, and the volume expansion exceeds the
volume of the pores inside MCS [25,36], which gradually compresses the surrounding soil,
resulting in the failure of cementation between soil particles. Microcracks appear inside
MCS, and the compressive strength decreases.

4.2. The Influence of Carbonization Time

The influence of different carbonization times on the compressive strength of MCS is
shown in Figure 12. It can be seen from the figure that the compressive strength of MCS
with the same nano-MgO content increases first and then decreases with the increase in
carbonization time, so there is an optimal carbonization time. Under the five nano-MgO
contents, the optimal carbonization time is 1 d. At this time, the compressive strength of
MCS is 544.92 kPa, 579.36 kPa, 818.25 kPa, 497.55 kPa and 470.92 kPa, respectively, which is
52.5%, 40.5%, 85.7%, 29.5% and 38.8% higher than that of non-carbonized MCS. When the
carbonization time is 4 d, the compressive strength of MCS under five nano-MgO contents
is 425.01 kPa, 465.68 kPa, 489.18 kPa, 461.74 kPa and 397.26 kPa, respectively, which is still
18.9%, 12.9%, 11.0%, 20.2% and 17.08% higher than that of non-carbonized MCS.
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Figure 12. The influence of carbonization time on the compressive strength of MCS.

The mechanism of action is similar to the influence of nano-MgO content. When
the carbonization time is short, the carbonate precipitation formed by carbonization can
fill the internal pores. However, as the carbonization time increases, excessive carbonate
precipitation causes cracks inside MCS, leading to a decrease in the compressive strength.

5. Ductility and Energy Dissipation Analysis

5.1. Curve Simplification

According to the change trend of the normalized stress–strain curve, the stress–strain
curve of MCS can be divided into four stages, as shown in Figure 13:

(1) Elastic stage (OA section). At this stage, the pores inside the sample are compressed,
the volume is reduced, and there are no cracks on the surface (Figure 14a). The contact
between the soil particles is closer, and the structure becomes stronger. The stress
increases linearly with the increase in strain and reaches the stress corresponding to
strengthening point A.

(2) Strengthening stage (AB section). As the axial load increases, the sample undergoes
plastic deformation, and small cracks appear on the surface (Figure 14b). At this stage,
the stress growth trend of the sample slows down and gradually reaches the stress
corresponding to the peak point B.

(3) Falling stage (BC section). As the axial load continues to increase, the sample shows
uneven plastic deformation, and the cracks on the surface gradually spread expand to
the surroundings (Figure 14c). At this stage, as the strain increases, the stress begins
to decrease, and the downward trend gradually increases until it drops to the stress
at point A, at which point, the stress–strain corresponds to the drop point C.

(4) Failure stage (CD section). As the axial load continues to increase, the cracks on the
surface gradually expand to the surroundings and are interconnected to one another
to form a penetrating crack, accompanied by soil shedding (Figure 14d). The stress
decreases rapidly with the increase in strain, but the downward trend gradually slows
down and finally approaches a fixed value. At this time, the point corresponding to
the stress and strain is the failure point D.
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Figure 13. The change trend of stress–strain curve.

    

(a) (b) (c) (d) 

Figure 14. Failure mode. (a) OA section; (b) AB section; (c) BC section; (d) CD section.

5.2. Ductility Analysis

The strain at point B of the normalized curve of each group of samples was taken
as the peak strain of the group. The influence of different carbonization times on the
peak strain of MCS is shown in Figure 15. It can be seen from the figure that when the
nano-MgO content is 0 and 0.5%, the peak strain of MCS increases with the increase in
carbonization time. However, when the carbonization time increases from 0 to 2 d, the
peak strain of MCS increases significantly, and the difference between the peak strain of
MCS and the non-carbonized MCS is 3.8% and 3.0%, respectively; when the carbonization
time increases from 2 d to 4 d, the peak strain increases by 0.1% and 0.6%, respectively.
Therefore, the effect of 2 d carbonization on the peak strain of MCS is more obvious, which
can significantly increase the ductility of MCS.

When the nano-MgO content is 1.0%, 1.5% and 2.0%, the peak strain of MCS first
increases and then decreases with the increase in carbonization time. When the carboniza-
tion time is 2 d, the peak strain reaches the maximum, which is 6.5%, 6.2% and 6.7%,
respectively, and the difference between the peak strain of MCS and non-carbonized MCS
is 4.6%, 4.2% and 4.4%, respectively.

When the carbonization time is 0 h, 6 h, 1 d, 2 d and 4 d, the difference between the
maximum and minimum peak strains of MCS with different nano-MgO contents is 1.2%,
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1.3%, 0.7%, 0.6% and 1.1%, respectively. It can be found that the influence of different
nano-MgO contents on the peak strain is far less significant than that of carbonization time.

Figure 15. The influence of carbonation time on the peak strain of MCS.

Therefore, under the same nano-MgO content, 2 d carbonization has the best effect on
improving the peak strain of MCS, which can significantly increase the ductility of MCS.
Under the same carbonization time, the nano-MgO content has little effect on the peak
strain of MCS.

5.3. Energy Dissipation Analysis

During the loading process, energy dissipation leads to the process of the formation
of internal cracks. In the elastic stage, there are almost no cracks inside MCS, so the
energy storage and release are reversible. In the strengthening stage, damage and cracks
occur inside MCS, leading to energy dissipation. The greater the energy dissipation is, the
stronger the ability of MCS to resist damage is. Therefore, energy dissipation can be used
to measure the ability of MCS to resist damage.

As shown in Figure 13, the area enclosed by ABCFE is the total energy dissipation
density S of the sample; the area enclosed by ABC is the enhanced energy dissipation
density S1 of the sample; the area enclosed by ACFE is the basic energy dissipation density
S2 of the sample. The calculation formula is shown in Equation (9), and the unit is kJ/m3.

⎧⎨
⎩

S =
∫ ε2

ε1
f (ε)dε

S2 = σ1 × (ε2 − ε1)
S1 = S − S2

(9)

σ1 is the stress at point A on the f (x) curve; ε1 and ε2 are the strains at point A and
point C on the f (x) curve, respectively. As shown in Figure 10, the normalized curve of
each group of samples can be obtained by using the above curve normalization method,
so as to better determine the specific location of points A, B, C and D. In order to better
measure the degree of energy dissipation of MCS, the ratio of S1 and S is taken as the energy
dissipation rate K of MCS to reflect the ability to resist external damage. The larger the K
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is, the stronger the ability of MCS to resist external damage is. The influence of different
carbonization times on the energy dissipation rate of MCS is shown in Figure 16.

Figure 16. The influence of carbonization time on the energy dissipation rate of MCS.

It can be seen from Figure 16 that the K of MCS increases first and then decreases
with the increase in carbonization time under the same content of nano-MgO. When the
carbonization time is 1 d, the K of MCS with five nano-MgO content reaches the maximum,
which is 0.17, 0.24, 0.16, 0.18 and 0.18, respectively. This is much higher than that of non-
carbonized MCS. Therefore, under five nano-MgO contents, the MCS after 1 d carbonization
can better resist external damage.

When the carbonization time is 0 h, 6 h and 1 d, the K of MCS with 0.5% nano-MgO
content is the largest, which is 0.10, 0.17 and 0.24, respectively. When the carbonization
time is 2 d, the K of MCS with 1.0% nano-MgO content reaches the maximum value, 0.10.
When the carbonization time is 4 d, the K of MCS under five nano-MgO contents is 0.02,
0.02, 0.03, 0.05 and 0.04, respectively, and the range of change is small. Therefore, when the
carbonization time is 4 d, different nano-MgO contents have no significant influence on the
K of MCS.

In summary, MCS with 0.5% nano-MgO content has the largest energy dissipation rate
after 1 d carbonization, which is much greater than the other MCS with other nano-MgO
contents and after other carbonization times. This indicates that MCS with 0.5% nano-MgO
content can better resist external damage after 1 d carbonization.

6. Conclusions and Discussion

6.1. Conclusions

Through the unconfined compressive strength tests, the influence of different nano-
MgO contents and carbonization times on MCS was explored from the three aspects of
compressive strength, peak strain and energy dissipation. The following conclusions can
be drawn:

(1) A method for normalizing the stress–strain curve was proposed, and the normalized
curve had a good correlation with the five stress–strain curves obtained through
the tests.
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(2) Under the same carbonization time, the compressive strength of MCS first increases
and then decreases with the increase in nano-MgO content. When the nano-MgO
content is 1.0%, the compressive strength of MCS reaches the maximum, which is
23.4%, 13.3%, 50.2%, 41.4% and 15.0% higher than that of cement soil without nano-
MgO. Under the same nano-MgO content, the compressive strength of MCS first
increases and then decreases with the increase in carbonization time under five nano-
MgO contents. Therefore, when the nano-MgO content is 1.0%, the compressive
strength of MCS after 1 d carbonization reaches the maximum.

(3) When the nano-MgO content is 0% and 0.5%, the peak strain of MCS increases with
the increase in carbonization time. When the carbonization time increases from 2 d to
4 d, the increase in peak strain is smaller, so the modification effect of 2 d carbonization
is optimal. When the nano-MgO content is 1.0%, 1.5% and 2.0%, the peak strain of
MCS first increases and then decreases with the increase in carbonization time. When
the carbonization time is 2 d, the peak strain reaches the maximum. Therefore, under
five nano-MgO contents, 2 d carbonization can significantly increase the peak strain
of MCS and its ductility. However, the nano-MgO content has little influence on the
peak strain of MCS.

(4) Under the same nano-MgO content, the energy dissipation rate of MCS first increases
and then decreases with the increase in carbonization time. When the carbonization
time is 1 d, the energy dissipation rate of MCS reaches the maximum under five
nano-MgO contents, which can better resist the damage of external load. However,
when the carbonization time is 4 d, the energy dissipation rate of MCS is the smallest,
and different nano-MgO contents have almost no effect on the energy dissipation rate.

6.2. Discussion

(1) In this paper, the CO2 concentration during the carbonization process is 20% ± 3%,
and the influence of CO2 concentration on MCS is not considered.

(2) During the curing process, the samples were carbonized in the later period of the
curing, and the effect of carbonization at the early and middle stages of the curing on
the test results was not explored in depth.
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Abstract: The preparation of polymer-based nanocomposites requires considerable time (i.e., the
dispersal of nanomaterials into a polymer matrix), resulting in difficulties associated with their com-
mercial use. In this study, two simple and efficient dispersion methods, namely planetary centrifugal
mixing and three-roll milling, were used to enable the graphene nanoplatelets to disperse uniformly
throughout an epoxy solution (i.e., 0, 0.1, 0.25, 0.5, and 1.0 wt.%) and allow the subsequent prepara-
tion of graphene nanoplatelets/epoxy nanocomposites. Measurements of mechanical properties of
these nanocomposites, including ultimate tensile strength, flexural strength, and flexural modulus,
were used to evaluate these dispersal methods. Dispersing graphene nanoplatelets into the epoxy
resin by planetary centrifugal mixing not only required a shorter process time but also resulted in
a more uniform dispersion of graphene nanoplatelets than that by three-roll milling. In addition,
compared with traditional dispersal methods, planetary centrifugal mixing was a more efficient
dispersal method for the preparation of epoxy-based nanocomposites.

Keywords: graphene nanoplatelets; graphene nanoplatelets/epoxy nanocomposite; mechanical
properties; planetary centrifugal mixing; three-roll milling; traditional dispersal

1. Introduction

Carbon atoms can be arranged in different ways to form different dimensions of
nano-carbon materials, such as C60 (0D), carbon nanotubes (1D), graphene (2D), and nano-
carbon aerogels (3D). Although they are all composed of carbon, their properties are very
different. Figure 1 shows the different structures of nano-carbon materials [1].

The arrangement of carbon atoms in graphene is the same as that in the single layer of
graphite, which is a single layer of two-dimensional crystals composed of carbon atoms
arranged in a honeycomb crystal lattice with sp2 mixed orbital domains. Graphene can
be thought of as a lattice of atoms formed by carbon atoms and their covalent bonds. In
general, a high specific surface area between a polymer and a nanoparticle maximizes the
transfer of stress from the polymer matrix to the nanoparticle. This can effectively reduce
the composite’s cracking caused by the stress concentration. Furthermore, 2D nano-carbon
materials such as graphene have a higher specific surface area than multi-walled carbon
nanotubes (MWCNTs) and are not as easily entangled and difficult to disperse as MWCNTs.
Therefore, graphene would be a better reinforcement for polymer composites than carbon
nanotubes (CNTs). Graphene nanoplatelets (GNPs) are ultrathin stacks of graphene layers
with more than 10 carbon layers and thicknesses in the range of 5–100 nm. In some
literature, they are also referred to as “graphene nanosheets” [2–8] (Figure 2). However, the
large surface area of GNPs produces large van der Waals forces and strong π–π interactions
between the planar nanosheets [9–11]. Thus, the applications of GNP-reinforced polymer
nanocomposites are limited because of the bad dispersion result in the aggregation of GNP.

Epoxy resin is a molecule containing two or more epoxide functional groups. The
process of mixing the resin and the hardener at a certain ratio after the chemical reaction to
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form a three-dimensional network structure (cross-linking) is called curing. In addition,
epoxy resins are widely used in advanced carbon fiber-reinforced plastics (CFRPs) owing to
their good mechanical performance, processibility, compatibility with most fibers, chemical
resistance, wear resistance, and low cost [12,13]. However, the higher cross-link densities of
epoxy resins can contribute to low absolute strength and poor fracture toughness, thereby
limiting the use of epoxy composites in applications involving mechanical components [14].
Various types of reinforcements have been developed to improve the mechanical properties
of epoxy-based composites [15–18]. Hence, nano-carbon materials, such as CNT or GNP,
are usually used to improve the mechanical properties of polymer composites and their
fiber-reinforced composite laminates (CFRP). However, nano-carbon materials are difficult
to disperse into polymer matrices, resulting in the agglomeration in the polymer, and thus
have limited properties and applications. This is because the van der Waals forces between
the carbon nanomaterials can lead to agglomeration and, consequently, require the use of
complex processes to obtain a homogeneous dispersal in a polymer matrix [18–24].

In our previous studies [19,22], we demonstrated that adding GNPs into epoxy ma-
trices through traditional methods of dispersal (TD) and the subsequent preparation of
GNP/epoxy nanocomposites and their CFRP laminates could improve the mechanical and
interlaminar properties of the nanocomposite and CFRP laminates, respectively. However,
the TD processing time required to prepare nanocomposites was high, although it signifi-
cantly improved the mechanical properties. This is because the agglomeration arising from
the van der Waals forces of nano-carbon materials resulted in a lengthy process time for
the dispersion of these materials into the polymer matrices.

In general, the factors affecting the dispersal of nano-scaled particles can be divided
into three interacting phases (Figure 3): the stress application mechanism, the operating
method, and the specific energy supply are decided by the dispersal equipment. In contrast,
the particle properties specify the resistance against the fragmentation of aggregates in the
dispersal process. Basically, this includes the material properties, the surface modification,
particle size distribution, and the particle–particle interactions (i.e., the surface modification
of particles). For nano-particulate agglomerates and aggregates, particle–particle interac-
tions are especially important and are very strong; they can be described according to the
Derjaguin–Landau–Verwey–Overbeek theory [25,26]. The third key point is formulation,
including the liquid phase of the nanoparticles, rheological properties, ion concentration,
and additives.

The use of a three-roll milling apparatus has recently produced good results for nano-
reinforcement dispersal. This method exerts shear forces over the particles and avoids
the presence of compression forces. During three-roll milling, the adjacent rolls rotate in
opposite directions, and the external shear forces generated in the gap between the rolls
break large agglomerates into smaller aggregates and further into primary particles [27].
Thus, agglomerates can be separated without being damaged. In several studies [28–35], the
three-roll milling process has proven to be an effective method for producing GNP/epoxy
nanocomposites with a homogenous dispersion.

Planetary centrifugal mixing (PCM) has several advantages over other types of mixing
using blade agitators [36,37]. The PCM apparatus utilizes centrifugal swirling, which
causes less or no damage to materials that would be otherwise damaged by agitating
blades. It can effectively de-aerate the mixture by means of large centrifugal forces and
prevent contamination from outside, because the vial is perfectly sealed and no power-
transmitting shafts need to pass into the interior of the vial. Consequently, PCM can be used
for the rapid and homogeneous blending and dispersal of organic and inorganic powders,
rheological fluids, and their mixtures, including, but not limited to, nano-and micro-sized
powders [38–44], magnetic powders [45], and nano- and micro-particle suspensions [46,47].

Although the dispersal effectiveness has been established in the aforementioned
studies and there are several dispersal processes for each type of nano-reinforcement/resin
mixture, there is a lack of in-depth knowledge regarding the differences in the effectiveness
of the dispersion attained. Furthermore, very few studies have been undertaken on the

100



Sustainability 2021, 13, 1788

fabrication of nano-carbon materials, such as GNP-reinforced polymer nanocomposites,
using different methods of dispersal with a subsequent investigation of their mechanical
properties. Therefore, there remains a need to investigate the dispersal and the mechanical
properties of GNP-reinforced epoxy resin.

In this study, two simple and efficient methods of dispersal (planetary centrifugal
mixing (PCM) and three-roll milling (TRM)), were used to enable a uniform dispersal of
GNP throughout an epoxy solution (i.e., 0, 0.1, 0.25, 0.5, and 1.0 wt.%), with the subsequent
preparation of GNP/epoxy nanocomposites. The mechanical properties of the nanocom-
posites, including ultimate tensile strength, flexural strength, and flexural modulus, were
investigated. To understand the differences between the traditional process of dispersal
and these two dispersal processes, the results of our previous study [19] were compared to
those of the current study.

Figure 1. Different structures of nano-carbon materials.

Figure 2. Graphene and graphene nanoplatelets (GNPs) [48].

Figure 3. Factors affecting dispersal [26].
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2. Materials and Methods

2.1. Nano-Carbon Materials

The GNP diameter was 3–5 μm, the thickness was approximately 5–25 nm, and the
purity of the GNPs was >98%. Graphene is a single atomic layer of graphite with a thickness
of 0.34 nm. In the industrial field, a single layer of graphite with less than 10 layers can
be commonly referred to as “graphene”; the thickness of graphite can be several hundred
microns. The nano-carbon material used in this study had a thickness of approximately
5–25 nm (within 100 layers), which was different from the structure of graphene and
graphite. Therefore, this material was referred to as graphene nanoplatelets. The aspect
ratio of GNP was approximately 30–60 m2/g, which enhanced the contact area with the
polymer matrix. The theory bulk density of the GNP was 1.6 g/cm3. A transmission
electron microscope (TEM) was used to determine the aspect ratio, and a field-emission
scanning electron microscope (FESEM) was used to determine the thickness. The images
obtained revealed that the surface morphology of GNP was considerably different to that
of carbon black, CNTs, and graphite (Figure 4). The GNP particles were aggregated by van
der Waals forces.

The carbon structure of carbon black differed from that of graphite and graphene or
even GNPs in that it consisted of concentrically aligned vortex layers of graphite domains.
This structure was proposed by Heidenreich et al. in 1968 [49], as shown in Figure 5.

(a) (b) 

(c) 

Figure 4. Morphologies of GNP: (a) transmission electron microscope (TEM) image, (b) scanning electron microscope (SEM)
image of the GNP ×10,000, and (c) ×30,000.
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Figure 5. Carbon structure of carbon black: (a) macroscopic for carbon black aggregation, (b) aligned vortex layers of
graphite domains, and (c) distance between carbon layers of carbon black [49].

