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Microscopic techniques such as optical microscopy (con-
ventional light microscopy (LM), fluorescence microscopy
(FM), confocal/multiphoton microscopy, and stimulated
emission depletion microscopy (STED)), scanning probe
microscopy (scanning tunnelling microscopy (STM), atomic
force microscopy (AFM), near-field scanning optical mi-
croscopy, and others) as well as electron microscopy
(scanning electronmicroscopy (SEM), transmission electron
microscopy (TEM), scanning transmission electron mi-
croscopy (STEM), and focus ion beammicroscopy (FIB)) are
often used in materials science. %ose techniques make it
possible to assess the morphology, composition, physical
properties, and dynamic behaviour of materials, thus
making a significant contribution to the development of
materials science. %ey are necessary for both the quality
control of products and the development of new materials.
Design, synthesis, characterisation, and development of
useful innovative, technologically advanced, adaptable, and
multifunctional materials and devices with lower mass,
smaller volume, higher efficiency, and lower cost, in par-
ticular novel materials and structures, are rapidly growing
fields of materials science. Advanced blends, composites,
and hybrid materials are the most-developing classes of new
materials based on ceramic, glass, silica, and carbon that lead
to numerous technological innovations. Metals and alloys,
intermetallic composites, magnetic materials, ionic crystals,
covalent crystals, coatings, films, foils, and pigments are used
for advanced applications. Above all, functional materials
are found applications in automotive and transportation
industry, aeronautics and space industry, and energy, en-
gineering, and environmental sectors. New solutions are also

being developed in agriculture and horticulture sectors and
packaging and food-service sectors. Knowledge on the re-
lationships between structures, properties, functions, and
performance is essential for prospective safe applications of
such materials in the areas of human health (in medical,
pharmaceutical, and dental industry) and the environment.
%e study of the physical and technical foundation of the
latest developments in the areas described is based on mi-
croscopic techniques that are also used in a variety of in-
dustrial applications, including topographic and dynamical
surface studies of many materials. Fundamental and applied
research in emerging application areas in nanotechnology,
interfacial science and engineering, advanced manufactur-
ing, catalysis, bioengineering, bio-inspired synthesis, green
production routes, sensing, and actuation is often also based
on microscopic techniques.

%e aim of the Special Issue was not only to present novel
achievements and contribution of microscopic techniques to
the development of materials science but also to present
significant improvements to proven research techniques and
recent technical and methodological changes, particularly in
applications in the field of human health and the environment.
%e proposed scope concerned to research on the design,
synthesis, characterisation, development, and manufacturing
of useful innovative, technologically advanced materials and
devices that have general applicability and that form the basis
for the evolving knowledge about blends, composites, and
hybrid materials. Special emphasis was placed on environ-
mentally friendly blends, composites, and hybrid materials
from renewable resources with no adverse effect on the en-
vironment, with a short global carbon life cycle, with green
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production routes, suitable to recycle materials based on
natural, renewable, and synthetic polymers for the sustainable
future.