2.2. Preparation of GNP/Epoxy Resin Nanocomposites

Two GNP/epoxy solutions were prepared using two different mixing techniques. One
was a planetary centrifugal mixer (Mazerustar KK-250S; Kurabo Industries Ltd., Osaka,
Japan), and the other was a three-roll miller (RY-R065; Renyih Industrial Co., Ltd., Taiwan).

2.2.1. Preparation of GNP/Epoxy Resin Solution Using Planetary Centrifugal Mixing

The GNPs obtained from Xiamen Knano Graphene Technology Co., Ltd., China,
were first dried at 120 ◦C for 120 min in order to eliminate the moisture within them. A
methyl ethyl ketone (MEK) solvent was mixed with GNP and then vibrated by ultrasoni-
cation for 30 min to enable a homogeneous GNP dispersion. A solvent-type epoxy resin
(EPO-622TM obtained from Epotech Composite Co., Ltd., Taiwan) was then added into
the MEK/GNP solution, and the mixture was stirred for 20 min by using a planetary
centrifugal mixing apparatus to enable the MEK/GNP to disperse uniformly throughout
the epoxy resin. This mixer used a mechanism whereby the container holding the material
revolved clockwise while the container itself rotated counter-clockwise (rotation). Finally,
the MEK/GNP/epoxy solution was placed in an oven at 83 ◦C to evaporate the solvent
(MEK). A schematic representation of the fabrication of the GNP/epoxy solution by PCM
is shown in Figure 6a.

The planetary centrifugal mixing machine consisted of a cylindrical container that
generally had a flat bottom with no obstacles or agitators. The container was subject to two
rotational movements: one was rotation around its geometric axis, and the other was a
revolution around an axis located at a given distance (R0). Figure 7 presents a schematic
representation of this instrument, which approximated the shape and the function of a
standard centrifuge. The difference from a centrifuge was that a plastic container was also
rotated at an appropriate speed. The mixing container rotated in the opposite direction to
the central rotating shaft at speed, as well as the central rotating drum, thus generating
high shear forces in the container. This combination homogenized the nanoparticle in the
epoxy matrix. Using this mixer, the sub-micrometer-sized (diameter) GNP particles could
be dispersed homogeneously into the resin within 20 min, which was a shorter treatment
time than that obtained in our previous studies [19,22].

2.2.2. Preparation of GNP/Epoxy Resin Solution by Three-Roll Milling (TRM)

The GNPs were dried in an oven at 120 ◦C for 120 min to eliminate the moisture within
them. They were subsequently mixed with epoxy resin for 30 min by using a mechanical
mixer and then mixed using a three-roll milling apparatus for 100 min to improve the
uniformity of the GNP distribution in the epoxy solution. The gap size between each pair
of rolls varied as a function of the steps (in microns): (1) 320–340; (2) 260–290; (3) 210–230;
(4) 160–180; and (5) 110–130. The dispersion time of one gap was 20 min, and the total
time of all the five gaps was 100 min. During the three-roll milling process, rollers 1 and
3 rotated in the same direction, whereas roller 2, located between 1 and 3, rotated in the
opposite direction, thereby inducing high shearing in the mixture. The three rollers rotated
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at different speeds, with the speed ratio among them maintained at 9:3:1 (ω3 = 3ω2 = 9ω1)
in each of the three passes. The mismatch between the angular velocity of the adjacent
rolls and the direction of rotation (clockwise or anticlockwise) was controlled to exert high
shear forces over the mixture (Figure 8a). The mixture was poured between the two first
rolls and was collected after the third roll. The separation between the rolls influenced
the forces exerted over the mixture and therefore on the dispersion achieved. Smaller
distances between the rolls produced greater shear forces, which were necessary to break
large agglomerates. The reduction of the agglomeration size resulted in a better dispersion
of the nano-reinforcement. Nevertheless, when the force exerted was too large, it might
break the structure of GNPs, leading to a reduced aspect ratio of the GNPs. The principle of
the flow conditions can be seen in Figure 8b [50]. A primary dispersion of the agglomerates
could be achieved by the knead-vortex between the rolls, while the final exfoliation and
dispersion of the GNPs occurred in the area between the rolls. During the dispersion
process, the adjacent rollers rotated at different speeds and in opposite directions. The
dispersion effect resulted from the high shear stresses generated in the gap between the
rolls. A schematic representation of the fabrication of the GNP/epoxy solution by the
three-roll milling process is shown in Figure 6b.

2.2.3. Preparation of GNP/Epoxy Nanocomposites

The GNP/epoxy resin solution (dispersed through one of two processes) was first
placed in a vacuum heating oven to eliminate air bubbles and residual solvents. The
resin solution was then poured into molds and placed on a hot-press machine to prepare
the GNP/epoxy nanocomposites. A schematic representation of the fabrication of the
GNP/epoxy nanocomposite is shown in Figure 6c. The curing cycle of the nanocomposite
is shown in Figure 9. Note that the temperature of the epoxy solution was raised from
room temperature to 120 ◦C and held for 5 min to increase the flow of the resin as well
as to allow the degassing from the mold. The temperature was then raised to 150 ◦C; the
resin started to enter curing, and the pressurization process started at this time. In this
period, the perfect composite could be prepared under the effect both temperature and
pressure. After holding the temperature for 30 min, the composite started to cool; it took
approximately 240 min for the composite to cool from 150 ◦C to room temperature. Finally,
the nanocomposite could be demolded. After the preparation of the nanocomposites was
completed, the nanocomposites were placed in a heating oven at 120 ◦C for 120 min to
eliminate the internal stress; this was called the “post-curing” process.

2.3. Test Methods
2.3.1. Tensile Test

The tensile strength of GNP/epoxy nanocomposites was measured using a universal
materials testing system (Instron 3369). The tensile testing specimens with a dumb-bell
shape were prepared by machining samples from 3-mm-thick plates; the samples had
a gauge length of 50 mm, according to ASTM D 638 type I. An extensometer with a 50-
mm gauge length was used for measuring the axial strain and was stuck on the surfaces.
During the tests, the specimens were subjected to tensile loading at a crosshead speed of
1 mm min−1 at room temperature. The dimensions of the tensile specimen are shown in
Figure 10a. Five specimens of each nanocomposite were taken and tested for the ultimate
tensile strength σt, which was obtained from the average value as follows:

σt =
P
A

where P is the maximum tension loading (N) and A is the section area.

2.3.2. Flexural Test

The flexural properties were determined according ASTM D790-17 by using the three-
point bending test method. The dimension of the rectangular flexural specimen was
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130 mm × 13 mm × 3 mm, and the span was 16 times the thickness according to the
standard, i.e., 48 mm. As the thickness of the specimen varied slightly because of the
preparation process, the average thickness of the specimen was used as the span setting
value before each test, and then the span and drop rate were calculated according to this
value. The bending test value was obtained by averaging the test data. The maximum
loads were obtained and the flexural strength (σf) and modulus (EB) were calculated using
the following formulas respectively; the data were obtained from the average of the five
tested values. The dimensions of flexural specimen are shown in Figure 10b.

σf =
3PL

2Wt2

EB = L3m
4Wt3

where P is the maximum load (N); L is the span, which is the distance between the supports
(mm); m is the initial slope of the linear region of the load/displacement curve; W is the
width of the specimen (mm); and t is the thickness (mm).

2.3.3. Viscosity Test

In this study, the kinetic viscosity was calculated according to the kinematic viscosity
measurement described in the ASTMD445 standard: η in the fluid with two areas of 1 m2,
1 m apart, and a relative speed of movement of 1 m/s; the resistance thus faced is called
kinetic viscosity. The unit of kinetic viscosity is pascal-seconds. The kinetic viscosity η was
calculated by using the following formula:

η = �υ

where η is the kinetic viscosity; � is the density of the fluid, and υ is the kinematic viscosity.

 

Figure 6. Schematic representation of the preparation of (a) GNP/epoxy solution through the planetary centrifugal mixing
process, (b) GNP/epoxy solution through the three-roll milling process, and (c) GNP/epoxy nanocomposites.
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(a) (b) 

Figure 7. Schematic representation of the planetary centrifugal mixer: (a) Kurabo Mazerustar KK-250S and (b) schematic
representation of this instrument.

 
(a) 

 
(b) 

Figure 8. (a) Three-roll milling used for the dispersion of GNPs in an epoxy matrix, and (b) schematic representation of the
flow conditions in the roller clearance [50].
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Figure 9. Curing cycle of nanocomposite.

(a) 

 
(b) 

Figure 10. Dimensions of nanocomposite specimen: (a) tensile and (b) flexural specimen.

3. Results and Discussion

3.1. Mechanical Properties of GNP/Epoxy Nanocomposites Prepared Using Planetary
Centrifugal Mixing

The planetary centrifugal mixing equipment used in this study enables simultaneous
mixing/de-aerating within a short time without the use of mixing rods and blades. In
order to find the best planetary centrifugal mixing condition, two different parameters
were used to disperse GNPs into epoxy, followed by an investigation of the mechanical
properties of the GNP/epoxy nanocomposite.

Table 1 summarizes the different dispersal parameters of the PCM used in this study.
The rate of revolution could be varied between approximately 640 and 1700 rpm, with
10 increments. The rate of rotation also had 10 increments and ranged between 0.0 and
1.0 times the speed of revolution. The revolution speed of level 10 was approximately
1700 rpm. The revolution and the rotation speed of Channel 1 (CH 1) was approximately
1200 rpm and approximately 500 rpm, respectively. The equivalent values for CH 2 were
approximately 1600 and 1600 rpm, respectively. CH 1 is predominantly used for stand mixing
and de-aerating, and CH 2 is focused on mixing. In this study, these two different mixing
channels were used to investigate the efficiency of GNP dispersal into the epoxy resin because
the impact of de-aeration on the dispersal of GNPs into the epoxy was not known.

107



Sustainability 2021, 13, 1788

Figures 11–13 and Table 2 show the ultimate tensile strengths, flexural strengths,
and flexural moduli of the epoxy nanocomposites with different contents of GNPs. The
epoxy resin containing GNPs prepared with either channel of the PCM exhibited different
mechanical properties as compared to the pure resin. The dispersion experienced with
CH 1 emphasized standard dispersion (including mixing, degassing, and temperature
suppression), which differed from CH 2′s emphasis on mixing. Therefore, when GNPs
were mixed with the epoxy resin, the poor dispersion resulted in the poor mechanical
properties of the nanocomposites.

When GNPs were combined with epoxy through the CH 2 dispersal, the mechan-
ical properties of the nanocomposite with GNPs added at 0.25 wt.% exhibited the best
enhancement, as compared to the neat epoxy resin without any GNPs added. In our
previous study [19], the GNPs were used to reinforce the epoxy composite to enhance their
mechanical properties using the traditional dispersal (TD) process. This earlier study also
demonstrated that when GNPs were added at 0.25 wt.%, the mechanical properties of
nanocomposites were enhanced the most. To investigate the effect of different dispersal
mechanisms on the mechanical properties of epoxy nanocomposites reinforced with GNP,
CH 2 was used in this study to prepare a GNP/epoxy nanocomposite; this was compared
with the results obtained using other mixing processes.

Table 1. Operating parameters for the different applications of planetary centrifugal mixing (PCM).

Channel Step Function Application

Rev
(rpm)

Rot
(rpm)

Time
(min)

Mixing Deaerating Speed
Temperature-Rise

Control

CH 1 1200 500 20 � � � � Standard mixing/deaerating
CH 2 1600 1600 20 ◎  ◎  Mixing priority

 Rev: Revolution level; Rot: Rotation level; Time: Process time;◎: Excellent; �: Good;: Poor.

−

−−
−

Figure 11. Tensile strengths of GNP/epoxy nanocomposites prepared using PCM.

−−

−

−

−

−

−
−

−

Figure 12. Flexural strengths of GNP/epoxy nanocomposites prepared using PCM.
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Figure 13. Flexural moduli of GNP/epoxy nanocomposites prepared using PCM.

Table 2. Mechanical properties of GNP/epoxy nanocomposites under different PCM conditions.

Unit Channel
GNP Content (wt.%)

Neat 0.1 0.25 0.5 1.0

Tensile strength
(MPa)

CH 1
54.89

50.82 53.87 60.21 53.02
CH 2 44.82 40.93 46.57 41.14

Flexural strength
(MPa)

CH 1
105.89

105.00 107.67 122.57 124.56
CH 2 109.29 92.77 82.89 103.91

Flexural modulus
(GPa)

CH 1
2.22

2.30 2.82 2.94 3.19
CH 2 1.56 1.86 1.60 1.32

3.2. Mechanical Properties of GNP/Epoxy Nanocomposites Prepared Using Different Methods
of Dispersal

Figures 14–16 and Tables 3–5 show the tensile strengths, flexural strengths, and flexural
moduli of the epoxy nanocomposites fabricated with different GNP contents, using three
dispersing processes. The mechanical properties of the nanocomposites prepared using
PCM and TRM were investigated in this study, and the data pertaining to the traditional
dispersal (TD) was taken from our previous study [22].

Nanocomposites prepared using PCM exhibited the same reinforcement effect as that
observed with TD, and both exhibited better mechanical properties than pure resin. In our
previous study, the use of TD to prepare nanocomposites demonstrated that the mechanical
properties of GNP/epoxy nanocomposites were optimal when 0.25 wt.% GNP was added.
These results were similar to those obtained using PCM. Furthermore, Figures 15 and 16
indicate that the flexural strengths and the flexural moduli of the nanocomposites without
the added GNPs were approximately 105.89 MPa and 2.22 GPa, respectively. The rein-
forced nanocomposite containing 0.25 wt.% GNP, generated using PCM, exhibited very
significantly improved flexural strength (27.8%) and flexural modulus (55.5%) compared
to the neat epoxy resin.

The nanocomposites showed very significant mechanical enhancement by PCM and TD;
Table 6 compares the different durations of dispersal with GNPs mixed into epoxy. For the TD
process, although significant improvements in the mechanical properties (from 0.25–1 wt.%)
were apparent, the time required for processing was reasonably long (a total of 190 min). In
contrast, the TRM processing time was shorter than that required in the TD process. The
epoxy resin used in this study was a solvent-type (low-viscosity) resin, and the open operating
space resulted in solvent evaporation, thereby causing a variation in the viscosity within the
different gaps applied by the TRM process (Figure 8a). Resin viscosity was the key factor
in the dispersal of nanomaterials into the resin. To ensure that GNPs could be effectively
dispersed into the epoxy resin by three-roll milling, the solvent (MEK) had to be irregularly
added to reduce the variability in the viscosity of the resin during TRM. Consequently, the
viscosity of the resin changed irregularly during TRM. The viscosities of EPO-622TM and
GNP/epoxy (TRM) at 30 ◦C are presented in Figures 17 and 18 and Table 7. The viscosity
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of the GNP/epoxy resin produced by TRM exhibited significant changes, which resulted in
the instability and non-uniformity of the dispersal of GNPs into epoxy resin and in turn the
instability of the mechanical properties of nanocomposites.

The high speed and shorter processing time for dispersal required by PCM aided
in maintaining stability and resulted in a significant improvement of the mechanical
properties of nanocomposites. This was because of the high shear strength imposed in a
close dispersing space. The mechanism of rotation in PCM was similar to the vortex fluidic
exfoliation process [51]. The aggregation and stacking between GNP particles arose because
of the van der Waals forces. In the PCM device, the high internal shear stresses within the
tube wall provided the necessary conditions for dispersal. According to fluid dynamics,
the liquid flow was upwards at the internal surface of the rotating tube, and downwards
close to the liquid surface (Stewartson/Ekman layers) (Figure 19a). The shear layers were
parallel to the axis of rotation in the rapidly rotating fluid, and the GNP particles initially
accelerated to the walls of the tube because of the large centrifugal force.

In the rapidly rotating fluid, the shear layers were parallel to the axis of rotation. The
large centrifugal force initially accelerated the GNPs to the walls of the tube, as shown in
Figure 19b,c; the GNP particle exfoliation occurred via this rotation process. This required
the lifting of individual particles from the surface of the bulk GNP, arising through the
presence of a lateral force. The exfoliation involved a slippage process, whereby the GNPs
were displaced relative to each other. Therefore, a large centrifugal force ensured that the
GNPs experienced a shear-induced displacement along the surface.

Planetary centrifugal mixing simultaneously combined rotation and revolution. A
powerful centrifugal force enabled the materials to be well dispersed. Rotation could
effectively exfoliate GNPs, while revolution could further disperse GNPs into the resin and
complete the de-aeration. Thus, CH 2, with a processing time of 20 min, was found to be
the optimal setting for dispersing GNPs into epoxy resin in this study.

−

−

−

−

− −

Figure 14. Tensile strengths of GNP/epoxy nanocomposites prepared using different dispersing processes.

−

−

−

−

− −

Figure 15. Flexural strengths of GNP/epoxy nanocomposites prepared using different dispersing processes.

110



Sustainability 2021, 13, 1788

−

−

−

−

− −

Figure 16. Flexural moduli of GNP/epoxy nanocomposites prepared using different dispersing
processes.

Table 3. Tensile strengths of GNP/epoxy nanocomposites prepared using different dispersing
processes.

Process (MPa)
GNP Content (wt.%)

Neat 0.1 0.25 0.5 1.0

PCM (CH 2)

54.89

57.87 62.05 60.17 56.36
% Enhancement +5.4 +12.4 +8.5 +2.44

TRM 54.57 47.46 50.41 54.79
% Enhancement −0.6 −13.6 −9.4 −0.2

TM - 66 61.11 55.59
% Enhancement - +20.2 +11.3 +1.3

 GNP/epoxy nanocomposites: PCM: planetary centrifugal mixing process, TRM: three-roll milling process,
TM: traditional mixing process.

Table 4. Flexural strengths of GNP/epoxy nanocomposites prepared using different dispersing g
processes.

Process (MPa)
GNP Content (wt.%)

Neat 0.1 0.25 0.5 1.0

PCM (CH 2)

105.89

106.21 135.35 118.57 103.66
% Enhancement +0.3 +27.8 +12.0 −2.1

TRM 113.27 108 106.55 120.54
% Enhancement +7.0 +2.0 +0.6 +13.8

TM - 115.46 107.07 104.48
% Enhancement - +9.0 +11.3 +1.3

Table 5. Flexural modulus of GNP/epoxy nanocomposites prepared using different dispersing
processes.

Process (GPa)
GNP Content (wt.%)

Neat 0.1 0.25 0.5 1.0

PCM (CH 2)

2.22

2.26 3.44 2.98 2.48
% Enhancement +1.8 +55.0 +34.2 +11.7

TRM 2.27 2.67 2.77 2.85
% Enhancement +2.3 +20.3 +24.8 +28.4

TM - 2.49 2.50 2.53
% Enhancement - +12.2 +12.6 +14.0
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Table 6. Different process times for dispersion of GNP/epoxy solution.

Processes
(Min)

Homogenizer
Stirring

Ultrasonication
Mechanical

Mixer
Planetary

Centrifugal Mixer
Three-Roll

Milling
Total Dispersion

Time

PCM 30 20 50
TRM 30 100 130
TD 10 90 90 190

Figure 17. Viscosity curves of epoxy resin (EPO-622TM).

Figure 18. Viscosity curves of GNP/epoxy produced by TRM.

Table 7. Variable viscosity of epoxy resin under different TRM gaps at 30 ◦C.

Ramp 5 ◦C/min EPO-622TM
TRM

Gap 1 Gap 2 Gap 3 Gap 4 Gap 5

@30 ◦C, Viscosity
(Pa·s) 8.6 × 103 9.2 × 103 1.4 × 104 4.2 × 103 1.9 × 103 3.1 × 103
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Figure 19. Schematic representation of (a) microfluidic flow velocity indicted by red arrows for a section of the rotating
container, (b) dispersion process, and (c) slippage on the inner surface of the container.

3.3. Morphology of GNP/Epoxy Nanocomposites

In order to confirm the dispersal mechanism of the GNP-reinforced epoxy nanocom-
posite under two different dispersing processes, the FESEM was used to identify the
fracture surface of the nanocomposite added with 0.25-wt.% GNPs. Figure 20a shows an
scanning electron microscope (SEM) image of a neat cured-epoxy resin without GNP added;
here, it can be seen that the breaking surface of the resin was quite smooth. Figure 20b,c
show the broken section of the GNP/epoxy nanocomposite with the 0.25-wt.% GNP ad-
dition after the tensile test. With the same amount of GNP added, the average particle
size of GNPs was smaller and the distribution in the resin was more uniform for the PCM
dispersal process. This indicated that the shear force of the PCM method was stronger
and could effectively overcome the van der Waals force between the particles, resulting
in a better dispersion effect. Moreover, when the GNPs had good dispersion, the GNPs
located in the crevices in the corrugation area restrained the crevice growth. Therefore, the
mechanical properties of the nanocomposite could be significantly improved.

  
(a) (b) 

Figure 20. Cont.

113



Sustainability 2021, 13, 1788

 
(c) 

Figure 20. SEM images of nanocomposites prepared using different dispersing processes: (a) neat cured-epoxy, (b) 0.25-wt.%
GNP dispersed by PCM process, and (c) 0.25-wt.% GNPs dispersed by TRM process.

4. Conclusions

All the three methods of dispersal improved the mechanical properties of the GNP/
epoxy nanocomposites. For the TD process, the poor efficiency arose from the longer
processing time. Although TRM improved the mechanical properties of the nanocompos-
ites, the variable viscosity of the GNP/epoxy solution during the dispersal resulted in the
unstable mechanical properties of the nanocomposites.

The morphological analysis by SEM revealed that the average particle size of the GNPs
dispersed by the PCM method was not only smaller but also more uniformly dispersed
around the resin, which was the key reason for the better mechanical properties. Therefore,
the dispersion of GNPs into epoxy resin by the PCM method was not only efficient in
terms of the process time but also significantly improved the mechanical properties of the
nanocomposites. PCM could thus be deemed a more efficient and economically viable
method of dispersal for the preparation of epoxy-based nanocomposites.
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Abstract: This study used the sol–gel method to synthesize a non-halogenated, hyperbranched
flame retardant containing nitrogen, phosphorus, and silicon (HBNPSi), which was then added to a
polyurethane (PU) matrix to form an organic–inorganic hybrid material. Using 29Si nuclear magnetic
resonance, energy-dispersive X-ray spectroscopy of P- and Si-mapping, scanning electron microscopy,
and X-ray photoelectron spectroscopy, this study determined the organic and inorganic dispersity,
morphology, and flame retardance mechanism of the hybrid material. The condensation density
of the hybrid material PU/HBNPSi was found to be 74.4%. High condensation density indicates
a dense network structure of the material. The P- and Si-mapping showed that adding inorganic
additives in quantities of either 20% or 40% results in homogeneous dispersion of the inorganic
fillers in the polymer matrix without agglomeration, indicating that the organic and inorganic phases
had excellent compatibility. In the burning test, adding HBNPSi to PU made the material pass the
UL-94 test at the V2 level, unlike the pristine PU, which did not meet the standard. The results
demonstrate that after non-halogenated flame retardant was added to PU, the material’s flammability
and dripping were lower, thereby proving that flame retardants containing elements such as nitrogen,
phosphorus, and silicon exert an excellent flame-retardant synergistic effect.

Keywords: flame retardant; organic–inorganic hybrid; polyurethane; sol–gel method; synergistic effect

1. Introduction

Polyurethane (PU) can appear in many forms, such as foam, adhesive, paint, and
elastomer. Because of its favorable mechanical properties and resistance to chemicals and
wear, PU is widely used in the automobile, textile, sports equipment, shoe sole, and paint
industries, among others [1–3]. PU is the most common commercial polymer material
in daily life. However, it has some weaknesses, such as low thermal stability and high
flammability. For example, when PU is heated to 80–90 ◦C, its mechanical properties
rapidly deteriorate. When the PU matrix is heated to over 200 ◦C, severe pyrolysis occurs
and it becomes flammable, increasing the risk of a fire hazard. Therefore, improving the
flame retardance of PU is a critical task in the development of polymer materials [1,4,5].

Compared with halogenated flame retardants, non-halogenated flame retardants have
attracted great attention because during their combustion a lower amount of hazardous
gases or smoke is produced, which is safer for the people in the fire and will not destroy
the ozone layer in the atmosphere. These are called eco-friendly flame retardants. Flame
retardants can play a role in the gas phase or condensed phase. Halogenated flame
retardants are typically in the gas phase, whereas flame retardants containing phosphorus
and nitrogen can be in either phase [4,6,7]. Flame retardants containing siloxane have a
main chain of Si–O. The energy of the Si–O bond is high and the Si–O chain is resilient when
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forming SiO2; as a result, these flame retardants exhibited outstanding thermal stability
under high temperatures [8]. Rao et al. [9] reported an organic–inorganic phosphorus–
nitrogen–silicon flame retardant that was synthesized by the Kabachnik–Fields reaction
and the sol–gel method, and then it was used as a reactive flame retardant to prepare flame-
retardant and smoke-suppressant epoxy resins (EPs). The results certified the charring
effect of the phosphaphenanthrene group and the enhancing effect of the silicon group.
Subsequently, the flame inhibition effect and lesser combustible gases release enhanced the
flame-retardant properties of the EP.

In the last few decades, the hyperbranched hybrid has gained more attention due to
its special structure. Many hyperbranched materials have been synthesized and used
in many fields, including flame retardants. Yang et al. [10] reported a novel hyper-
branched phosphorus/nitrogen-containing flame retardant (HPNFR) that was facilely
synthesized via the transesterification reaction of dimethyl methylphosphonate and tris
(2-hydroxyethyl) isocyanurate. The sample with 4 wt% HPNFR can achieve a V-0 rat-
ing in the UL-94 test and possesses a limiting oxygen index (LOI) value as high as
34.5%. HPNFR would not significantly damage the transparence of EP thermosets; con-
sequently, it reserved its application value in some special fields. Hu et al. [11] showed a
phosphorus/nitrogen-containing hyperbranched polymer (PN-HBP) that was synthesized
via the esterification reaction of 2-carboxyethyl (phenyl) phosphinic acid (CEPPA) and
tris (2-hydrooxyethyl) isocyanurate (THEIC). A higher LOI and a V-0 rating in the UL-94
vertical burning test were realized, which indicated an apparent synergistic effect. The
peak heat release rates (PHRRs) of composites were reduced significantly compared with
that of PU.

The PU used in this study has a wide range of applications. However, it has fatal
disadvantages such as flammability and dripping. This study employed the sol–gel method
to prepare a reactive flame retardant containing nitrogen, phosphorus, and silicon and
classified the flame retardance of the organic–inorganic polyurethane hybrid.

2. Experimental

2.1. Materials

Isophorone diisocyanate (IPDI) and dibutyltin dilaurate (DBTDL) were purchased
from Alfa Aesar Co., Shore Road, Heysham LA3 2XY, UK. ARCOL POLYOL 1021 (Polyol)
was purchased from Bayer Material Science Taiwan Limited Taipei, Taiwan. The purchase
of 1,4-Butanediol (1,4-BD) was from Acros Chemical Co., Morristown, NJ, USA. The
purchase of 3-Isocyanatopropyltriethoxysilane (IPTS) was from GELEST, Inc., 11 steel
Rd. EAST, Morrisville, PA, USA. Triglycidyl isocyanurate (TGIC) was purchased from
TCI, Tokyo, Japan. The purchase of 10-(2,5-Dihydroxyphenyl)-10H-9-oxa-10-phospha-
phenanthbrene-10-oxide (DOPO-BQ) was from Sigma-Aldrich Co. Ltd., Taipei, Taiwan.
Anhydrous stabilized tetrahydrofuran (THF) was obtained from Lancaster Co., Morecambe,
Lancashire, UK. Hydrogen chloride (HCl) was purchased from ECHO Chemical Co., Ltd.,
Toufen, Taiwan.

2.2. Preparation of DOPOBQ-IPTS-TGIC

First, DOPO-BQ (7.58 g) and IPTS (5.78 g) were added into a 100 mL serum bottle,
and then 80 mL of THF solvent and 0.2 g of metal catalyst DBTDL were added. The
aforementioned reactants were stirred at 60 ◦C and the substances were allowed to react
for 2 h. Subsequently, we added 0.72 mL of deionized (DI) water into THF, instilled HCI,
and adjusted the pH value to 4; the product of the sol–gel reaction was hyperbranched
phosphorous–silicon (HBPSi). Additionally, TGIC (6.95 g) was dissolved in THF and a
sol–gel reaction was conducted for 2 h on HBPSi. After the temperature reached 60 ◦C,
TGIC was slowly added into HBPSi and allowed to react at 60 ◦C for 2 h. This formed
hyperbranched nitrogen-phosphorous-silicon (HBNPSi) flame retardant that was dissolved
in THF and then the addition reaction took place with prepolymer to form nanocomposites.
This reaction is presented in Scheme 1.
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Scheme 1. The reaction of hyperbranched nitrogen–phosphorous–silicon (HBNPSi).
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2.3. Preparation of PU/HBNPSi Hybrid

IPDI (9.88 g) and Polyol (20 g) were added into a four-necked bottle in a nitrogen
environment; the mixture was stirred by a magnetic stirrer (PC 410 D, Corning Incorporated,
Corning, NY, USA), at 60 ◦C. Subsequently, DBTDL catalyst (0.3 g) was added into the four-
necked bottle for a simultaneous reaction to form a prepolymer. Following 2 h of reaction,
HBNPSi was slowly dripped into the four-necked bottle. After 2 h of reaction, 1,4-BD (0.8 g)
was also allowed to react for 2 h and we observed whether the viscosity increased. After the
viscosity increased for any sample, that sample was poured into a polytetrafluoroethylene
mold and placed into a vacuum oven (DOV-40, Dengyng Co., New Taipei City, Taiwan)
for 24 h of de-aeration. After the temperature reached 60 ◦C, it was placed in another
circulating oven (OV-80, Firstek Scientific Co., Hsin Chuang City, Taiwan) for 24 h. When
the temperature reached 60 ◦C, the finished product was withdrawn and stored at room
temperature for cooldown, thereby completing the preparation of PU/HBNPSi. Its reaction
formula is presented in Scheme 2. The schematic diagram for the experimental part is
shown in Scheme 3.

Scheme 2. The reaction of polyurethane (PU)/HBNPSi.
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Scheme 3. The schematic diagram for the experimental part.

2.4. Measurements

To observe the condensation density, 29Si nuclear magnetic resonance (NMR) was
used and performed by a Bruker DSX-400WB, Bremen, Germany. The samples were
treated at 180 ◦C for 2 h and then ground into a fine powder. The vertical burning test
was done inside a fume hood. The UL-94 standard was then used to evaluate the flame
retardance of the hybrid material. Samples were held vertically with tongs at one end
and burned from the free end. Three samples were prepared for every test. Samples were
exposed to an ignition source for 10 s. Then, they were allowed to burn above cotton
wool until both the sample and cotton wool were extinguished. Observable parameters
were recorded to assess fire retardance. The UL-94 test classifies the materials as V-0,
V-1, and V-2 according to the period needed before self-extinction and the occurrence
of flaming dripping after removing the ignition source. V-0 is the most ambitious and
desired classification. X-ray photoelectron spectroscopy (XPS) was adopted to determine
the char composition to observe the mechanism of burning. The process for using the high-
resolution X-ray photoelectron spectrometer (HR-XPS, ULVAC-PHI, Inc., Kanagawa-ken,
Japan) is as follows: the sample is crushed into powder and then adhered to the aluminum
sheet with small round holes. This sheet is mainly used for detecting the sample’s surface
as well as its elemental composition and distribution in vertical directions, in addition
to implementing analysis on the links of elemental substances. The morphology of the
fractured surface of the composites was studied under a scanning electron microscope
(SEM) (JEOL JSM 840A, Tokyo, Japan). Energy-dispersive X-ray spectroscopy (EDX) was
used to observe the distributions of Si and P atoms in the hybrid, which were obtained
from SEM EDX mapping (JEOL JSM 840A, Tokyo, Japan).

3. Results and Discussion

3.1. 29Si NMR

Solid-state 29Si NMR spectrometry was used to determine the structure of the PU/HBNPSi
hybrid material, and the DOPO-BQ-IPTS reaction process and its degree of hydrolysis conden-
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sation was obtained using the sol–gel method. Because one end of IPTS was terminated with
three tri-alkoxy groups (T), the end of the prepolymer had a T-shaped structure. The other
end was terminated with an organic chain—an –NCO functional group—that reacted with the
–OH functional group in DOPO-BQ. The T-end further hydrolyzed and condensed to form a
network structure of Si–O–Si, which was more stable. According to the degree of hydrolysis
and condensation, the single-, double-, and triple-replacement absorption peaks located at −45
to −48 ppm, −56 to −62 ppm, and −66 to −69 ppm indicate the T1 [12,13], T2 [12,14], and
T3 [12,13] structures, respectively.

Figure 1 presents the solid-state 29Si NMR spectra of the PU/HBNPSi hybrid material.
The hybrid material had the T-structure, primarily T3. Using peak separation treatments,
the T1, T2, and T3 areas could be identified. Then, the following equation was used to
calculate the condensation density (Dc(%)) [13].

Dc(%) =
1 ×

(
%areaT1

)
+ 2 ×

(
%areaT2

)
+ 3 ×

(
%areaT3

)
3

Figure 1. Solid-state 29Si nuclear magnetic resonance (NMR) spectra of PU/HBNPSi.

The Dc(%) of the hybrid material PU/HBNPSi was calculated to be 74.4%. Higher Dc(%)
indicates that a material has a denser network structure. The Si–O–Si bonded into an excellent
network structure, and the Si–O bond had high bond energy. The hybrid material thus had
high thermal stability and flame retardance. The results are summarized in Table 1.

Table 1. Distribution of area proportion.

Sample NO.
Area (%)

T1 T2 T3

PU/HBNPSi 40% 24.3 44.3 36.8

3.2. P- and Si-Mapping of EDX

This study determined the compatibility of pristine PU and HBNPSi. Two phases
were obtained and demonstrated differences under different interaction forces. The P- and
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Si-mapping of energy-dispersive X-ray spectroscopy was utilized to determine whether the
dispersibility and homogeneity were favorable or whether agglomeration occurred when
the inorganic phase was mixed with the organic phase. Favorable dispersibility indicates
that the two phases have excellent compatibility, which is crucial in a hybrid material.

Figure 2 displays P- and Si-mapping of 20% and 40% PU/HBNPSi. The images show
the dispersion of the inorganic elements P and Si in their organic phases. Each bright
dot represents P or Si. The Figure reveals that the inorganic substances in both the 20%
and 40% PU/HBNPSi were dispersed favorably in the matrix and that the material was
homogeneous. No agglomeration was observed, which indicated that the compatibility
between the organic and inorganic phases was excellent. The amount of P and Si in the
material increased as the HBNPSi content was increased.

Figure 2. Mapping photograph of the P- and Si-containing hybrid PU/HBNPSi.

3.3. Flame Retardance Analysis

In the UL-94 test, a standardized ignition specimen is combusted and the total burning
duration (the sum of two burning durations) must meet the standard; additionally, during
the burning process, dripping, which could ignite the cotton beneath the specimen, must
not occur. The flame retardance of polymeric material is classified into the V-0, V-1, and
V-2 levels. Figure 3 and Table 2 reveal that the pristine PU failed and did not achieve any
level. Dripping was observed, and the drips ignited the cotton below. As the concentration
of HBNPSi in the material was increased to 40%, the two flame burning durations of
the PU/HBNPSi hybrid material were 0.7 and 16.1 s, respectively. The sum of these two
burning durations was 16.8 s. However, because dripping occurred, the material was
graded as V-2. HBNPSi had excellent flame retardance because during pyrolysis the N
and P in the structure became gaseous, capturing free radicals and playing a role in the
condensed phase, thereby catalyzing the formation of char. Additionally, Si migrated across
the surface [14,15] and formed a dense SiO2 structure that protected the interior of the
materials. The benzene ring of DOPO-BQ provided the source for char formation, and the
char layer resisted burning under high temperature.
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Figure 3. Effect of various HBNPSi concentrations on the UL-94 of the PU/HBNPSi hybrid.

Table 2. The flame retardance of the PU/HBNPSi hybrid by UL-94 values.

Sample
UL-94

t1 + t2 (s) Ranking Dripping

Pristine PU >30 Fail Yes
PU/HBNPSi 10% >30 Fail Yes
PU/HBNPSi 20% >30 Fail Yes
PU/HBNPSi 30% >30 Fail Yes
PU/HBNPSi 40% 16.8 V2 Yes

3.4. Morphology Analysis

SEM was used to observe the morphology of the hybrid material and determine its
surface microtopography, particle size, and surface nucleation. Figure 4a shows that the
surface of the pristine PU was smooth and homogeneous before burning, without phase
separation. Figure 4b displays the surface of the burned pristine PU. Because pristine PU is
highly flammable and molten after burning, some wave patterns can be observed in the SEM
image. Figure 4c shows the surface of the 20% PU/HBNPSi before burning; it was generally
smooth and without phase separation, despite the addition of HBNPSi. Figure 4d displays
the surface of 20% PU/HBNPSi after burning. Some Si particles can be seen because Si
migrated across the surface during burning. However, because insufficient char was formed,
the heat blocking effect was weak, calling to mind UL-94. Therefore, 20% PU/HBNPSi was
flammable. Figure 4e shows the surface of 40% PU/HBNPSi before burning and that the
surface had discrete HBNPSi particles. Although the additional loading was 40%, no phase
separation was observed. Figure 4f shows the surface of 40% PU/HBNPSi after burning.
A dense char layer covered this surface because P was dehydrated and catalyzed into char
and Si migrated across the surface while burning to form a dense char layer through the
condensed phase. Both P and Si covered the material surface [13–15], which blocked the
transmission of gas and flame and increased thermal stability.

3.5. XPS Char Analysis

XPS was used to examine the changes in chemical bonds in the PU/HBNPSi hybrid
material at room temperature and after being burned at 800 ◦C in a high-temperature
furnace. Additionally, after flame retardant was added to the PU the functional group
changes, before and after the hybrid was burned, were observed. The peak separation
method was used to calculate the material’s anti-oxidation characteristics. The results are
presented in Figures 5–10 and Tables 3 and 4.
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Figure 4. SEM micrographs of composites (a) pristine PU (before burning) (×1 K), (b) pristine PU (after burning) (×1 K),
(c) PU/HBNPSi 20% (before burning) (×1 K), (d) PU/HBNPSi 20% (after burning) (×1 K), (e) PU/HBNPSi 40% (before
burning) (×1 K), (f) PU/HBNPSi 40% (after burning) (×1 K).