%e articles in the special issue focus mainly on the
characterisation of new materials using microscopic tech-
niques, especially SEM and AFM. %e first paper in this
Special Issue presents an overview of the recent advances of
the three-dimensional (3D) characterisation of carbon-
based materials conducted using focused ion beam-scanning
electron microscope (FIB-SEM) tomography. Current
studies and further potential applications of the FIB-SEM 3D
tomography for carbon-based materials are discussed. %e
advances of FIB-SEM 3D reconstruction are highlighted to
reveal the high and accurate resolution of internal structures
of carbon-based materials, as well as suggestions for the
adoption and improvement of the FIB-SEM tomography
system for broad carbon-based research. %e next article
provides an overview of topographic and dynamical surface
studies of (bio)degradable polymers, in particular aliphatic
polyesters, the most promising ones. %e (bio)degradation
process promotes physical and chemical changes in material
properties that can be characterised by microscopic tech-
niques. %ese changes occurring both under controlled
conditions as well as in the processing stage or during use
indicate morphological and structural transformations
resulting from the deterioration of the material and have a
significant impact on the characteristic of materials used in
many applications, for example, for use as packaging. %e
following article examines the structure, morphological
control, and antibacterial activity of silver-titanium dioxide
(Ag/TiO2) micro-nanocomposite materials against Staphy-
lococcus aureus using SEM, energy dispersive X-ray (EDX)
spectroscopy, and AFM. %e results revealed that the shape
of micro- and nanocomposites materials could be arranged
by adjusting the parameters. %e proper nanorod structure,
ideal for antibacterial applications, is obtained at 1000°C
growth temperature during 8 hours of baking. Treating of S.
aureus stock with Ag/TiO2 nanocomposites is able to reduce
bacterial growth with a significant result. In the next article, a
SEM analysis is conducted to investigate the effect of
fly ash and polypropylene fibres on the microstructure of
soil-cement with different polypropylene fibre contents.
Also to solve the problems of failure of pretensioned bolt
supports under high ground pressure and temperature, a
new kind of anchorage agent with excellent performance has
been developed. %e reasons for this excellent performance
in physical and mechanical tests compared to a conventional
full-length anchorage agent were examined, among others,
by SEM imaging. Subsequently, Cu-SiCp/AZ91D compos-
ites were prepared with high-density pulse currents. %e
wettability between SiCp and matrix during solidification is
improved by coating a 0.095 μm thick copper film on the
surface of SiCp. In order to analyse the tissue changes of the
samples, SEM analysis of solidification structures at high
resolution for elemental scanning was performed. Another
review concerns the current state of characterisation tech-
niques for the interface in carbon nanotube-reinforced
polymer nanocomposites. %e different types of interfaces
that exist within the nanocomposites are listed. %e emerging

trends in characterisation techniques and methodologies for
the interface are presented, and their strengths and limitations
are summarised. %e intrinsic mechanism of the interactions
at the interface between the carbon nanotubes and the
polymer matrix is discussed. Special attention is given to the
chemical functionalisation of carbon nanotubes. %e last
review presents critically existing studies on the micro-
structure of glass fibre reinforced polymers (GFRPs) rein-
forcing bars exposed to various conditioning regimes. In
addition, the review identifies research gaps in the existing
knowledge and highlights the directions for future research.
Fibre reinforced polymer (FRP) composites are proposed as
corrosion-resistant alternatives to traditional steel re-
inforcement in concrete structures. In this group of com-
posites, GFRPs are the primary selection of FRP for
construction applications. Despite the fact that they have
many advantages, their widespread use by the industry is
hindered due to the deterioration of their performance in
severe environmental conditions.%e last article examines the
development of strength in different calcium aluminate ce-
ment (CAC) mixture mortars with granulated ground blast-
furnace slag (GGBS). In addition, the pore structure analysis is
accompanied to quantify the porosity. %e surfaces of the
fragment for cement paste of CAC-GGBS mixtures cured at
365 days were investigated using SEM analysis. %e presence
of stratlingite was detected. To compare atomic ratios (Ca/Al
and Si/Al) at the C2ASH phase in the paste of the binary
mixtures, EDS analysis was performed simultaneously.

%e special issue presents a contemporary overview of
latest developments in the field of advanced blends, com-
posites, and hybrid materials, in particular the latest break-
throughs and approaches in the science of those materials
leading to the development of the new generation of mul-
tifunctional materials with enhanced features and improved
properties for the production of high-performance systems
and devices using microscopic techniques.
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A review on the recent advances of the three-dimensional (3D) characterization of carbon-based materials was conducted by
focused ion beam-scanning electronmicroscope (FIB-SEM) tomography. Current studies and further potential applications of the
FIB-SEM 3D tomography technique for carbon-based materials were discussed.+e goal of this paper is to highlight the advances
of FIB-SEM 3D reconstruction to reveal the high and accurate resolution of internal structures of carbon-based materials and
provide suggestions for the adoption and improvement of the FIB-SEM tomography system for a broad carbon-based research to
achieve the best examination performances and enhance the development of innovative carbon-based materials.