Figure 5. XPS survey spectra of (a) pristine PU, (b) PU/HBNPSi 10% at RT, (c) PU/HBNPSi 40% at RT, (d) PU/HBNPSi 40% at
800 ◦C.
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Figure 6. C1s spectra of PU/HBNPSi 10%: (a) RT; (b) under an air atmosphere at 800 ◦C for 30 min.

Figure 7. C1s spectra of PU/HBNPSi 40%: (a) RT; (b) under an air atmosphere at 800 ◦C for 30 min.

Figure 8. O1s spectra of PU/HBNPSi 40%: (a) RT; (b) under an air atmosphere at 800 ◦C for 30 min.

Figure 9. P2p spectra of PU/HBNPSi 40%: (a) RT; (b) under an air atmosphere at 800 ◦C for 30 min.
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Figure 10. Si2p spectra of PU/HBNPSi 40%: (a) RT; (b) under an air atmosphere at 800 ◦C for 30 min.

Table 3. Binding energy (eV) and relative peak intensities (%) of the various components of C1s
peak-fitted signals.

Sample NO.
C1s

C–C/C–H C-Si C=C C–N C–O C=O

PU/HBNPSi 10%—RT 0.31 0.16 0.11 0.12 0.15 0.08
PU/HBNPSi 10%—800 ◦C 0.11 0.20 0.37 0.11 0.09 0.10

PU/HBNPSi 40%—RT 0.38 0.15 0.10 0.15 0.13 0.08
PU/HBNPSi 40%—800 ◦C 0.14 0.38 0.48 0.12 0.05 0.07

Table 4. The values of Cox/Ca of composites at room temperature (RT) and 800 ◦C.

Sample NO.
Temperature

RT 800 ◦C

PU/HBNPSi 10% 0.33 0.24
PU/HBNPSi 40% 0.27 0.11

Figure 5 displays XPS rough scans illustrating the elemental composition of the pristine
PU, 10% PH/HBNPSi at room temperature, 40% PH/HBNPSi at room temperature, and
40% PU/HBNPSi after being burned at 800 ◦C. The scan in Figure 5a indicates three
elements: C, O, and N. For the hybrid material containing 10% flame retardant (Figure 5b),
P and Si were observed in addition to C, O, and N. The XPS rough scan, obtained after
DOPO-BQ and IPTS were reacted, verifies that the hybrid material contained P and Si.
Figure 5c presents the rough scan for the hybrid material containing 40% of HBNPSi.
Because the additive content was higher than for the 10% hybrid material, the P and Si
content were higher. Figure 5d shows that the hybrid material was 40% HBNPSi after being
burned. Burning at a high temperature led to a slight increase in the amount of P and Si in
the hybrid material because during the burning process P was dehydrated and formed char
and Si migrated across the surface [14,15]. Together, these elements formed a layer of char
containing P and Si that protected the material. Nitrogen mainly exerts a flame-retardant
effect in the gas phase, which can dilute the oxygen concentration and capture free radicals
in the gas phase, so in the XPS spectrum, the nitrogen element disappears in Figure 5d.

Figures 6–10 present scans showing Cls, Ols, P2p, and Si2p bonds in the materials at
room temperature and after being burned at 800 ◦C. Six functional groups can be observed
in the Cls spectra: those at 284 eV (C–C and C–H) [16], 285.4 eV (C–N) [17], 288.5 eV
(C=O) [18], 284.5 eV (C=C) [19], and 286 eV (C–O) [20]. Because the material additive
contained silicide, the spectrum contains a peak at 282.9 eV (C–Si) [21]. After heat oxidation
at 800 ◦C, the material was mostly graphitized. The C=C content was higher, as illustrated
in Figures 6 and 7. The formation of graphitized carbon–carbon double bonds is very
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important for the improvement of thermal stability. It takes more than 3000 degrees to
destroy its structure and form a high thermal stability protective layer on the surface of the
material.

Figure 8 shows the Ols spectra, in which four functional groups can be observed,
namely 531.2 eV (C=O), 532.2 eV (C–O), 531.5 eV (P=O), and 530.6 eV (Si–O) [22–27]. This
indicates the change in bonding type after high-temperature heat oxidation. In Figure 8a,
the Si–O–Si bonds are formed by the sol–gel reaction. In Figure 8b, it can be clearly seen
that a large number of Si–O bonds are formed, mainly to form silicon dioxide, which is
resistant to high temperatures. The heat-resistant layer will protect the polymer matrix on
the surface of the material.

Figure 9 shows that the P2p spectrum has peaks at 131.5 eV (P–C) [28] and 133 eV
(P–O–C) [27]. The corresponding bonds formed because of the addition of DOPO-BQ
flame retardant. After high-temperature deep oxidation, the peaks were at 135 eV (P2O5)
and 133.1 ± 0.3 eV (P2O7

4−) [29], corresponding to inorganic phosphides, forming char
protective material. The two aforementioned inorganic phosphides were converted from
the bonds before burning. P2O5 is a kind of glass, which is a non-combustible material. It
will melt and cover the surface of the material to achieve insulation resistance and material
transfer, which can improve the flame-retardant properties of the material.

The Si2p spectra presented in Figure 10a,b, obtained before and after burning, re-
spectively, have considerable differences in bonding strength. Figure 10a reveals that the
siloxane coupling agent caused the hydrolysis condensation reaction. Three bonds were
identified: those corresponding to peaks at 100.7 eV (Si–C), 101.6 eV (Si(–O1)), and 102.2 eV
(Si(–O2)). After burning and oxidation, the Si–C peak has disappeared whereas peaks have
appeared at 101.6 eV (Si(–O1)), 102.2 eV (Si(–O2)), and 103.5 eV (Si(–O4)) [30] (Figure 10b).
Because silicide was converted into SiO2, the peak intensity of Si(–O4) increased. This result
indicates that after burning, the hybrid material PU/HBNPSi had char layers that covered
and protected the matrix. Silica is an inorganic glass that will not burn and will melt at high
temperatures, covering the surface of the material to resist high-temperature attacks.

We further analyzed the differences between PU/HBNPSi 10% and PU/HBNPSi 40%
at room temperature and 800 ◦C for 30 min under an air atmosphere. After calculating
the area ratio of each bond species individually using the Cls spectrum from Figure 6 to
Figure 7, the Cox (oxidized carbons)/Ca (aliphatic, aromatic carbons) ratio was obtained to
show the antioxidant effect of the material [31]. The results are shown in Tables 3 and 4. The
ratio of Cox/Ca at room temperature of the mixed material with 10% and 40% concentration
are 0.33 and 0.27, respectively. After high-temperature combustion, the ratio decreases
to 0.24 and 0.11, respectively. In summary, the higher the concentration, the better the
oxidation resistance, thus improving the thermal stability of hybrid materials.

4. Conclusions

This study used 29Si NMR to determine that the siloxane condensation degree of the
PU/HBNPSi was 74.4%. High condensation density indicates superior material properties.
P- and Si-mapping revealed that the additive HBNPSi was well dispersed and homoge-
neously distributed in the polymer matrix. When the HBNPSi concentration was increased,
aggregation did not occur, showing that the materials and additives were compatible.
The UL-94 standard was used to determine the flame retardancy of the hybrid material.
Pristine PU failed to meet the standard. The 40% PU/HBNPSi, however, achieved the V-2
level, proving that the flame retardant effectively improved the flame retardancy of the
pristine PU. Using XPS, char analysis was conducted on the hybrid material PU/HBNPSi
to determine the correlation between char formation and the material’s thermal property.
Cls, Ols, and Si2p XPS spectra revealed that the phosphide and siloxane formed by burning
had the effect of protecting the material. A higher concentration of HBNPSi resulted in a
stronger effect, achieving high thermal stability and an antioxidation effect. The organic–
inorganic hybrid material prepared by the sol–gel method has good compatibility and
flame resistance, and has great potential for future applications in coating applications.
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Abstract: The recycling of SiC sludge material is crucial for resource reutilization and environmental
protection. In the current study, the effect of the mass ratio between the Na2SiO3 and sodium
hydroxide (NaOH) solutions (NS/SS ratio) and the effect of SiC sludge on metakaolin geopolymers
was comprehensively investigated to determine the underlying performance of the geopolymerization
system. During thermal evolution, the second exothermic peak of 1.6NS10SCS (NS/SS ratio: 1.6,
10% SiC sludge) showed a heat evolution value of 990.6 W/g, which was the highest among other
geopolymers. Additionally, the 1.6NS10SCS sample after 28 days of curing showed the highest
flexural strength (6.42 MPa), compared to that of the others, and the DTA/TG (differential thermal
analysis/thermogravimetry) results showed that the weight loss percentage increased to 14.62%
from 400 to 750 ◦C. For the 29Si nuclear magnetic resonance deconvolution, 1.6NS10SCS exhibited
high fractions of Q4(3Al) (33.63%), Q4(2Al) (23.92%), and Q4(1Al) (9.70%). Thus, the geopolymer
with the optimal SiC-sludge replacement level and NS/SS ratio contained more macropores and
geopolymer gels, which benefit structural development. The experimental results indicated that
SiC-sludge can potentially serve as a partial replacement for metakaolin and exhibited favorable
mechanic characteristics.

Keywords: utilization; SiC sludge; alkaline activator solutions; synergistic effect; geopolymer reaction

1. Introduction

The solar cells generated electricity will become the primary global energy source, because the
solar power was safe, efficient, nonpolluting and reliable [1]. Recycling silicon is of great importance,
because the demand for silicon for solar cells is increasing globally, while concern about the limited
silicon supply is emerging [2]. Generally, solar cells use multicrystalline wafers made of silicon [1].
Crystalline silicon cells have laboratory energy conversion efficiencies over 25% for single-crystal
cells and over 20% for multicrystalline cells. In 2008, more than 100 GW silicon solar panels were
produced based on an energy-intensive Siemens process [3], which cost approximately 400,000 tons
of silicon. There were various types of solar cells, whereby the C-Si solar cell dominates 80% of the
market globally [1]. Industry mainly uses silicon carbide (SiC) for wafer slicing [4], and a substantial
amount of SiC sludge is formed when a silicon ingot is cut into wafers, with a kerf loss of over
50% [5]. The kerf-loss silicon waste is greater than 200,000 tons per year, and this sludge contributes
to environmental pollution. Therefore, the recycling of SiC sludge material is crucial for resource
reutilization and environmental protection. In addition, the primary composition of SiC sludge is SiO2

and Al2O3. Therefore, SiC sludge can be used as a raw material in producing silicon carbide sludge
metakaolin-based (SCSMB) geopolymers.
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Inorganic polymer (geopolymer) is a cementation material that can be used as an alternative to
ordinary Portland cement. Geopolymers are mostly formed by mixing silicate aluminum sources
(industrial waste such as slag and fly ash) with alkaline silicate solutions or an alkaline metal [6].
The polymerization process produced a three-dimensional (3D) compound comprising of [AlO4]
and [SiO4] tetrahedrons [7,8]. Geopolymerization begins with the generation of -Si-O-Al-O-Si- or
-Si-O-Al- monomers (oligomers) in the solution. These monomers join to form a geopolymer. As a
structural material, a geopolymer is a potential replacement material for ordinary Portland cement
(OPC). The most common alkaline activator solution (AAS) is a combination of Na2SiO3 and NaOH.
AAS plays a crucial role in the polymerization process, which in turn has a strong dependence on
the Si/Al ratio, M2O-H2O ratio (where M =Na and/or K), hydroxide concentration, and alkali cation
used [9–12].

Recently, there have been many studies on SiC sludge applied in the field of geopolymer materials.
For example, Medri et al. [13] reported that silicon carbide (SiC) foams were developed using a
low-temperature process, such as chemical consolidation, that is suitable for replacing the sintering
step. The amorphous silica layer covering the surface of SiC particles participates in geopolymerization
so that nanoprecipitates easily form on the SiC surface [13]. Rahman et al. [14] reported that silicon
carbide whiskers were introduced into sodium-based geopolymers in order to evaluate the response
of silicon carbide whiskers to the interfacial bonding and strength of sodium-based geopolymers
along with rice husk ashes. Results show that the simultaneous additions of rice husk ashes and
silicon carbide whiskers resulted in flexural strength improvement by ~27% and ~97%, respectively.
The increase in flexural strength due to simultaneous inclusion of silica and silicon carbide whiskers
suggests that silica particles are compatible with the metakaolin-based geopolymers, which is effective
in consolidation [14]. Medri et al. [14] reported that refractory paints based on silicon carbide (SiC)
were developed using inorganic alkali-aluminosilicate binders. R-SiC coatings applied by brushing on
a Si3N4-TiN substrate cannot act as barriers against oxygen penetration due to the presence of large
pores [15]. Bai et al. [16] reported that high-strength open-celled SiC/geopolymer foam composites
(SFCs) were fabricated by a combined saponification/peroxide route. The optimal sample possessed a
total porosity of up to ~84 vol%, an open porosity of ~83 vol%, a thermal conductivity of 0.15 W/mK,
and a compression strength of ~1.1 MPa [16]. Jia et al. [17] reported that bulk and porous AlN/SiC-based
ceramics were prepared in situ from graphite/geopolymer composites based on a carbon thermal
reduction reaction under high temperatures. Moreover, both h-AlN and SiC ceramics derived by
this technique show porous features, with porosities of 61% and 68% and considerable compressive
strength values of 0.76 MPa and 0.63 MPa, respectively [17]. Although, previous investigations have
studied SiC sludge in the field of geopolymer materials, such as silicon carbide (SiC) foams [13],
SiCf-reinforced geopolymers [14], refractory paints [15], high-strength open-celled SiC/geopolymer
foam composites (SFCs) [16], and porous AlN/SiC-based ceramics [17].

Most of the previous investigations were based on studies on SiC sludge applied in the field
of geopolymer materials, which led to knowledge; few reports are available regarding the effect of
alkaline-activator solution on the geopolymerization of SiC sludge-based geopolymers. In this study,
a new way to the effect of the mass ratio between the Na2SiO3 and sodium hydroxide (NaOH) solutions
(NS/SS ratio) and the effect of SiC sludge on metakaolin geopolymers was comprehensively investigated
to determine the underlying performance of the geopolymerization system. The flexural strengths of
the geopolymers were examined in a laboratory, and their microstructures were characterized using
an isothermal conduction calorimeter, differential thermal analysis (DTA/TG), and nuclear magnetic
resonance (NMR).

2. Materials and Methods

The silicate-aluminum sources were metakaolin (MK) and SiC sludge. The SiC sludge was gained
from a plant that makes LED substrates (Taiwan). The major chemical composition of the SiC sludge
was 75.4 wt % SiO2, 23 wt % SiC, and 0.8 wt % Al2O3; the major chemical composition of the MK
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was 51.8 wt % SiO2 and 43 wt % Al2O3, as shown in Table 1. Sodium hydroxide (NaOH, 10 M) and
distilled water were mixed with a commercial sodium silicate solution (Na2SiO3), Ms (SiO2 mole/Na2O
mole) = 3.1 (SiO2 = 28.1%, Na2O = 9.09%, H2O = 62.8%). The mass ratio between Na2SiO3 and sodium
hydroxide (NaOH) solutions (NS/SS ratio) was in the range of 0.8 to 2.0 (0.8, 1.2, 1.6, and 2.0) and
analysis of the effect of an alkaline-activator solution on a geopolymer reaction. Calculate the amount
of NS/SS ratio as follows.

NS/SS ratio = SiO2 mole (Sodium silicate solution)/[Na2O mole (Sodium silicate
solution) + Na2O mole (10 M NaOH)]

Table 1. The major chemical composition of materials.

Composition SiC Sludge MK

SiO2 (wt %) 75.40 51.80
Al2O3 (wt %) 0.80 43.00
Fe2O3 (wt %) 0.58 1.30
CaO (wt %) 0.09 0.25
MgO (wt %) N.D. 1 N.D. 1

SO3 (wt %) 0.06 N.D. 1

Na2O (wt %) N.D. 1 0.04
K2O (wt %) 0.01 0.32
SiC (wt %) 23.00 N.D. 1

1 N.D.: not detected.

Then, MK and 0–40 wt % SiC sludge were added into an alkali activator, and analysis of the effect
of a Si/Al mole ratios on a geopolymer reaction. The ratios of material in the mixture of geopolymers
are listed in Table 2. Calculate the amount of Si/Al mole ratios as follows. First, the MK, SiC sludge,
and alkaline solution were stirred for 60 min, and deionized water (3.8 L) was subsequently added
to the blend to generate a suspension by stirring for 30 s. After filtration, the dissolved Si and Al
concentrations were measured by atomic absorption spectroscopy (AAS). SiC-sludge metakaolin-based
geopolymer samples were synthesized by mixing powder and alkaline activator solution for 5 min,
and the paste was poured into a plastic mold for the analysis of microstructure characteristics and
mechanical properties. The flexural strength tests were performed after 1, 7, 14, 28, and 56 days using a
Hung Ta HT-2402 testing machine (Hung Ta Instruments, Taichung City, Taiwan) with a three-point
bending test method, according to ASTM C348. The average strength value of the three specimens is
presented, and the coefficient of variation of these results is less than 10%. The mechanical properties of
the three specimens were evaluated and expressed. Finally, the samples were analyzed at appropriate
curing times by DTA/TG and 29Si MAS NMR analyses. The heat evolution in the geopolymerization
reactions, such as dissolution, polymerization, and condensation, were characterized by an isothermal
conduction calorimeter (Calmetrix I-CAL 2000 HPC, Boston, MA, USA) conducted at a constant
temperature of 30 ± 0.02 ◦C for 168 h, according to ASTM C1702. The DTA/TG studies were conducted,
in which the heating range was from 50 ◦C to 1000 ◦C by an STA6000 thermal analyzer. High-resolution
29Si MAS/NMR spectra were recorded at 39.72 MHz on an MSL Bruker MAS/NMR-200 solid-state
high-resolution spectrometer using rapid (approximately 3 kHz) sample spinning at the magic angle to
the external magnetic field. Analysis method based on reference [18], the coordination of Q4(mAl)
species (4Al, 3Al, 2Al, 1Al, 0Al) in the SCSMB geopolymer was obtained by applying Seasolve PeakFit™

software, version 4 (Seasolve Software Inc., Framingham, MA, USA).
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Table 2. The ratios of material in mixture.

Mix Designation NS/SS
MK
(g)

SiC Sludge
(g)

Sodium Silicate Solution
(g)

10 M NaOH
(g)

Si/Al Mole Ratios

0.8NS0SCS

0.8

500 0 240 260 1.01
0.8NS10SCS 450 50 240 260 1.36
0.8NS20SCS 400 100 240 260 1.24
0.8NS30SCS 350 150 240 260 1.74
0.8NS40SCS 300 200 240 260 2.60
1.2NS0SCS

1.2

500 0 315 185 0.98
1.2NS10SCS 450 50 315 185 1.34
1.2NS20SCS 400 100 315 185 1.22
1.2NS30SCS 350 150 315 185 1.87
1.2NS40SCS 300 200 315 185 2.72
1.6NS0SCS

1.6

500 0 374 126 1.16
1.6NS10SCS 450 50 374 126 1.51
1.6NS20SCS 400 100 374 126 1.43
1.6NS30SCS 350 150 374 126 1.92
1.6NS40SCS 300 200 374 126 2.89
2.0NS0SCS

2.0

500 0 421 79 1.07
2.0NS10SCS 450 50 421 79 1.48
2.0NS20SCS 400 100 421 79 1.23
2.0NS30SCS 350 150 421 79 1.78
2.0NS40SCS 300 200 421 79 2.67

3. Results

3.1. Heat Evolution of Geopolymers with SiC Sludge

Geopolymers comprise a framework containing inorganic T-O (T: Si or Al). Geopolymerization
is analogous to the curing process of polymers, which includes gelation, polymerization,
and solidification [9]. The heat evolution can be measured by an isothermal conduction calorimeter,
which indicates the progress of the geopolymerization reaction. In all cases, the first exothermic peak,
which is related to the dissolution of solid materials in the alkaline activator, is quite sharp at the
beginning of the preinduction period [19]. The samples were mixed outside the device, and the heat
evolution was so fast that there was not sufficient time to achieve thermal equilibrium; thus, the first
peak was only partially registered. The second exothermic peak indicated continuous dissolution and
polymerization, during which oligomers combined to form a geopolymer network.

Figure 1a–d illustrates the effects of the NS/SS ratio on the heat evolution during geopolymerization
reactions. When the NS/SS ratio was 0.8, the heat evolutions of 0.8NS0SCS, 0.8NS10SCS, 0.8NS20SCS,
and 0.8NS30SCS were 806.5, 720.3, 415.3, and 445.8 W/g heat, respectively (Figure 1a). The high NaOH
concentration prompted the dissolution of the initial solid in the alkaline activator, which caused the
first exothermic peaks of 0.8NS0SCS and 0.8NS10SCS to be more intense than those of the others.
In addition, the second exothermic peaks of 0.8NS0SCS and 0.8NS10SCS appeared at approximately
6.65 h and 9.98 h, respectively. This indicated that a higher NaOH content promoted the reactivity
of the geopolymerization reaction. However, the second exothermic peak of 0.8NS40SCS emerged
at 14.82 h. According to Hu et al. [20], the geopolymer gel formed by the rapid reaction of active
aluminosilicate under a high concentration of alkali hindered the subsequent dissolution of the FA
(Fly ash) [20]. The results indicate that the amounts of dissolved silica and alumina from MK are
limited due to precipitations of geopolymer gels around the surface of SCS particles. Therefore, the heat
evolution duration of the second exothermal peak clearly increased from 6.65 h to 14.82 h as the SiC
sludge-replacement levels increased from 0% to 40%, as shown in Figure 1a. An increase in the NS/SS
ratio (1.2) was expected to improve the geopolymerization reaction, and the results of 1.2NS10SCS
showed that the second exothermic peak reached 958.3 W/g. A synergistic effect between the SCS and
the MK was suggested to contribute to the promotion of the geopolymerization reaction, which caused
the heat evolution of 1.2NS10SCS to be higher than that of 1.2NS0SCS (945.2 W/g). Additionally,
the heat evolution duration of the second exothermal peak increased from 14.82 to 17.82 h as the NS/SS
ratio increased from 0.8 to 1.2 (0.8NS40SCS and 1.2NS40SCS). According to Figure 1b, it can be inferred
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that, although the NS/SS ratio increased, the amounts of dissolved silica and alumina from MK were
limited due to the precipitations of geopolymer gels around the surface of SCS (SiC sludge) particles.

 
(a) (b) 

 
(c) (d) 

Figure 1. Effects of NS/SS (Na2SiO3/NaOH solutions) ratios on heat evolution rate for geopolymer with
SiC sludge: (a) NS/SS ratio = 0.8; (b) NS/SS ratio = 1.2; (c) NS/SS ratio = 1.6; (d) NS/SS ratio = 2.0.

Figure 1c–d shows the heat evolution curves of the SCSMB geopolymer sample with NS/SS
values of 1.6 and 2.0, in which two exothermic peaks are classified. The heat evolution (990.6 W/g)
of the second exothermic peak of 1.6NS10SCS was higher than those of all geopolymers. This fact
implies that the synergistic effect promoted the oligomers to combine and form integral geopolymer
gels [20]. However, for 2.0NS10SCS, the heat evolution of the second exothermic peak decreased from
990.6 W/g to 951.5 W/g with an increase in the NS/SS ratio. According to Lo et al. [21], decreasing the
concentration of Na2O caused the decreased of the amount of dissolved Si and Al and restrained the
geopolymer synthesis reaction.

3.2. Mechanical Properties

The results of the flexural strength of the geopolymer with SiC sludge cured for 1–56 days are
shown in Figure 2. The flexural strength of geopolymers varied at different replacement levels of
SiC sludge and was positively correlated with the replacement levels. On the first day of the curing
process, the flexural strengths of 0.8NS0SCS, 0.8NS10SCS, 0.8NS20SCS, 0.8NS30SCS, and 0.8NS40SCS
were 4.12, 3.97, 3.89, 3.56, and 3.57 MPa, respectively (Figure 2a). The amounts of dissolved silica
and alumina from MK are limited due to geopolymer gel precipitations around the surface of SCS
particles. This reduction generated an inadequate amount of leading precursors, thus reducing the
strength. Hu et al. [20] discussed that the decrease in strength at a longer curing age might be due to
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depolymerization or dissolution of aluminosilicates resulting from the low SiO2/Al2O3 molar ratio in
formulation, which was 2.15 for the G-RM-5N-0FA. In particular, the strength of the G-RM-5N-0FA
cured for 7 days was below 5 MPa [20]. The flexural strength for the 28 day SiC sludge geopolymers is
4.05 MPa for 0.8NS30SCS (SiO2/Al2O3 molar ratio of 1.74), as shown in Figure 2a. A low SiO2/Al2O3

molar ratio significantly reduced the strength for 0.8NS30SCS, which is in line with the study from
Hu et al. for geopolymer materials [20].

 
(a) (b) 

  
(c) (d) 

Figure 2. Flexural strength of geopolymer with SiC sludge cured for 1–56 days: (a) NS/SS ratio = 0.8;
(b) NS/SS ratio = 1.2; (c) NS/SS ratio = 1.6; (d) NS/SS ratio = 2.0.

For the NS/SS ratio of 1.2, the flexural strengths of 1.2NS20SCS, 1.2NS30SCS, and 1.2NS40SCS
steadily decreased to 3.64, 3.74, and 3.69 MPa on the first day of curing, respectively (Figure 2b). It is
possibly the increase in the NaOH content, which generated a sufficient amount of “OH−” in the
system and thus led to the increased solubility. This behavior caused unsatisfactory polycondensation
and reduced the formation of amorphously structured geopolymer gels. The high Na2O concentration
may block the acceleration effect of geopolymer synthesis, leading to slow strength development,
which is in line with previous studies for geopolymer materials [21].

In contrast, the increase in the curing time from 1 to 56 days increased the strengths of 1.6NS10SCS
and 2.0NS10SCS from 4.08 to 6.42 MPa and from 1.66 to 5.03 MPa, respectively (Figure 2c). Increasing
the NS/SS ratio promoted the dissolution of the initial solid, which accelerated the geopolymerization
reaction and led to the rapid formation of geopolymer network structures. Therefore, the strength
increased when the amount of amorphously structured geopolymer gel formed in the geopolymerization
system increased. Lo et al. [21] reported that MKGP (MK-based geopolymer) with a 10% TLWD
(TFT-LCD waste glass) replacement level showed the strength of 6.5 MPa with a S/N ratio of 1.6.
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The results indicated that strength increased with the NS/SS ratio. Yaghoubi et al. [22] noted that the
geopolymer strength was related to the degree of polycondensation, which was strongly influenced by
the soluble SiO4 and AlO4 content of the polymer system. A high degree of polycondensation in the
Si-O-Al framework structure corresponds to high strength [23]. In addition, the flexural strength of
1.6NS10SCS (SiO2/Al2O3 molar ratio of 1.51) is also very high, as shown in Figure 2c. This increase
in strength could be from the increased SiO2/Al2O3 molar ratio. The SiO2/Al2O3 molar ratio has a
definite effect on strength, increasing the strength to 6.37 MPa. In addition, Rahman et al. [14] also
noted that the increase in flexural strength due to simultaneous inclusion of silica and silicon carbide
whiskers indicates that it is possible that silica particles are compatible with the metakaolin-based
geopolymers, which is effective in consolidation [14]. However, the flexural strength of 1.6NS40SCS
with a curing age of 28 days decreased to 2.73 MPa (SiO2/Al2O3 molar ratio of 2.89), as shown in
Figure 2c. With increasing SiC sludge content in the geopolymer, the SiO2/Al2O3 molar ratio increases,
but the amounts of dissolved silica and alumina from MK are limited due to precipitation of geopolymer
gels around the surface of SCS particles. A greater amount of SiC sludge (over 20%) may block the
synergistic effect of SCS and MK. Hu et al. [20] reported about when the FA (fly ash) content was
100 wt %, and the strength of the FA-based geopolymer with a curing age of 28 days was only 5 MPa
(SiO2/Al2O3 molar ratio of 4.38).

3.3. DTA/TG of Geopolymers with SiC Sludge

Figure 3 displays the effects of the geopolymers with SiC sludge on the DTA/TG results. According to
the weight loss of the samples during heating, all the processes of DTA/TG results are categorized into
Stages I, II, and III. The first peak at approximately 230 ◦C was associated with the loss of carbonate
salt. Almost all the weight loss at the second peak, which occurred from 230 ◦C to 400 ◦C, was likely
due to the dehydration of the macropore structure of the material [21]. The third peak, which occurred
from 400 ◦C to 750 ◦C, was mainly related to the loss of the amorphous composition and dehydration
of the geopolymer gel [21,24]. On the first day of curing, the weight loss percentages of 0.8NS0SCS,
0.8NS10SCS, 0.8NS20SCS, and 0.8NS30SCS were 10.21, 10.20, 10.09, and 10.08 wt %, respectively
(Table 3). The amounts of dissolved silica and alumina from MK are limited due to precipitation of
geopolymer gels around the surface of SCS particles, thus reducing the macropore structure. Therefore,
the weight loss of 0.8NS40SCS was 10.06 wt %. The geopolymers with high replacement levels of SiC
sludge generated an inadequate amount of leading precursors, thus limiting the polycondensation
process. Therefore, the weight loss percentage of 0.8NS40SCS from 400 to 750 ◦C decreased to 1.95%, as
shown in Table 3.

  
(a) (b) 

Figure 3. Cont.
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(c) (d) 

 
(e) 

Figure 3. The DTA/TG results of the geopolymers with SiC sludge and NS/SS ratio of 1.6, during heating:
(a) replacement level = 0%; (b) replacement level = 10%; (c) replacement level = 20%; (d) replacement
level = 30%; (e) replacement level = 40%.

When the NS/SS ratio increased from 0.8 to 1.6, the weight loss percentage of 1.6NS10SCS was
13.42% in a temperature range of 230–400 ◦C, as depicted in Figure 3b. The high NS/SS ratio prompted the
dissolution of the initial solid and consequently promoted the geopolymerization reaction, which caused
the rapid formation of 3D silico–aluminate structures. Furthermore, the synergistic effect between
the SCS and the MK was assigned to the promotion of the geopolymerization reaction, which caused
the oligomers to form integral geopolymer gels. Therefore, the structural strength increased with an
increase in the amount of amorphously structured geopolymeric gel in the geopolymerization system.
According to the results, the weight loss percentage of 1.6NS10SCS increased to 14.94% after 56 days of
curing. Furthermore, low weight loss occurred in the temperature range of 400–750 ◦C. The weight
loss percentages of 1.6NS0SCS, 1.6NS10SCS, 1.6NS20SCS, 1.6NS30SCS, and 1.6NS40SCS were 4.87,
4.51, 4.40, 4.15, and 4.26 wt %, respectively (Figure 3a–e).
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Table 3. Weight loss of the geopolymers with SiC sludge during heating from ambient temperature to
1000 ◦C (NS/SS ratio = 0.8 and 1.2).

Samples NS/SS Curing Time (Days)
Temperature (◦C)

50–230 230–400 400–750

0.8NS0SCS

0.8

1 2.58 10.21 2.61
28 3.70 11.81 4.24
56 4.37 12.36 4.68

0.8NS10SCS
1 2.77 10.20 2.35
28 3.83 11.69 4.24
56 4.42 12.36 4.62

0.8NS20SCS
1 3.72 10.09 2.33
28 3.83 11.66 4.03
56 4.48 12.32 4.24

0.8NS30SCS
1 3.49 10.08 2.22
28 3.94 11.64 3.68
56 4.48 12.24 4.03

0.8NS40SCS
1 3.49 10.06 1.95
28 3.94 11.59 3.52
56 4.50 12.21 3.68

1.2NS0SCS

1.2

1 3.49 10.97 2.73
28 3.94 12.51 4.09
56 4.51 12.96 4.77

1.2NS10SCS
1 3.49 10.96 2.72
28 4.14 12.49 4.07
56 4.55 12.93 4.34

1.2NS20SCS
1 3.52 10.93 2.64
28 4.21 12.46 3.99
56 4.55 12.86 4.33

1.2NS30SCS
1 3.52 10.92 2.64
28 4.25 12.42 3.96
56 4.61 12.75 4.21

1.2NS40SCS
1 3.58 10.88 2.57
28 4.25 12.39 3.90
56 4.61 12.65 4.14

3.4. 29Si NMR Spectra and Deconvolutions of Geopolymers with SiC Sludge

To further validate the evolution of chemical reactions in geopolymerization with SiC sludge,
29Si NMR analyses were conducted on the geopolymer samples. The 29Si NMR spectra analysis
enables the short-range ordering and molecular structure in the geopolymerization reaction to be
determined [25]. In the initial stage, geopolymerization involved the release of the silicate derivatives
(Q1, Q2, and Q3) in the solution by alkaline activation. Here, the resonances of Q1, Q2, and Q3 resonate
at approximately −79, −85, and −95 ppm, respectively, and the resonance of Q4 is the same as the
Q4(0Al) of the geopolymer gel [26]. The detailed reaction mechanism is discussed in the following
sections. The resonance of a Q4(mAl) (0 ≤ m ≤ 4) center with the replacement of each aluminum
by silicon is approximately −5 ppm, with chemical shifts at −84, −89, −93, −99, and −107 ppm that
correspond to Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al), and Q4(0Al), respectively [25].

Figure 4 displays the 29Si NMR spectra and deconvolutions of SiC sludge geopolymers with 28 days
of curing. After 28 days of curing, the spectra of 0.8NS0SCS revealed a high percentage of Q4(3Al),
thus indicating a high initial level of aluminosilicate. For the 29Si NMR deconvolution of 0.8NS0SCS,
the percentages of Q4(3Al), Q4(2Al), and Q4(1Al) were 34.32%, 16.06%, and 7.06%, respectively. However,
geopolymers with high replacement levels of SiC sludge generated an inadequate amount of leading
precursors, thus limiting the polycondensation process. For example, for 0.8NS40SCS, the percentages
of Q4(3Al), Q4(2Al), and Q4(1Al) were 29.59%, 24.91%, and 20.05%, respectively. On the 28th day of
curing, the spectra of 0.8NS40SCS revealed a high percentage of Q4(0Al), thus indicating the formation
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of sodium silicate glass from the unreacted Na2SiO3 activator [27]. This result indicates that SiC sludge
inhibits geopolymerization reactions.

 
(a) (b) 

 
(c) (d) 

 
(e) 

Figure 4. The 29Si NMR spectra and deconvolutions of SiC sludge geopolymers at Curing Time = 28 day,
and NS/SS ratio of 0.8: (a) replacement level = 0%; (b) replacement level = 10%; (c) replacement level = 20%;
(d) replacement level = 30%; (e) replacement level = 40%.

Figure 5 depicts the 29Si NMR spectra deconvolution obtained for the geopolymers with SiC
sludge over 28 days of curing. After the 28th day of curing for 1.2NS10SCS, the percentages of
Q4(3Al), Q4(2Al), and Q4(1Al) were 33.71%, 22.47%, and 9.03%, respectively. The results revealed that
when the NS/SS ratio was relatively low, an increase in the NaOH content caused the generation of a
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sufficient amount of OH− in the system to increase the solubility, thus limiting the polycondensation
process. This behavior caused a decrease in the formation of amorphously structured geopolymer gels.
Therefore, the Q4(3Al), Q4(2Al), and Q4(1Al) contents of 1.2NS10SCS slowly increased, as displayed in
Figure 5b. When the NS/SS ratio increased to 1.6, 1.6NS10SCS exhibited high percentages of Q4(3Al)
(33.63%), Q4(2Al) (23.92%), and Q4(1Al) (9.70%), as illustrated in Figure 6b. Because of a synergistic
effect between silicon carbide sludge and metakaolin, the silica and alumina of metakaolin were
dominant in the geopolymerization reaction, and the addition of silicon carbide sludge, which had silica
was provided more reaction paths. Wan et al. [28] indicated that geopolymers with high compressive
strengths have high percentages of Q4(3Al), Q4(2Al), and Q4(1Al), and were possibly N–A–S–H
gels [28]. The percentages of Q4(3Al, 2Al, and 1Al) silicon centers in the 29Si NMR spectra increased,
thus indicating the formation of an increased number of tetrahedral aluminum-linking sites with
tetrahedral silicon (Figure 6).

 
(a) (b) 

 
(c) (d) 

 
(e) 

Figure 5. The 29Si NMR spectra and deconvolutions of SiC sludge geopolymers at Curing Time = 28 day,
and NS/SS ratio of 1.2: (a) replacement level = 0%; (b) replacement level = 10%; (c) replacement level = 20%;
(d) replacement level = 30%; (e) replacement level = 40%.
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Figure 6. The 29Si NMR spectra and deconvolutions of SiC sludge geopolymers at Curing Time = 28 day,
and NS/SS ratio of 1.6: (a) replacement level = 0%; (b) replacement level = 10%; (c) replacement level = 20%;
(d) replacement level = 30%; (e) replacement level = 40%.

4. Discussion

The geopolymerization process of geopolymers with SiC sludge is illustrated in Figure 7. In steps 1
and 2, the active components of metakaolin and SiC sludge particles were dissolved to form monosilicates
(Q0) that were linked to the end groups (Q1), middle chain groups (Q2), layers and branching sites (Q3),
and [SiO4] and [AlO4] tetrahedrons in the AASs. In step 3, primary particles of oligomeric gel were
formed by the oligomers through the polycondensation reaction in the AASs. In step 4, the oligomers
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were polycondensed to form geopolymerization gels. In step 5, the polymers were polycondensed and
accumulated around the unreacted SiC sludge surface to form 3D networks (Q4).

Figure 7. The geopolymerization process of geopolymers with SiC sludge.

At an early curing time, for 0.8NS0SCS, the sum of the silicate derivatives (Q1, Q2, and Q3) was
13.59% (Table 4). After 28 days of curing, the percentage of silicate derivatives increased to 19.23%,
as shown in Table 4. The results revealed that when the NS/SS ratio was relatively low, an increase
in the NaOH content caused the generation of sufficient OH− in the system to increase the solubility.
This solubility increase caused hindrance in polycondensation, as indicated by the heat evolution
rate and DTA/TG results (Figure 1 and Table 3). The inhibition of polycondensation reduced the
mechanical strength (Figure 2). An increase in the NS/SS ratio promoted the dissolution of the initial
solid, thus accelerating the geopolymerization reaction and leading to the rapid formation of geopolymer
network structures. During the geopolymerization reaction, silicate derivatives were transformed into
geopolymer gels. Therefore, the weight percentage of the silicate derivatives of 1.6NS0SCS decreased to
10.06% after 28 days of curing. Furthermore, the synergistic effect between the SCS and the MK was
assigned to the promotion of the geopolymerization reaction, which caused the flexural strength of
1.6NS10SCS to increase to 6.42 MPa after 28 days of curing. First, the silica and alumina of metakaolin
were dominant in the geopolymerization reaction, and the addition of silicon carbide sludge, which had
silica, was provided more reaction paths. In addition, Rahman et al. [14] also noted that given the
increase in flexural strength due to simultaneous inclusion of silica and silicon carbide whiskers, it is
possible that silica particles are compatible with the metakaolin-based geopolymers, which is effective
in consolidation [14]. According to the DTA/TG results, the weight loss percentage of 1.6NS10SCS
increased to 14.62% from 400 to 750 ◦C, as shown in Figure 3b. This fact implies that the synergistic
effect promoted the oligomers to combine and form integral geopolymer gels [20].