1. Introduction

In the past couple of decades, various carbon-based
materials and their applications have been rapidly de-
veloped and they have played an important role in modern
material sciences. Especially, the utilizations of in-
expensive and sustainable carbon materials have been
extensively studied for renewable energy storage (e.g.,
supercapacitors [1–5] and batteries [6–8]), adsorbent
(e.g., soil amendment [9–11], water purification [12–14],
and gas separation [15–18]), composites with enhanced
certain properties (e.g., thermal and mechanical en-
hancement) [19–22], and catalysts of fuel cells [23] and
other chemical reactions [24, 25]. +erefore, along with
the electrochemical, chemical, and mechanical properties,
it is vital to investigate and further optimize or control the
morphologies and internal structural features of the
versatile carbon-based materials through design, syn-
thesis, and improvement steps.

To support the advanced product design and processing,
three-dimensional (3D) and geometry-sensitive features of
the carbon-based materials are desired. However, the most
commonly used scanning electron microscope (SEM)

technique is only able to reveal the features on surface of the
materials. Transmission electron microscopy (TEM) may be
an option and great for characterization at nanoscale, but it
is difficult to process the appropriate samples and could be
expensive to perform. X-ray tomography allows three-di-
mensional quantitative measurements with the advantages
of nondestruction and relatively high spatial resolution, but
due to the restriction on the penetration ability of X-ray, it is
not a good option for high-density and large-volume
samples [26].

+e focused ion beam-scanning electron microscope
(FIB-SEM) system is a new approach to investigate the
three-dimensional internal structures of various materials
because of its good performance and easy process. +ere are
almost no limitations on the specimen materials using this
technique [27]. A completed FIB-SEM 3D tomography
analysis includes three main sections: FIB-SEM processing,
imaging analysis, and quantitative 3D reconstruction. FIB is
used for serial sectioning/milling the sample, and SEM can
image the exposed cross-sectional region (Figure 1). +e FIB
and SEM beams have coincident angles of 52/54° (in the
current commercial type). Milling rates (ion-beam accel-
eration voltage and current) in FIB can be varied depending
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on the difference in hardness and geometrical rigid in-
tegrity of the sample materials. After the FIB-SEM process,
the software (e.g., Avizo) continues to analyze generated
data and conduct 3D reconstruction to obtain quantitative
3D tomography results (Figure 2). Additionally, FIB in-
struments can be equipped with electron dispersive spec-
troscopy (EDS) and electron back-scatter diffraction
(EBSD) collection systems, allowing for chemical, crys-
tallographic, and topological data to be obtained on each
slice [28, 29].

+e FIB-SEM 3D tomography technology is expected to
help advance the research in carbon-based materials. +is
paper provides an overview of the current status of the FIB-
SEM system in carbon-based material science research,
discusses the further potential applications of FIB-SEM in
carbon and carbon-based materials, including methodol-
ogy, crucial parameters, and problems and corresponding
solutions, and concludes with an assessment of the
promising role of the FIB-SEM 3D tomography technique
in development of advanced innovative carbon-based
materials.

2. FIB-SEM 3D Tomography in Current
Carbon-Based Material Studies

In recent years, the FIB-SEM tomography system has been
tentatively applied to characterize the microstructures of
some carbon-based materials used for the applications of
batteries, supercapacitors, and fuel cells. Table 1 lists the
majority of carbon-based material studies that used the FIB-
SEM tomography system. Generally, in the previous carbon-
based material studies, the utilizations of FIB-SEM systems
can be classified into two major categories including the 2D
observation of the FIB-SEM cross-section images and the
visual and quantitative analyses using the 3D reconstruction
of the stacking of FIB-SEM cross-section images.

2.1. 2D Observation of FIB-SEM Cross-Sectional Images.
FIB-SEM tomography is a very useful approach to in-
vestigate the subsurface imaging of various materials.
Compared to the conventional SEM that only focuses on the
surface morphology, FIB-SEM is able to provide more in-
formation of the internal structures through analyzing the
2D cross-sectional images. FIB-SEM is ideally suited for the
characterization of micron and submicron scale to a min-
imum resolution values of about 10–15 nm [26]. +e limi-
tations of this technique make it difficult to image the
structure that is smaller than 5–10 nm [43]. Figure 3 shows
the resolution ranges for several modern tomography
methods to meet the needs of different research purposes.