However, geopolymers with high replacement levels of SiC sludge generated an inadequate
amount of leading precursors, thus limiting the polycondensation process. For example, for 1.6NS30SCS
and 1.6NS40SCS, the weight percentages of silicate derivatives (Q1, Q2, and Q3) were 9.81% and 9.13%,
respectively, as presented in Table 4. In steps 1 and 2, SiC sludge dissolves to release Al3+ and Si4+,
which are hydrolyzed into [AlO4] and [SiO4] tetrahedrons, respectively, immediately after contact with
the AASs. The amounts of dissolved silica and alumina from MK are limited due to precipitations of
geopolymer gels around the surface of SCS particles, which caused the number of [SiO4] and [AlO4]
tetrahedrons in the system to be low. Thus, the amount of oligomeric gel was low. Because the N-A-S-H
gels activated by the sodium silicate solution required an increased amount of oligomeric gel, the rate
of the geopolymerization reaction decreased. Therefore, the heat evolution duration of the second
exothermic peak increased from 26.15 to 33.32 h as the replacement levels of SiC sludge increased from
30% to 40% (1.6NS30SCS and 1.6NS40SCS), as shown in Figure 1c. Additionally, the flexural strengths
of 1.6NS30SCS and 1.6NS40SCS were 5.31 MPa and 2.73 MPa, respectively (Figure 2c). This result
indicated that a relatively high SiC sludge content (more than 20%) might block the synergistic effect
between SCS and MK, which is confirmed by the heat evolution rate, DTA/TG results, and 29Si MAS
NMR analyses. This is consistent with the SEM images results of previous studies [29] that the
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amorphous gel products had gradually filled the pores of the SiC sludge-based geopolymer, resulting in
an increase in density and compressive strength of the geopolymer structure [29]. The synergistic effect
of the SiC sludge and MK promoted the reaction progression, which caused increasing amounts of
amorphously structured geopolymeric gels in the geopolymerized system [29]. Then, the unreacted
SiC sludge was in the form of uniform plate particles [29]. In summary, this study demonstrated that
this renders SiC sludge as promising additives for the production of metakaolin-based geopolymers.
As a structural material, the SiC sludge-based geopolymer is a potential replacement material for OPC.

Table 4. 29Si MAS NMR spectral deconvolution of the silicate derivatives (Curing Time = 1 day and 28 days).

Samples Curing Time
Silicate Derivatives (%) Deconvoluted Fractions of Silicon Centers (%)

Q1 Q2 Q3 Q4(0Al) Q4(1Al) Q4(2Al) Q4(3Al) Q4(4Al)

0.8NS0SCS

1 day

10.07 1.41 2.11 0.66 5.62 16.17 35.85 28.11
0.8NS10SCS 8.72 2.53 2.30 1.30 7.59 18.64 33.82 25.10
0.8NS20SCS 9.22 2.16 2.55 2.85 5.89 19.23 34.15 23.95
0.8NS30SCS 4.36 3.11 2.08 4.12 10.79 21.79 34.24 19.51
0.8NS40SCS 1.56 3.31 4.28 3.43 17.66 25.46 26.38 17.92
0.8NS0SCS

28 days

10.22 4.62 4.39 0.46 7.06 16.06 34.32 22.87
0.8NS10SCS 10.58 5.06 2.99 0.43 3.45 14.26 36.79 26.44
0.8NS20SCS 11.26 4.77 2.29 1.74 4.96 16.22 34.53 24.23
0.8NS30SCS 10.42 4.59 2.08 0.58 5.84 18.13 36.27 22.09
0.8NS40SCS 4.13 3.90 4.82 4.24 20.05 24.91 29.59 8.36
1.2NS0SCS

1 day

7.74 3.61 3.10 2.45 9.81 20.39 33.55 19.35
1.2NS10SCS 8.05 4.14 2.76 1.73 8.05 20.25 34.98 20.04
1.2NS20SCS 7.17 4.01 3.59 3.57 9.50 20.68 34.18 17.30
1.2NS30SCS 3.94 5.03 4.81 3.94 10.36 24.02 32.26 15.64
1.2NS40SCS 3.08 3.74 4.17 6.18 21.53 25.71 26.37 9.22
1.2NS0SCS

28 days

6.44 5.77 4.89 2.94 10.88 19.99 34.43 14.66
1.2NS10SCS 6.17 3.97 3.08 3.50 9.03 22.47 33.71 18.07
1.2NS20SCS 2.41 6.03 5.07 2.72 11.10 21.00 35.72 15.95
1.2NS30SCS 5.59 3.30 4.94 2.05 14.21 22.30 34.11 13.50
1.2NS40SCS 0.84 4.60 5.85 5.73 21.95 25.71 27.38 7.94
1.6NS0SCS

1 day

5.00 3.81 3.81 3.40 13.58 25.66 30.69 14.05
1.6NS10SCS 5.87 4.51 4.96 4.81 14.46 23.80 31.50 10.09
1.6NS20SCS 4.91 5.40 3.93 6.62 16.00 27.18 29.37 6.59
1.6NS30SCS 2.23 3.57 4.01 6.64 18.05 27.85 29.63 8.02
1.6NS40SCS 0.89 2.23 6.01 9.19 27.82 28.93 17.81 7.12
1.6NS0SCS

28 days

5.03 1.76 3.27 4.94 12.63 24.54 30.97 16.86
1.6NS10SCS 5.13 3.50 3.27 2.28 9.70 23.92 33.63 18.57
1.6NS20SCS 2.41 3.07 3.07 2.32 11.78 24.30 33.87 19.18
1.6NS30SCS 0.92 4.16 4.16 5.46 18.26 27.51 29.13 10.40
1.6NS40SCS 1.69 3.74 4.12 9.75 26.59 26.78 21.53 5.80

5. Conclusions

The present study investigated the effects of different SiC sludge contents and alkaline activator
solutions on the geopolymer reaction and microstructures of metakaolin-based geopolymers subjected
to different curing times. The geopolymer with the optimal SiC sludge replacement level and NS/SS
ratio contained a high heat evolution value (990.6 W/g), excellent mechanical properties (6.42 MPa),
and high deconvolution percentages of Q4(3Al, 2Al, and 1Al). The conclusions can be summarized as
follows. The high NaOH concentration prompted the dissolution of the initial solid in the alkaline
activator, which caused the first exothermal peaks to be more intense. The 1.6NS10SCS (SiO2/Al2O3

molar ratio of 1.51) had favorable mechanical strength due to an increasing SiO2/Al2O3 molar ratio
and a synergistic effect between the SiC sludge and the metakaolin. The geopolymers with high
replacement levels of SiC sludge not only contained dissolved silica and alumina from metakaolin
but also underwent polycondensation on a geopolymer reaction of SiC sludge-based geopolymers.
A greater amount of SiC sludge (over 20%) may block the synergistic effect between the SiC sludge
and metakaolin. The results of this study have shown that a geopolymer with an optimal SiC-sludge
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replacement level and NS/SS ratio expresses a synergistic effect that allows an improvement of both the
geopolymer reaction and the strength of metakaolin-based geopolymers. This renders SiC sludge as
promising additives for the production of metakaolin-based geopolymers. For future work, we expect to
analyze other important properties of SiC sludge-based geopolymers by thermal conductivity, and fire
performance, which was a promising alternative as fire resistance materials in the construction industry.
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Abstract: The management of the electromagnetic interference (EMI) of thin, light, and inexpensive
materials is important for consumer electronics and human health. This paper describes the
development of conductive films that contain a silver (Ag) flake powder and multiwall carbon
nanotube (MWCNT) hybrid grid on a polytetrafluoroethylene (PTFE) film for applications that
require electromagnetic shielding (EMS) and a conductive film. The Ag and MWCNT hybrid grid
was constructed with a wire diameter and spacing of 0.5 mm. The results indicated that the proposed
conductive films with 0.4 wt% MWCNTs had higher electromagnetic shielding effectiveness (EMSE)
and electrical conductivity than those with other MWCNT loading amounts. The results also showed
that the film with 0.4 wt% MWCNT loading had a high 62.4 dB EMSE in the 1800 MHz frequency and
1.81 × 104 S/cm electrical conductivity. This combination improved stretchability, with 10% elongation
at a 29% resistivity change rate. Conductive films with Ag/MWCNT electronic printing or lamination
technologies could be used for EMI shielding and electrically conductive applications.

Keywords: Ag/MWCNT; EMSE; laminated woven fabric; PTFE film; screen printing

1. Introduction

Traditional materials that can be used for electromagnetic shielding are metal, ceramic, and plastic
materials. During low-frequency magnetic field shielding, absorption loss is more important than
reflection loss, so steel, plastic materials, or high-permeability magnetic materials are generally used;
during high-frequency magnetic field shielding, reflection loss is rather critical, thus, aluminum foil
or conductive coating materials are selected [1]. With the advent of the 5th generation (5G) mobile
network, self-driving cars, cloud computing, and various electronic products are accelerating the
promotion of various specifications of the wireless network. The number of small-cell base stations
for the 5G millimeter-wave is expected to be 60 times that of traditional 4G stations. In addition,
the large number of sensing elements used in self-driving systems means that people will be exposed
to GHz UHF (ultrahigh frequency) transmission; thus, the issue of the impact of electromagnetic
waves on human health will come to the fore [2,3]. Additionally, the high transmission efficacy and
large number of high-power components that are used in radio frequency (RF) antenna modules
and base station basic circuits, e.g., integrated circuits (ICs), system on a chips (SoCs), system in
packages (SiPs), antenna in packages (AiPs), power amplifiers, switches, and passive components,
cause substantial heat problems. The construction of a healthy indoor environment in modern buildings
that is comfortable, convenient, and safe, for example, is the topic of discussion herein. In general,
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as long as the electrical equipment is properly grounded and the transformer equipment is shielded
by electromagnetic shields in new residential projects, the harm from low-frequency electric fields
can be greatly reduced. However, old houses are not grounded, and the source of the electromagnetic
waves is outdoors or cannot be solved with high-frequency and ultrahigh frequency electromagnetic
radiation; thus, this situation presents a risk to human health.

In the application of EMI shielding films, the conductivity and flexibility of conductive materials
are directly related to EMSE and reliability. The migration process of electrons is a key factor affecting
the overall electrical properties of conductive composites. There are generally three well-known
mechanisms of electrical conductivity in composite materials: percolation, tunneling, and field
emission. Percolation theory describes the conductive behavior when the proportion of conductive
filler reaches a certain content, and the filler materials are in close contact or the gap is less than
1 nm. The tunneling effect occurs when the applied voltage is low and the distance between the filler
materials is less than 10 nm; even if there is no direct contact between the filler materials, electrons can
still pass through the gap to achieve conduction. The field emission effect occurs when the filler content
is low, but the application of a high electric field can cause the migration of electrons through the
isolation layer [4–6].

Based on the price factor and the component requirement, silver paste is the most used in
the application of traditional thick film products (e.g., printed circuit boards, membrane switches,
passive component electrodes, photovoltaics, radio frequency identification (RFID) devices,
and‘sensors). The addition of multiwall carbon nanotubes (MWCNTs) can increase the probability
of conductive fillers contacting each other and can prevent conductivity from decreasing when the
distance between the conductive fillers is greater than 10 nm. In addition, a small amount of MWCNTs
can increase electrical conductivity, thermal conductivity, and mechanical strength [7–10]. The addition
of MWCNTs has a cost advantage over simply adding conductive fillers.

This research provides a method to improve high-frequency electromagnetic shielding and
thermal properties [11]. By introducing MWCNTs to increase the conductivity and stretchability of
conductive silver paste, screen printing can be used to print an effective shielding circuit [12–15].
A polytetrafluoroethylene (PTFE) substrate can be attached to the nonwoven EMI shielding film
with a low manufacturing cost, high EMSE, and high reliability [16–19]. Compared with the weight
and thickness of steel, ceramic materials, and plastic materials, the samples made in this experiment
can be easily applied to curtains, microwave ovens, or electronic equipment to cover woven fabrics,
substation shielding films, smart textile wearable products, and protective clothing, for example.

2. Experimental Details

2.1. Preparation of Ag/MWCNT Hybrid Conductive Paste

A well-dispersion of 4 wt% MWCNT was prepared by combining a specific weight of gum arabic
(GA, 0.14 g), poly(acrylic acid sodium salt) (PAAS, 0.06 g), isopropyl alcohol (IPA, 9.6 g), and MWCNTs
(0.4 g) in ultrasonic and planetary centrifugal mixers (Figure 1) [20,21].

 

Figure 1. The preparation process of 4 wt% multiwall carbon nanotube (MWCNT) dispersion.
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Ten grams of conductive Ag/MWCNT composite paste were used for the preparation and
formulation processes shown in Figure 2 and Table 1. Appropriate amounts of silver paste and
4 wt% MWCNT dispersion, with weights (g) of 9.98:0.35, 9.97:0.5, 9.96:0.68, 9.95:0.85, and 9.94:1.03,
respectively, were formulated. The concentrations of MWCNT of 0.2, 0.3, 0.4, 0.5, and 0.6 wt% in
the Ag/MWCNT composite paste were prepared by a planetary centrifugal mixer for 2 minutes.
The referenced codes refer to the different MWCNT contents, such as 4SC indicating a solid content of
MWCNT (SCM) that accounts for 0.4 wt% of the solid content of silver paste (SCSP).

Figure 2. The preparation process of Ag/MWCNT pastes.

Table 1. The compositions of Ag/MWCNT hybrid conductive pastes.

Silver Paste
(g)

*1 SCSP
(wt%)

MWCNT Dispersion
(g)

*2 SCM
(wt%)

SCM/SCSP
(wt%)

Reference 10 6.8 - - -
2SC 9.98 6.786 0.35 0.014 0.2
3SC 9.97 6.78 0.5 0.02 0.3
4SC 9.96 6.773 0.68 0.027 0.4
5SC 9.95 6.766 0.85 0.034 0.5
6SC 9.94 6.759 1.03 0.041 0.6

*1 Solid Content of Silver Paste (SCSP). *2 Solid Content of MWCNT (SCM).

The quality of raw materials is very important when we do formula modification. It needs to
balance the compatibility, electrical properties, and rheology for screen printing of the materials.
Thus, measurements of 2.5 to 20 um for the particle size of the silver flake, 58±2% for silver solid
content, and 23,000 cps for viscosity can approach the highest electrical conductivity and good bending
ability of the conductive silver paste (AG-1003, HongChen Materials Corporation, Taiwan). The average
diameter of the MWCNTs was 8 to 15 nm, the length was 10 to 70 μm, the density was 0.1 to 0.15 g/cm3,
and the surface area was 235 to 275 m2/g (CP1002M, LG Chemical, Korea) (Figure 3).

  

Figure 3. Variable vacuum scanning electron microscopy (VVSEM) image of the (a) conductive silver
paste and (b) MWCNT.
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2.2. Production of Conductive Laminated Fabrics

A screen printing method was used to fabricate conductive laminated fabrics for this paper.
A viscous and conductive composite paste that contained a suitable amount of silver flakes and
MWCNTs, thermal plastic urethanes, a multi-solvent system, and additive agents was used during
fabrication. The Ag/MWCNT composite paste was fed onto a 300-mesh screen and manipulated
with a squeegee to form a grid pattern, in order to save on the material’s cost. The grid pattern was
constructed with a wire diameter and spacing of 0.5 mm. The recovery area was about 75% of the
PTFE film, and thus provided a cost-efficient solution. Adding a certain amount of MWCNTs and
making a composite paste with conductive silver paste provided the substantial benefits of reducing
raw material cost and improving conductivity.

The PTFE/Ag/MWCNT composite film was laminated to the cotton woven fabric,
where polyurethane reactive glue (PUR Glue) was the adhesive layer, with 120 ends/2.54 cm and
80 picks/2.54 cm warp and weft densities, respectively (Figure 4). The warp and weft yarn count was
59.1 tex. The tested specimens used in this investigation are shown in Figure 4. The specimens had
a nominal width and length of 15 cm. An Ag/MWCNT conductive circuit was shown on the PTFE
substrate, then the printed side of the conductive circuit was laminated onto the woven fabric with
PUR glue, then the release paper was removed.

Figure 4. The structure of the laminated fabric (size: 15*15 cm).

2.3. Surface Resistivity, Volume Resistivity and Electrical Conductivity Measurements

Measurements were made using a Loresta-GP MCP-T600 resistivity meter (Mitsubishi Chemical
Corporation, Japan), followed by a JIS K 7194 [22]. In order to confirm the stability of the Ag/MWCNT
composite paste and screen printing process, volume resistivity (ρv) was checked for 3 to 10 samples,
and the results show a window within 5% [23].

The stretchability testing was conducted according to ASTM D638 [24], and the proposed bending
testing methods reproduced the state of cyclic unloading conditions for 180 degrees by placing the
samples between two parallel plates to observe the resistance of the coefficient of variation [25].

2.4. Morphology of PTFE/Ag/MWCNT Conductive Composite Film

The morphology of the conductive circuit was observed using high-resolution variable vacuum
scanning electron microscopy (HR-VVSEM).

2.5. Measurement of the Laminated Fabric of PTFE/Ag/MWCNT Conductive Composite Film

The EMSE of the PTFE/Ag/MWCNT conductive composite films was measured by an Elgal
set 19A coaxial holder system (EM-21078, ShangHai YinXu Mechanical and Electrical Equipment
Co., Ltd., China) [26,27]. The thermal conductivity (mW/m.K) and thermal diffusivity (mm2/S)
were measured by a thermal property analyzer (Alambeta, Sensor Instruments & Consulting REG.
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NR., Czech Republic) [28]. An infrared thermal imaging camera (FLIR-A320, FLIR Systems Inc., USA)
was used to observe the temperature difference of the PTFE/Ag/MWCNT conductive composite film [29].

3. Results and Discussion

3.1. Morphological Analysis of PTFE/Ag/MWCNT Composite Film

In this study, the quality of the Ag/MWCNT composite paste and the morphology of the circuit are
very important due to the correlation of conductivity, skin effect, and EMSE. The electric current flows
mainly along the skin of the conductor and does not penetrate to the core. The skin depth decreases as
the radio frequency increases, so the surface roughness of the circuit is one of the major parameters
that needs to be checked when high incident frequency applications are used. The SEM images of
the Ag/MWCNT conductive circuit in sample 4SC are shown in Figure 5a. However, it is difficult to
produce hand-made samples with high uniformity (Figure 5b), resulting in defects in the circuit and
poor EMSE. Figure 5c,d show that MWCNTs can provide a complete conductive network to improve
electrical conductivity.

  

  
Figure 5. VVSEM images of the Ag/MWCNT conductive circuit in sample 4SC. (a) Topography,
(b) morphology and arrangement of the silver flakes, (c,d) connections between the MWCNTs and
silver flakes.

A conductive PTFE/Ag/MWCNT composite film was produced with a thermal curable Ag/MWCNT
composite conductive paste and a PTFE substrate. A good connection of the conductivity of Ag/MWCNT
fillers, a specified grid pattern, and a PTFE substrate improved the electrical properties, flexibility,
and feel of the fabric, and saved on the material’s consumption. Since the surface roughness of PTFE
substrate is smaller than fabric, it can ameliorate the grid pattern of the printed situation to get better
and more stable electrical conductivity, flexibility, and EMSE. Through changing the recipe of the
Ag/MWCNT composite paste, the rheology was changed. The optical microscope (OM) image of
Figure 6b (4SC) shows better printing quality than Figure 6a (pure silver). This result demonstrates
that higher viscosity was more suitable for the hand-made screen printing process.
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Figure 6. Optical microscope (OM) image of the grid pattern of (a) pure conductive silver paste and
(b) 4SC.

3.2. Electrical and Mechanical Properties of PTFE/Ag/MWCNT Composite Film

Figure 7a shows the variation in the conductivity of the PTFE/Ag/MWCNT composite films when
changing the amount of MWCNTs added to the conductive Ag/MWCNT composite paste. To produce
much smoother mesh wires, dibasic esters (DBE) can be a thinner to adjust the rheology of the
Ag/MWCNT conductive paste, which makes the process of screen printing easier, and optimal
electrical conductivity was obtained with 0.4 wt% MWCNT loading (4SC). For the composite film,
electrical conductivity reached 1.81*104 S/cm, with the 6SC film having the lowest conductivity.
The maximum conductivity of the 4SC composite film is 30% higher than the conductivity of the
6SC film. The conductivity trends of PTFE/Ag/MWCNT films demonstrated that loading MWCNTs
did not do much good. This can be explained by percolation theory. MWCNT loading had a notable
influence on the electrical properties of the films. Thus, conductivity can be modified through different
component ratios of silver powder and MWCNTs (by varying the concentration, uniformity of the
conductive network, or Ag/MWCNT wire density). Figure 7b shows the results in the surface resistivity
of the PTFE/Ag/MWCNT conductive films as a function of the amount of MWCNTs added to the
conductive Ag/MWCNT composite paste. The optimal surface resistivity also occurred with a loading
of 0.4 wt% MWCNT (4SC), whereas the 6SC film had the highest surface resistivity.

  
Figure 7. Variation in the (a) conductivity (Siemens/cm) and (b) surface resistivity of the conductive
PTFE/Ag/MWCNT films.

When electronic products, such as flexible substrates, are used, the products undergo a certain
degree of bending and deformation, causing circuit damage that impacts electrical conductivity.
In textile products, it is necessary to consider the damage caused by multiple cleanings and laundry.
At present, an increasing number of substrates are malleable. Therefore, conductive materials that can
withstand tensile and bending resistance are becoming important. The effects of tensile elongation and
hybrid paste formulation on the changing percentage of electrical resistance of the PTFE/Ag/MWCNT
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conductive films are shown in Figure 8a. The PTFE/Ag/MWCNT conductive films had an improved
variation in electrical resistance under 10% tensile elongation. The improvement in flexibility can be
seen in the stretchability and cyclic bending test results. Through the coefficient of variation, it can
be observed that under 10% elongation conditions, 3SC (16.7%) and 4SC (15.1%) showed increased
stability (Figure 8b). Similar results can be seen in the cyclic bending test (0% for 4SC and 5SC) (Figure 9).
It can be seen from the cyclic bending test that there was an increase in the number of cyclic bending
cycles of the composite film. The change in resistivity was extremely small because MWCNTs are very
strong, their mechanical strength is very good, and it is not easy to break the composite film after cyclic
bending. Under 1000 cycles of the bending test, the coefficient of variation did not change for 4SC and
5SC, which showed excellent reproducibility, reliability, and stability (Figure 9). The high-aspect-ratio
MWCNTs contributed to the multiple conductive pathways, tough mechanical properties, flexibility,
and strength of the Ag/MWCNT composite paste under testing.

  

Figure 8. (a) The effects of tensile elongation and hybrid paste formulation on the changing percentage
of the electrical resistance of PTFE/Ag/MWCNT conductive films and (b) the coefficient variance of the
electrical resistance of PTFE/Ag/MWCNT film under 10% tensile elongation.

Figure 9. CV% of the electrical resistance of the PTFE/Ag/MWCNT conductive films under 1000 cycles
of bending testing.

3.3. EMSE Analysis of PTFE/Ag/MWCNT Conductive Laminated Fabrics

The EMSE results (measurement frequency is 5 MHz to 3000 MHz) of the conductive laminated
fabrics are presented in Figure 10 and Table 2. A regular up and down pattern with frequencies from
5 MHz to 3000 MHz is shown. The PTFE/Ag/MWCNT conductive films with an addition of 0.4 wt%
MWCNTs displayed the highest EMSE, compared to the other PTFE/Ag/MWCNT films. According to
the electromagnetic wave shielding test, the PTFE/Ag/MWCNT conductive laminated fabric printed
with the Ag/MWCNT composite paste had a good electromagnetic wave shielding effect, and its EMSE
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value exceeded 40 dB. At a frequency of 300 MHz (domestic wireless telephone), the 3SC has a good
EMSE value of 50.1 dB; at a frequency of 1800 MHz (4G mobile phone), 4SC has the best EMSE value of
62.4 dB; at a frequency of 2450 MHz (microwave oven), 4SC has the best EMSE of 59.9 dB. The results
reach very good to excellent levels, according to the classifications of EMSE for general purposes
(Table 3).

Figure 10. EMSE vs. frequency plots for different MWCNT contents in the PTFE/Ag/MWCNT conductive
laminated fabrics.

Table 2. EMSE data for the applications of 300 MHz, 1800 MHz, and 2450 MHz.

Application/Unit: dB PTFE Pure silver 2SC 3SC 4SC 5SC 6SC

300 MHz
(Cordless telephone) 3.1 50.3 48.9 50.1 48.0 47.5 47.1

1800 MHz
(4G mobile phone) 0.1 56.3 46.5 56.4 62.4 47.3 47.8

2450 MHz
(Microwave oven) 0.6 43.3 55.9 46 59.9 38.8 44.1

Table 3. The classifications of EMSE for general purposes.

Type
Class 5

Excellent
Class 4

Very Good
Class 3
Good

Class 2
Moderate

Class 2
Fair

EMSE ranges SE > 60 60 ≥ SE > 50 50 ≥ SE > 40 40 ≥ SE > 30 30 ≥ SE > 20

3.4. Thermal Analysis of PTFE/Ag/MWCNT Conductive Laminated Fabrics

Table 4 shows the thermal properties of PTFE/Ag/MWCNT conductive laminated fabric. It can be
seen from the thermal property tests that with an increase in the amount of MWCNTs, the thermal
conductivity of the laminated fabric tended to rise first and then decrease because the addition of the
MWCNTs correspondingly reduced the silver solid content, resulting in a downward trend. Sample 4SC
showed the highest thermal conductivity coefficient and thermal diffusion values of 37.1 mW/m.K
and 0.240 mm2/s, respectively. This is probably because the 4SC tested sample had the best thermal
conductive network. However, as the MWCNT amount increased, agglomeration increased.

Figure 11 and Table 5 present the results in the temperature difference of the conductive laminated
fabrics for the different formulations. The temperature difference of the laminated fabric increased
first and then decreased because the addition of MWCNTs correspondingly reduced the silver solid
content, resulting in a downward trend. From the far infrared thermal imaging test, it can be seen that
the laminated fabric with the added MWCNTs had a better heating effect than the fabric that did not
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contain the MWCNTs because the MWCNTs have high thermal conductivity and good heat transfer
characteristics. The 4SC has the highest temperature increase of 5.6 ◦C and temperature decrease of
4.0 ◦C.

Table 4. Thermal properties of PTFE/Ag/MWCNT conductive laminated fabrics.

Sample/Data Pure Silver 2SC 3SC 4SC 5SC 6SC

Thermal conductivity
(mW/m.K) 35.5 36.3 36.7 37.1 36.5 36.2

Thermal diffusivity
(mm2/s) 0.132 0.157 0.217 0.240 0.200 0.118

Figure 11. Temperature changes under far infrared irradiation of PTFE/Ag/MWCNT conductive
laminated fabrics.

Table 5. Temperature changes during far-infrared irradiation of PTFE/Ag/MWCNT conductive
laminated fabrics.

Sample T0 T10 T20
ΔT1

(T10-T0)
ΔT2

(T10-T20)
ΔT3

(T20-T0)

Pure silver 20.0 24.3 20.7 4.3 3.6 0.7

2SC 20.0 24.8 21.2 4.8 3.6 1.2

3SC 20.0 25.1 21.2 5.1 3.9 1.2

4SC 20.0 25.6 21.6 5.6 4.0 1.6

5SC 20.0 24.8 21.7 4.8 3.1 1.7

6SC 20.0 24.7 21.1 4.7 3.6 1.1

4. Conclusions

In this paper, an Ag/MWCNT composite conductive paste was applied to a PTFE film, using a screen
printing method to produce a grid pattern with high electrical conductivity, EMSE, thermal conductivity,
and diffusivity functions. This PTFE/Ag/MWCNT composite film was then used to laminate woven
fabric, providing a low cost material with highly stable electrical properties for printing, high durability,
good softness, high EMSE, and improved thermal properties. The EMSE of the PTFE/Ag/MWCNT
conductive laminated woven fabrics can be adjusted via designing different grid patterns and controlling
the ratio of Ag/MWCNT. It can be observed that PTFE/Ag/MWCNT conductive laminated fabrics may
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have applications as home textiles which solve health and electrical issues related to electromagnetic
shielding and thermal problems, being especially easy to use because of their flexibility. The 4SC
conductive fabric sample had a higher EMSE than other specimens for almost all frequency ranges from
120 to 3000 MHz. The EMSE and thermal properties of the PTFE/Ag/MWCNT laminated fabrics showed
improved performance and are suitable for use in domestic electronic appliances and household
textiles. Since MWCNT shows excellent improvement of flexibility and elongation, it has the potential
to acquire the stretchable property of conductive ink in the future.
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14. Erath, D.; Filipović, A.; Retzlaff, M.; Goetz, A.K.; Clement, F.; Biro, D.; Preu, R. Advanced screen printing
technique for high definition front side metallization of crystalline silicon solar cells. Sol. Energy Mater.
Sol. Cells 2010, 94, 57–61. [CrossRef]

15. Hsu, C.-P.; Guo, R.-H.; Hua, C.-C.; Shih, C.-L.; Chen, W.-T.; Chang, T.-I. Effect of polymer binders in screen
printing technique of silver pastes. J. Polym. Res. 2013, 20, 277. [CrossRef]
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Abstract: The basic oxygen furnace slag is a major waste by-product generated from steel-producing
plants. It possesses excellent characteristics and can be used as a natural aggregate. Chemically,
the basic oxygen furnace slag encloses free CaO and free MgO, which is the main reason for the
expansion crisis since these free oxides of alkaline earth metals react with water to form their hydroxide
yields. The objective of the present research study is to stabilize the basic oxygen furnace slag by
using innovative geopolymer technology, as their matrix contains a vast quantity of free silicon, which
can react with free CaO and free MgO to form stable silicate compounds resulting in the prevention
of the basic oxygen furnace slag expansion predicament. Lab-scale and ready-mixed plant pilot-scale
experimental findings revealed that the compressive strength of fine basic oxygen furnace slag-based
geopolymer mortar can achieve a compressive strength of 30–40 MPa after 28 days, and increased
compressive strength, as well as the expansion, can be controlled less than 0.5% after ASTM C151
autoclave testing. Several pilot-scale cubic meters basic oxygen furnace slag-based geopolymer
concrete blocks were developed in a ready-mixed plant. The compressive strength and autoclave
expansion test results demonstrated that geopolymer technology does not merely stabilize the basic
oxygen furnace slag production issue totally, but also turns the slags into value-added products.

Keywords: basic oxygen furnace slag; autoclave test; geopolymer technology; expansion
behavior; recycling

1. Introduction

The Basic Oxygen Furnace (BOF) slag is a left-behind residual waste generated from the steelmaking
industry. There are 1.5 million tons of BOF slags produced annually in Taiwan [1]. This high
quantity leads to environmental and ecological issues together with health concerns. This waste
demonstrates excellent physical and mechanical attributes, such as far-above-the-ground hardness,
a higher compressive strength, and a near-to-the-ground abrasion ratio. It is capable of substituting
natural aggregates to produce structural materials, road pavements, and more. Unfortunately, the key
setback of BOF slags is their expansion behavior because of their gigantic content of free lime,
as a consequence, a hindrance in the context of BOF slag recycling and reuse takes place [2–6]. Most
of the coarse BOF slags, larger than four mesh, are mixed with asphalt to produce asphalt-concrete
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which can be employed as road pavements. However, approximately 0.7 million tons of fine BOF
slags, which is less than four mesh, are unable to be utilized effectively, especially used in the Portland
cement system [7]. For that reason, the way in which a BOF slag can be reutilized as a fine aggregate
has become an imperative issue.

Previous studies on BOF slags used as aggregates in concrete and their advantageous properties
have been extensively reported [4,5,8–11]. However, the BOF slag contains free-CaO and free-MgO
that can result in volumetric instability due to their reaction with water, yielding alkaline earth metal
hydroxides. This must be addressed, employing appropriate treatment to prevent expansion. There are
several ways to stabilize BOF slags, such as stabilization in the hot or molten stage [12–14], and
stabilization by employing a carbonation process [12,15,16]. Singh et al. supplemented oxalic acid into
cement mortar to improve the densification and mechanical properties of concrete [17], while Ding et al.
utilized scrubbing attrition and chelating reagent treatment to remove free lime from BOF slags [5].

On the other hand, Lin et al. immersed BOF slags into the water to provide sufficient stabilization
reactions [18]. According to previous research results, the adding up of silica sand in the molten
stage can complete the solution and get rid of free lime crisis. This brings into question whether or
not analogous reactions can occur at room temperature. If possible, they will entirely resolve the
quandary of BOF slag expansion and achieve the goals of waste recycling following the principles of
the Circular Economy.

Nowadays, innovative geopolymer technology is drawing the attention of researchers on account
of not only its nine-times lower carbon footprint and six-times lower energy consumption as compared
to the OPC (Ordinary Portland Cement) system [19], but also due to the demonstration of excellent
properties by geopolymer composites, such as high initial strength, brilliant resistance to chemicals and
freeze-thaw as well as thermal and fire calamities, sustainability, and strength and durability. This means
simply that novel geopolymer technology can lend a hand in solving the great dilemma of global
warming and the saving of natural resources of rocks and minerals. On top of that, it is cost-effective,
since it can incorporate profusely accessible various wastes in the manufacture of geopolymer
composites, which otherwise create problems of landfilling and pollution of the environment, soil,
surface and subsurface waters besides health hazards [20,21]. Accordingly, it also extends to an
organized solution of the disposal of these wastes. Inorganic geopolymers are analogous to natural
zeolite minerals but possess an amorphous microstructure, they are classed as three-dimensionally
networked materials synthesized through the reaction of rich aluminosilicate materials, such as
precursors and alkaline solutions, as activators [22–24]. During the geopolymerization reaction, Si gel
and Al gel were produced on the solid particle surface, and thus, they formed the Si-O-Al framework.
SiO4 and AlO4 tetrahedra are linked to each other by sharing all O2 atoms [25,26]. Their unique
internal structure is the core reason for why geopolymer has superior chemical and physical properties
such as high compressive strength, high durability, favorable structural integrity, and low permeability.
These exothermic and complex geopolymer processes contain large amounts of free silicon. This free
silicon can react with oxides of free lime and free magnesium in the BOF slag, and hence, the formation
of stable compounds takes place, thereby inhibiting the expansion of the BOF slag.

In this original research, BOF slags, granulated blast furnace slag (GGBS) powder, coal fly ash
(FA) and alkali activator solutions were employed as raw materials to manufacture BOF slag-based
geopolymer mortar. The effect on compressive strength and expansion behavior from the GGBS/FA
ratio and the SiO2/Na2O ratio in geopolymer mortar are presented in this investigation. For testing the
expansion behavior of BOF slag-based geopolymer mortar, the application of the autoclave testing
method as the accelerated test was made [27]. Lab-scale and ready-mixed plant pilot-scale recycling
processes are also investigated in this study.

2. Assumption of the Mechanism for Stabilization BOF Slags in Geopolymer System

In general, the expansion phenomenon of the BOF slag is mainly due to the f-CaO, and f-MgO
content presented. When the BOF slag makes contact with water, f-CaO will undergo a hydration
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reaction, causing volume expansion. The f-MgO hydration reaction is relatively slow, and about 30 days
later, it will also cause volume expansion. After the BOF slag absorbs water, f-CaO will become calcium
hydroxide “Ca(OH)2”, the volume will expand by 127% [28], and f-MgO will become magnesium
hydroxide “Mg(OH)2”. The volume expansion is about 118% [29]. Therefore, this study conceived
that utilizing free silicon to react f-CaO into a stable calcium silicate compound would prevent the
expansion. The relevant reaction Equations (1) and (2) are as follows:

f-CaO + Si→ CaSiO3 (1)

f-MgO + Si→MgSiO3 (2)

After the geopolymer reaction is completed, the excessively free silicon will remain in the matrix of
BOF slag-based geopolymer. If other factors caused the geopolymer matrix and/or BOF slag aggregates
to be broken, the f-CaO may be released again. At this time, if water infiltrates from the crack, the free
silicon remaining in the geopolymer product will dissolve in the water, and then react with f-CaO
to form a stable calcium silicate to prevent expansion. The reaction schematic diagram is shown
in Figure 1.

 
Figure 1. Schematic diagram of f-CaO reaction with free silicon in geopolymer matrix.

3. Experimental

3.1. Materials

BOF slag aggregates with a particle size less than four mesh original fine with a D50 at 0.75 mm
obtained from CHC Resources Corporation were utilized. The chemical composition of fine BOF
slags is depicted in Table 1. The key composition in BOF slag was CaO and Fe2O3; it also contains
4.7 wt% of free lime. Additionally, GGBS and FA were obtained from CHC Resources Corporation in
Taiwan. GGBS possesses a particle size between 0.6–135.7 μm with D50 at 12.3 μm while those of FA
range among 0.7–201.9 μm with a D50 at 22.2 μm. The chemical composition of GGBS powder and FA
were also represented in Table 1. Alkali activator solutions with various SiO2/Na2O molar ratios were
prepared by mixing sodium silicate solution (9.5 wt% Na2O, 29 wt% SiO2) and 6M sodium hydroxide.
The molar ratio for SiO2/Al2O3 was kept at 50 and was controlled by sodium aluminate. The alkali
solutions were prepared and ready to use the day before the experiment.

Table 1. Chemical composition of basic oxygen furnace (BOF) slag, granulated blast furnace slag
(GGBS) and coal fly ash (FA).

wt.%

Composition
SiO2 CaO Al2O3 Fe2O3 MgO f-CaO LOI. Others

BOF Slag 9.4 37.1 4.2 24.1 7.1 4.7 0.8 12.6
GGBS 27.7 57.9 11.2 0.4 – – – 2.8

FA 60.2 2.7 19.1 8.7 – – 2.9 6.4
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3.2. Methods

GGBS and FA were mixed at the designed weight ratio with an additional 3 wt% of wollastonite
added during blending. Subsequent to pre-mixing for 3 min, the mixture was then activated with alkali
solutions. After thorough mixing for 3 min, the fine BOF slags were then added into geopolymer paste
for an additional 3 min blending to prepare geopolymer mortar with various geopolymer: BOF slag
ratios. The geopolymer mortar was then cast into cylindrical molds of size (Φ50 × 100 mm). Following
24 h of de-molding, the samples were then cured at room temperature until certain days for testing.
In order to measure the volume stability, all the BOF slag-based geopolymer mortar samples were
tested using the autoclave testing method according to ASTM C151 standard.