+e FIB-SEM has been used to investigate the subsurface
images in current studies of carbon-based materials. For
instance, Rodriguez et al. [41] used the FIB-SEM to observe
the open three-dimensional structure of the modified hi-
erarchical nanoporous carbon (Figure 4(a)). In the study of
Yürüm et al. [40], FIB-SEM showed a clear layer of iron
oxide particles covering oxidized activated carbon and they
found that the uniform layers can rapidly be grown through
the microwave hydrothermal synthesis. Zhang et al. [48]
showed the core-shell and yolk-sell nanostructures of carbon
spheres using FIB-SEM. Ogihara et al. [36] found that the
cross-sectional FIB-SEM images of the electrodes indicated
that 2,6-Naph(COOLi)2 particles were covered with con-
ductive nanocarbon and revealed uniform pore structures in
the internal. When Liu et al. [31] hybridized graphene in Ni
foam using chemical vapor deposition, the FIB-SEM images
showed the graphene grown on Ni foam, and the Wrinkle-
like graphene with irregular fractures was found to fully
cover the Ni foam skeleton. Singh et al. [32] observed the
clearly visible interconnected porous layer of nanoporous
gold in the pristine nanoporous gold layer with a thickness of
ca. 130 nm. +e thickness of nanoporous gold-nitrogen-
doped carbon nano-onion layer was ca. 750 nm. Shen et al.
[33] used FIB-SEM tomography analyses to confirm the fine
structure of graphite fluoride-lithium fluoride-lithium (GF-
LiF-Li) composite and observed that the GF-LiF-Li com-
posite was composed of three layers, including the top GF-
LiF layer, followed by a transitional zone consisting of GF,
LiF, and Li metals and a bottom layer consisting solely of Li
metal.

2.2. 3DReconstruction of FIB-SEMSequential Cross-Sectional
Images. Due to limited information extracted from two-
dimensional features, the 2D observation cannot be com-
pared to three dimensional and geometry-sensitive features.
To reveal the real physical characterization of an element/
material and support advanced study, design, and process
development, a higher dimensional technology with holistic
and accurate information is needed. +e FIB-SEM 3D to-
mography enables the direct observation of the three-di-
mensional microstructure at nanoscale resolution through
the 3D reconstruction of the sequential sets of 2D images.
Furthermore, owing to recent advances in imaging and
computer technology, numerical simulation based on FIB-
SEM 3D tomography technique is one of the most accurate

Figure 1: +e schematic diagram of the FIB-SEM system [26].

2 Advances in Materials Science and Engineering



x z

y

(a) (b) (c)

Figure 2: +e procedures of FIB-SEM 3D reconstruction. (a) Stack of images produced with FIB-SEM, (b) imaging 3D reconstruction, and
(c) quantitative 3D reconstruction and modeling [30].

Table 1: Short indicative selection of FIB-SEM for carbon-based materials from the literature.

Material Application Methodology Purpose Year Reference

Hybrid graphene on Ni foam Electrode of
supercapacitors

Dual Beam Strata 235 (FEI) and
Auriga Compact (Zeiss)

microscope

To analyze the morphologies
and structural features of the

composites
2019 [31]

Nanoporous gold-nitrogen-
doped carbon nano-onions

Electrode of micro-
supercapacitor

FIB-FEG-SEM of Carl Zeiss
Auriga Compact-4558

To determine the thickness of
the different layers present in

the electrode
2019 [32]

Graphite fluoride-lithium Lithium battery FIB-SEM, Scios, FEI To confirm the fine structure of
GF-LiF-Li composite 2019 [33]

Carbon nanofiber Supercapacitor Auriga Cross Beam, Zeiss
Software: Avizo 9.0.0

To examine fiber subsurface
microstructure 2018 [34]

Coal Fuel FEI Helios Nanolab 650 FIB-
SEM system

To quantitative evaluate the 3D
characterization of pore-
fracture networks of coals

2017 [35]

Conductive carbon black/
carbon fiber coating

2,6-Naph(COOLi)2
electrodes

FIB: 50 nA current and 7 kV
acceleration voltage

SEM: operating at 2 kW.

To investigate the nanocarbon
coating and the uniformness of

pore structures
2016 [36]

Nanoporous carbon-binder Li-ion batteries

Zeiss Auriga 60 dual beam:
20 pA current, 30 kV

acceleration voltage, and 9 nm
cutting distance

SEM: 5 kV, pixel size of 3 nm

To reconstruct the carbon-
binder domain of a LiCoO2

battery cathode
2015 [37]

Carbon nanotubes (CNTs) in
polymer composites Nanotechnology FEI Helios Nanolab 600 FIB-

SEM system
To investigate the subsurface

imaging of CNTs 2015 [38]

Porous carbon-based electrode Electrode

FIB: 80 pA current and 30 kV
acceleration voltage
SEM: 3 kV voltage
+e voxel size was
10×10×10 nm3

Software: IMOD, ImageJ, and
AVIZO software

To analyze the morphologies
and build topographic

reconstruction of the porous
carbon electrode

2014 [39]

Deposition of porous iron
oxide on activated carbon (AC) Adsorbent

FIB: 10–1 nA current and 30 kV
acceleration voltage
SEM: 2–5 kV voltage

To understand the nature of
iron oxide particles within the

pores of AC
2014 [40]

Hierarchical nanoporous
carbon synthesized using a
hard template method

Electrode
Dual-beam workstation FEI
Helios Nanolab 600; a field

emission gun SEM

To observe the open 3D porous
structure of the carbon 2013 [41]

Nanoporous carbon-supported
noble metal catalyst layers Fuel cells

FIB: 50 pA current and 30 kV
acceleration voltage
SEM: 2 kV voltage

To characterize porosity,
connectivity, and pore-size and

grain-size distribution
2013 [42]

Disordered mesoporous
carbon with tailored pore size

Fuel cells
supercapacitors

FIB: 27 pA current and 30 kV
acceleration voltage

SEM: 86 pA current and 5 kV
voltage

+e voxel size was
3.57× 3.62×10 nm3

Software: Amira® 5.2 software
and MAVI

To visualize and study
nonordered pore morphology
and quantitatively characterize

their physical properties

2013 [30]
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and effective tools to investigate the nature of material in-
ternal structures, such as porous structures [27, 49, 50],
phase distribution, crystallographic interfaces, and defect
arrangements [26]. However, the quantification errors in the
microstructural parameters are inevitable because of the
limited sample size and resolutions in the FIB-SEM ob-
servation, uncertainty in the image processing (e.g., align-
ment and segmentation), and the accuracy of the
quantification method/model itself applied to the image data
[51]. Rapidly advanced FIB, high-resolution SEM, and other
observation techniques will assist to mitigate these errors.

Although it is rare, 3D reconstruction using FIB-SEM
has been used in several studies of carbon-based materials.
For instance, Balach et al. [30] performed a direct and
quantitative 3D reconstruction of the internal structure of
disordered mesoporous carbon using serial sectioning FIB-
SEM with an ion beam current of 27 pA at 30 kV. +e
samples were reconstructed by the Amira® 5.2 software from25 slices (∼10 nm thickness per slice) obtained and further
quantitatively analyzed by the software system’s Modular
Algorithms for Volume Images (MAVI). +e total analyzed
volume (VT) of material was 0.0625 μm3. +eir results in-
dicated that FIB-SEM was only able to reveal the 3D shape,
distribution, and connectivity of mesopores, since the res-
olution of SEM was not sufficient for access to pores with a
diameter below 2 nm.+e structural parameters of the pores
including surface area, pore volume, Euler number, total