Before and after autoclave testing, the length, diameter, and volume change rate of the cylindrical
specimen were calculated by dividing the circle portion of the cylindrical specimen into three sections
with the center point of the circle. A Vernier caliper was used for measuring the length varieties of
the cylindrical sample. For diameter measurements, an arbitrarily selected marked two points at the
middle of the height of the cylindrical test body was measured and another two points were made at a
position rotated by 90◦, which were also measured. The change in total volume is calculated from the
above results.

4. Results and Discussion

4.1. BOF Slags Expansion Behavior and Powdering Rate

The powdering rate measurement was based on GB/T 24175-2009 (Test method for stability of
steel slag). Before collecting an 800 g oversize part to put into an autoclave, the BOF slags were
screened using a No. 4 sieve. The autoclave maintained the pressure at 20.8 ± 0.7 kgf/cm2, temperature
215.7 ± 1.7 ◦C for 3 h. Subsequently after drying and sieving again by employing the No. 4 sieve,
the powdering rates were calculated as illustrated in Equation (3).

Table 2 demonstrates the results of powdering rates for various size ranges of BOF slags after
autoclave tests. The powdering rate increased from 17.4% to 29.9% with decreasing particle size ranges
from >3/4 inch–3/8 inch–No. 4 mesh. This implies that the finer particle size range of BOF slags
contained more free lime.

Table 2. Powdering rate for different size range BOF slags after autoclave test.

Particle Size Range Powdering Rate (%)

3/8 inch–#4 mesh 29.9
3/4 inch–3/8 inch 27.8
>3/4 inch 17.4

Powdering Rate =
Weight o f less than 4 mesh part

Total Sample weight
× 100% (3)

In order to compare the performance of BOF slags (aggregate) in the Portland cement system and
geopolymer system (binder), the binder/aggregate weight ratio was kept at 1:2.75 for the BOF slag
expansion test. The expansion behavior of the BOF slag in the Portland cement system and geopolymer
technology is presented in Table 3. Based on the experiment results, it is seen that in the case of the
BOF slag in the Portland cement system, the sample totally collapsed after the autoclave test due to
the steam, which accelerated the reaction of free lime, thus causing expansion. Nevertheless, in the
case of the BOF slag in the geopolymer system, the sample still maintained its integrity after the
autoclave test as displayed in Table 3. The average height, diameter, and volume changes recorded are
0.18%, 0.07%, and 0.35%, respectively. After the autoclave test, the samples were crushed, grinded
and analyzed by XRD (X-ray Diffraction) (Figure 2). The mineral phase of calcium silicate was found,
indicating that the geopolymer technique can stabilize the untreated BOF slag fines. This is ascribed to
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the enormous quantities of free silicon present in the geopolymer matrix. This free silicon reacted with
free lime or free-MgO on the BOF slag surface to form a stable compound. When the BOF slag-based
geopolymer is subjected to an external force and cracks crop up, the moisture will enter into the BOF
slags. The free silicon in the geopolymer matrix will be dissolved and brought into internal BOF slag
to react with free-CaO or free-MgO to form stable calcium silicate or magnesium silicate. This reaction
can effectively inhibit the expansion of the BOF slags.

Table 3. BOF slag expansion behavior in Portland cement system and geopolymer system after
autoclave test.

BOF Slag in Different System Before Autoclave Test After Autoclave Test

Portland Cement System

 

 

 

 

Geopolymer System

 

 

 

 

Ave height change 0.18%
Ave diameter change 0.07%
Ave volume change 0.35%

Figure 2. Results of XRD (X-ray Diffraction) analysis of the BOF slags in the geopolymer system after
autoclave test.
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4.2. Effect of SiO2/Na2O Molar Ratio on the Properties of BOF Slag-Based Geopolymer Mortar

In order to understand the effect of the SiO2/Na2O molar ratio on the features depending on the
BOF slag-based geopolymer mortar, the experimental parameters were adjusted, and the experimental
results exhibit that the compressive strength depending on the SiO2/Na2O ratio of the BOF slag-based
geopolymer mortar is augmented as the ratio of SiO2/Na2O increases, as portrayed in Figure 3. Both
tend to enhance the compressive strength as the curing time increases. When the ratio of SiO2/Na2O
was between 1.28 and 1.5, the compressive strength at the age of 56 days was about 32–38 MPa.
Likewise, when the ratio of SiO2/Na2O was 1.6, the compressive strength achieved 53 MPa on the day
56. However, only the decrease of compressive strength after 56 days for SiO2/Na2O = 1.4 was found.
The reason for this is large amounts of micropores generated in the structure of the geopolymer that
hinder the development of compressive strength, and no such phenomenon is found in a ratio higher or
lower than the SiO2/Na2O ratio of 1.4 [30]. Moreover, it is found that most of the specimens subjected
to the autoclave expansion treatment according to the ASTM C151 standard possess a tendency to
increase the compressive strength, and the strength on day 56 can obtain 40–55 MPa as illustrated
in Figure 3b. A careful observation of the surface of the specimen after the autoclave test revealed
that it still has a small amount of surface peeling, which may be due to the fact that the BOF slag
particles on the surface of the specimen cannot be entirely covered by the geopolymeric slurry, or
maybe because of the highly thin coating. Therefore, there is still a small part of the reaction expansion
phenomenon. However, due to its substantial increase in compressive strength, it indicates that the
overall performance of the test body subsequent to the autoclave expansion test is still very stable.

 

 
 

 

 
 

(a) (b) 

Figure 3. Effect of SiO2/Na2O molar ratio on the curing age and compressive strength of BOF slag-based
geopolymer mortar before autoclave expansion test (a) and after autoclave expansion test (b).

The effect of the SiO2/Na2O molar ratio on the curing age of the BOF slag-based geopolymer
mortar was subjected to an autoclave expansion test specimen, and its linear expansion, diameter
expansion, and bulk expansion characteristics were analyzed. The results are shown in Figure 4.
As illustrated in Figure 4, the volume expansion ratio of each of the samples was 0.4% or less, of which,
the expansion ratio of SiO2/Na2O = 1.4 and 1.5 is the lowest and is only 0.1% or less. Furthermore,
the linear expansion ratio and the diameter expansion ratio were analyzed ahead, and the linear
expansion ratio was mostly less than 0.1%, and the diameter expansion ratio was also 0.15% or less.
This shows that the untreated BOF slag has high stability under the geopolymer system. According to
the results of this experiment, the subsequent selection of the BOF slag-based geopolymer mortar was
carried out with a ratio of SiO2/Na2O of 1.5.

164



Sustainability 2020, 12, 5002

 

 
(a) 

 
(b) 

 
(c) 

Figure 4. Effect of SiO2/Na2O molar ratio on the length, diameter, and volume changes after autoclave
test, (a) volume expansion ratio (b) linear expansion ratio (c) diameter expansion ratio.
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4.3. Effect of GGBS/FA Ratio on the Properties of BOF Slag-Based Geopolymer Mortar

The results of the compressive strength of the BOF slag-based geopolymer mortar, with varying
proportions of the GGBS and FA, are shown in Figure 5. The compressive strength increased with
increased GGBS content (Figure 5a). This could be due to the fact that the structure of geopolymer
mortar is denser and more increased with curing age. The BOF slag-based geopolymer mortar of
different powder ratios was subjected to a compressive strength test after an autoclave treatment, and
the results are shown in Figure 5b. According to the experimental results, it can be found that although
the surface of the test piece has a small part of peeling after the autoclave test, the compressive strength
is still significantly increased. This means that the test specimen is still very stable after the autoclave
expansion test. The higher the content of fly ash, the significantly higher the strength of the sample
after the autoclave test. This may be due to the high silicon content of fly ash in the system to suppress
the BOF slag expansion [31].

 
(a) (b) 

Figure 5. Effect of GGBS/FA ratio on compressive strength of BOF slag-based geopolymer mortar
(a) before autoclave expansion test; (b) after autoclave expansion test.

The autoclave expansion test, ASTM C151, was carried out to understand the stability and volume
expansion rate of BOF slag-based geopolymer mortar samples, with different proportions of GGBS:Fly
ash, shown in Table 4. Table 4 highlights that in the BOF slag-based geopolymer mortar sample,
the excessive GGBS or the excessively high FA content has a high expansion rate. Moreover, with a ratio
of GGBS:FA = 6:4, the volume expansion rate is 0.53% after 56 days of curing, but the GGBS:FA = 3:7,
after 56 days of curing, has an expansion rate as high as 0.71%. Only between the GGBS:FA = 5:5,
an expansion rate of less than 0.1% exists. The linear expansion ratio and the diameter expansion ratio
were less than 0.3%.

Table 4. The effect of GGBS/FA Ratio on the expansion ratio of BOF slag-based geopolymer mortar
after autoclave test.

GGBS:
FA

Diameter Expansion (%)
Length Expansion

(%)
Volume Expansion

(%)

7d 28d 56d 7d 28d 56d 7d 28d 56d

6:4 0.18 0.18 0.18 0.24 0.22 0.15 0.62 0.59 0.53
5:5 0.03 0.02 0.02 0.01 0.02 0.03 0.07 0.05 0.10
3:7 0.24 0.21 0.26 0.16 0.19 0.19 0.66 0.63 0.71

Similarly, in the ratio of GGBS:FA = 5:5, both the diameter and linear expansion rate were less
than 0.03%. Although the FA in the system can provide more silicon to inhibit the expansion of the
BOF slag, the powder itself has large shrinkage and insufficient strength, thus cannot add too much.
On the other hand, in the sample with higher GGBS content, although the content of silicon—which
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can react with free lime—is reduced, it is still sufficient to inhibit the expansion of the BOF slag due to
its own strength, and its volume expansion is still 0.53%. In the GGBS:FA = 5:5, the strength provided
by the GGBS in the system and the FA that can react to inhibit free calcium reached the optimum
amount, and consequently the expansion rate and age are the best, <0.1% for 7–56 days curing.

4.4. Laboratory Horizontal Double Shaft Mixer Tests

This phase of the test is mainly to simulate the large-scale test of the actual plant. GGBS and FA
(5:5) are used as source materials. The alkaline liquid has NaOH concentration of 6M, the SiO2/Na2O
molar ratio is 1.5, the SiO2/Al2O3, as well as molar ratio, is 50. The moisture content of the BOF slag is
controlled at 10%, where the BOF slag is not pretreated before the tests. To simulate the actual factory
test, this experiment prepared a BOF slag-based geopolymer mortar with a horizontal biaxial mixing
machine and poured a test specimen of Φ10 cm×20 cm for the compression test and the autoclave
expansion test. The mixture proportion and process are shown in Table 5. Table 6 shows the hardening
time of the BOF slag-based geopolymer mortar. According to the hardening time test results, the initial
setting time is about 3 h; the final setting time is about 9 h.

Table 5. Simulation the large-scale experiment for BOF slag-based geopolymer mortar.

Mix No.
Source Materials Binder:

Aggregate Wollastonite L/S BOF Slags Water
ContentFA GGBS

GC-BOF10% 5 5 1:2.75 5% 0.49 10%

Table 6. Hardening time result of simulation of large-scale experimental for BOF slag-based
geopolymer mortar.

Mix No.
Setting Time

Initial Final

GC-BOF10% 3 h 15 min 8 h 40 min

The compressive strength of the simulated large-scale experimental BOF slag-based geopolymer
mortar is shown in Figure 6. As the curing age increases, the strength of the test body increases.
At seven days of age, the strength reached about 27 MPa; at 28 days of age, the strength reached 40
MPa. It is said that the simulation of the large-scale experimental of BOF slag-based geopolymer
mortar has excellent strength performance.

Figure 6. The compressive strength of simulation large-scale experimental BOF slag-based
geopolymer mortar.
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The autoclave expansion test of the simulated large-scale experimental BOF slag-based geopolymer
mortar is shown in Table 7. After the autoclave expansion test, the BOF slag-based geopolymer mortar
sample is complete, and only a slight surface is peeling. The compressive strength test before and after
autoclave found that the surface peeling did not affect the stability of the test specimen.

Table 7. Autoclave expansion test (seven days) results of simulating the large-scale of the experimental
BOF slag-based geopolymer mortar.

Test Specimen
GC-BOF10%

Before Autoclave Test After Autoclave Test Volume Changed
 

  

0.27%

Compressive Strength
(MPa) 28.4 35.6

4.5. BOF Slag-Based Geopolymer Mortar Tests in Ready-Mixed Plant

4.5.1. Ready-Mixed Plant Small Scale Tests

The mixed proportion for Ready-mixed plant small scale test is shown in Table 8. The main
difference between the two tests is the ratio of binder and aggregate, which is the additional amount of
the BOF slags.

Table 8. Mixture proportion of ready-mixed plant small-scale test.

NO. L/S Binder:Aggregate
Mixture Proportion (kg) Total Weight

(kg)GGBS FA BOF (15% water) Alkali Solution

Test-1 0.41 1:2.90 15.12 15.12 100.85
(87.70) 12.50 143.59

Test-2 0.38 1:1.98 19.70 19.70 90.00
(78.26) 15.00 144.40

The fresh properties of the ready-mixed plant small-scale test mixture are shown in Table 9.
According to the results, it is found that the BOF slags of the high-water content of BOF slag-based
geopolymer mortar showed excellent workability. The initial slump flow of Test-1 is 540*580 mm, and
it is allowed to stand for 45 min after, and the slump flow is reduced to only 520*520 mm. Test-2′s
initial slump flow is 470*480 mm, and after allowing it to stand for 45 min, its slump flow is reduced to
440*440 mm. The results of the two tests were found to have low slump flow loss performance.
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Table 9. Fresh properties mixture after ready-mixed plant small scale test.

NO. Initial After 45 Min

Test-1

Slump Slump flow Slump Slump flow
265 mm 540*580 mm 250 mm 520*520 mm 

 

 

 

Test-2

Initial After 45 min
Slump Slump flow Slump Slump flow

260 mm 470*480 mm 250 mm 440*440 mm 

 

 

 

The compressive strength of the ready-mixed plant small scale tests is shown in Table 10 and
Figure 7. As the curing age increases, the strength of the test body increases. The strength of the
late Test-2 is higher than that of Test-1 because the strength source of the geopolymer system is from
the geopolymer slurry rather than an aggregate. Therefore, in Test-2, where the BOF fine aggregate
is relatively low, the compressive strength will be higher than Test-1. However, after the autoclave
test, the compressive strength decreases in Test-2. The reason for this is due to water release and
formed cracks.

 
Figure 7. Compressive strength of the ready-mixed plant small scale test.
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Table 10. Compressive strength of concerning plant small scale test.

NO.
Test

Time

Compressive Strength (MPa)

1d Ave 3d Ave 7d Ave 28d Ave
After

Autoclave
Test

Test-1
0 min 13.2

12.9
20.4

20.5
22.9

24.5
32.9

33.7 43.845 min 12.7 20.5 26.1 34.5

Test-2
0 min 12.1

12.2
26.8

28.6
39.7

38.8
49.3

48.1 38.845 min 12.3 30.4 38.0 47.0

4.5.2. Ready-Mixed Plant Pilot-Scale Tests

Ready-mixed plant pilot-scale test parameters are shown in Table 11. The ratios of FA and GGBS
are 5:5 and 6:4, the ratios of binder and aggregate are 1:2.936 and 1:3.575. The total test volume is 1.5
cubic meters, and the total weight in each test is approximately 3.5–3.6 tons.

Table 11. Mixture proportion of ready-mixed plant pilot-scale test.

NO.

FA
:

GGBS

L/S
Binder

:
Aggregate

Mixture Proportion (kg)
Total Volume
and Weight

Alkali
Solution

GGBS FA
BOF Slag

(Wet)
BOF Slag

Water Content
Water
Added

Test-3 5:5 0.50 1:2.936 374 375 375 2,400 9.0% 20.0 1.5 m3 3544 kg

Test-4 6:4 0.52 1:3.575 349 267 400 2,560 7.4% 60.0 1.5 m3

3636 kg

The fresh properties of the ready-mixed plant pilot-scale tests are shown in Table 12. The test
number of Test-3 and Test-4 have a slump flow of 380*390 mm and 510*490 mm, respectively. The reason
for this difference is the increase in the use of FA in Test-4 samples, which is spherical in shape and
contributes to its fluidity [32,33].

Table 12. Fresh properties of ready mixed plant pilot-scale tests.

NO. FA:GGBS Slump Slump Flow

Test-3 5:5

 

 

 

 

260 mm 380*390 mm

Test-4 6:4

 

  
270 mm 510*490 mm
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The compressive strength and their autoclave test of ready-mixed plant pilot-scale experiments
are shown in Table 13 and Figure 8. As the curing age increases, the strength of the test body increases.
The compressive strength of Test-3 is slightly higher than that of Test-4. The main reason is the
adjustment of the ratio of FA to GGBS. Test-4 is higher in the amount of FA, and the reactivity of FA
itself is poorer than that of GGBS powder which causes its intensity to be slightly lower than Test-3.
According to the results of the autoclave expansion test, as the curing age increases, the structure of the
test body is more complete, and the test specimen has no break point after the autoclave expansion test.
The expansion changes after the autoclave test for the ready-mixed plant pilot-scale tests are shown in
Table 14. All the expansion test results can be controlled around −0.41% for diameter and liner changes.

Table 13. Compressive strength and autoclave test of ready-mixed plant pilot-scale tests.

NO.
FA:

GGBS

Compressive Strength (MPa) Autoclave Test
1d Ave 3d Ave 7d Ave 28d Ave 28d

Test-3 5:5
20.3

20.9
33.9

33.4
37.2

37.5
39.7

41.6 45.421.5 32.8 37.9 43.4

Test-4 6:4
13.8

13.9
24.9

25.4
31.6

31.4
39.7

39.9 31.714.1 26.0 31.1 40.4

Table 14. Expansion changes after autoclave test for ready-mixed plant pilot-scale tests (curing time
28 days).

NO.
Expansion Ratio After Autoclave Test (%)

Diameter Change Length Change

Test-3 −0.41 −0.41
Test-4 −0.41 −0.41

Figure 8. Compressive strength of ready-mixed plant pilot-scale test.

5. Conclusions

The present study and its findings were piloted, and conclude that:

• Reduction concerning CO2 emissions and consumption of copiously available BOF slag wastes
is possible by employing geopolymer technology. Not merely that, it stabilizes the BOF slag
production absolutely by turning them into valuable products.

• Stabilization of the BOF slag through geopolymer technology is successfully determined, since
their matrix encompasses a large amount of free silicon (Si) which can react with free CaO and
free MgO to form stable silicate compounds leading to the addressing of the quandary of BOF
slag expansion.
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• Lab-scale and ready-mixed plant pilot-scale experimental upshots unveiled that the compressive
strength of fine BOF slag-based geopolymer mortar achieved the compressive strength of 30–40 MPa
after 28 days, and increased compressive strength. The expansion can be controlled also, less than
0.5% after ASTM C151 autoclave testing.

• A systematic solution for the disposal of the waste accumulation of BOF slags is extended
through this novel geopolymer technology since its incorporation is possible in manufacturing,
user and eco-friendly green geopolymer composites, otherwise filling land spaces and causing
the contamination of environments, ecology, soils, surface and subsurface waters as well as
health hazards.
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