porosity, and pore size distribution were determined
through the 3D reconstruction analysis. Eswara-Moorthy
et al. [39] performed a 3D reconstruction of the porous
carbon-based electrode using FIB-SEM with an ion beam
current of 80 pA at 30 kV (Figure 4(b)). +ey found that the
Pt filling of the pores drastically improved the image contrast
between the carbon and the porous phases, and the en-
hanced image contrast enabled robust semiautomatic de-
marcation of the interfacial boundaries and subsequent
binarization of the images with very high fidelity. Also,
through analyzing the 3D reconstruction, the porosity
(72± 2%), axial and radial tortuosites (1.45± 0.04 and
1.43± 0.04), average pore size (90 nm), pore-size-distribu-
tion (20–300 nm), surface-to-volume ratio (46.5 μm−1), and
specific surface area (13.0 μm−1) were determined. +eir
results indicated that porous carbon-based electrode has a
very high surface area, which can be more conducive for
surface electrochemical reactions. +iele et al. [42] reported
that the FIB-SEM only differentiated the pores and total
solid phase from each other, but it was not possible to further
differentiate the solid phase into carbon, ionomer, and Pt
nanocomponents. FIB-SEM analysis revealed a preferential
size in the grain-size-distribution (GSD) of about 65 nm and
the pore-size-distribution (PSD) showed highly porous
material characteristics with 58% porosity and pores ranging
from 7 nm to 350 nm, and 99.9% of the pore area was
connected. Liu et al. [34] reconstructed the carbon nanofiber

Transmission electron tomography

Atom probe tomography

FIB-SEM tomography

X-ray computed tomography

1,000,0000.1 1,00010 1001
Approximate voxel dimensions (nm)

Figure 3: +e resolution of modern tomographic characterization methods is displayed as an approximate range. Dash lines represent
advanced potential range [26, 43–47].

5μ

370nm

(a)

200nm

(b)

400nm

(c)

Figure 4: FIB-SEM images. (a) Cross-sectional SEM image of a SiO2 nanoparticle [41], (b) SEM image of microstructure of porous carbon
electrode [39], and (c) reconstructed FIB-SEM image applied onto the SEM of a single nanofiber [34].
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using FIB-SEM, and the internal MnO particles showed
some degree of agglomeration within the fiber (Figure 4(c)).
Additionally, the FIB-SEM system was used to characterize
microstructural features for three dimensions of carbides in
Ni-based high carbon alloy [52] and nanoporous carbon-
binder of Li-ion batteries [37].

3. Potential Applications of FIB-SEM 3D
Tomography in Carbon-Based
Material Studies

To meet the different requirements of various applications
for characterization of carbon-based materials, the FIB-SEM
3D tomography will be likely be used to reveal the features or
phenomenon in a variety of application fields. It is very
valuable to know the potential use of FIB-SEM, what it can
do, and possible problems and practical solutions for each
specific application.

3.1. Carbons. Tomographic methods using serial-sectioning
and imaging processes are suitable for observing the mor-
phology and internal microstructure of carbons, such as
graphene, carbon nanotube, carbon black, activated carbon,
and biochar, which are extensively used in various appli-
cations, for example, quantitative evaluation of the 3D
characterization of pore-fracture networks of coals [35],
mesoporous carbon [30], and carbon fiber [34]. Moreover,
various parameters that are relevant to the microstructures
can be numerically evaluated by using the FIB-SEM to-
mography and implementing 3D reconstruction of serial
stacking sectioned SEM images, including surface texture
(e.g., roughness), different particle sizes and distribution,
and connectivity (pore tortuosity) of the internal material.

In the FIB process, carbons can be classified by volume
size. If the initial size of carbon (e.g., a monolithic carbon) is
bigger than the best operation range for FIB-SEM, the
sample will be adjusted to a proper size for testing. While if
the initial size is too small to test by a single sample (e.g.,
micro/nanocarbon fibers, particles, and nanotubes), a po-
tential method is to cast one or more carbons into a support
matrix, such as, epoxy resin [27].+is methodology has been
demonstrated by studies of various hierarchical porous
materials, such as, zeolite beads [27], silicon [53], monolithic
UiO-66-NH2 material [54], and concrete [46].

+e curtain effect may occur in the milling process,
which appears as parallel scratches varying in the same
direction of ion beammilling and making the image appears
to be covered by a semitransparent curtain [27, 55, 56]. +e
potential reasons are as follows: (1) roughness of the slicing
surface varies the angles of the ion beam and causes the
differences of the milling rate, and depositing protection
layers may mitigate the surface roughness; (2) different
characteristics of the elements in the targeting materials can
cause curtain effect as well; (3) presence of internal pores in
the samples can change the intensity or pathway of ion beam
when it passes through the pores. +erefore, currently, the
most common and effective curtain-removal solution is
adjusting the milling parameters according to the unique

properties of each targeted material or polishing it before
milling. Filling the internal pores with additional resin can
help recognize the pore region [49, 50].

3.2. Carbon-Based Electrodes. Due to the high energy-to-
weight ratio, surface area, conductivity, and micro/nano-
porous structure of carbons, porous carbon-based electrodes
for the use of various supercapacitors and batteries have
gained more attentions recently. Furthermore, porous car-
bon-based composite electrodes can display both capacitive
and faradaic charge storages. Also, carbon electrodes can be
involved in much more complex designs to improve the
energy density of supercapacitors/batteries [4]. +erefore, it
is crucial to accurately examine the porous structures of
carbon-based electrodes.

+e 3D microstructure of porous electrodes can be in-
vestigated by FIB-SEM tomography. +e respective mor-
phological characteristics/parameters, volume fraction,
spatial distribution, size, connectivity, and tortuosity, can be
determined through analyzing the obtained 3D re-
construction using image processing software andmodeling.
For example, the common used software for image pro-
cessing includes IMOD, ImageJ [39], Fiji [57], Avizo
[34, 35], and Amira 5.5.0 [30, 57]. +e algorithm tools for
quantification analysis are lab-made MATLAB [58] and Java
[59]. +e existing reported studies that used the FIB-SEM
quantitative 3D reconstruction are porous carbon-based
electrode [54], carbon nanofiber based supercapacitor [49],
and mesoporous carbon electrode material [56].

3.3.Carbon-BasedCatalyst/Coating/HybridLayers. +e FIB-
SEM 3D tomography technique is a useful method for the
diagnosis of the catalyst [56, 60], coating [61], or hybrid [31]
layer structure as well. It can reconstruct the geometrical
properties of the catalyst layer in 3D space. +e digital
analysis can assist to determine the porosity and the per-
meability. Also, it is a simple and effective way to understand
the degradation mode of the catalyst layer.

+e heating/fusion damage may occur in the milling
process. It can thermally damage the catalyst layer(s). +e
liquid nitrogen cooling and thermoelectric cooling via
Peltier elements methods have been demonstrated and
proved that they can mitigate the heating damage [56]. +e
thermoelectric cooling is considered to exceed the liquid
nitrogen cooling since the thermoelectric cooling enables a
short-time sample fabrication at the FIB stage.

3.4. Carbon-Based Polymer Composites. Carbon-based poly-
mer is the most common type of the polymer composites.
+e addition of carbon fillers likely enhances the certain
properties of the polymer to some degrees; for instance, the
biochar particle-filled PVA films obtained improved thermal
stability, electrical conductivity, and mechanical properties,
but the tensile strength of the films was reduced dramatically
as the increase of biochar content due to the particle ag-
gregation and porous features of the biochar [20, 62].
+erefore, it is important to investigate the structural
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features of the carbon filler and polymer matrix to obtain
good designs for fabricating the composites.

+e 3D reconstruction using FIB-SEM can be applied to
study the dispersion of the carbon filler inside a polymer
matrix and the morphology and internal structure of the
carbon filler and/or to determine the effect of interphase
properties on mechanical properties of nanocomposites
[63]. However, several problems can occur during the
milling process.

+ese problems can occur in all types of materials but are
more detrimental in polymer composites due to the char-
acteristics of the polymer matrix, such as low thermal
conductivity, thermal melt and decomposition tempera-
tures, and mechanical properties. First, the heating damage
is always a concern. Cracking caused by the heat produced
during processing cannot be dissipated through the low
thermal conductive polymer and generates stress to break
the polymer with lower mechanical properties. +e second
one is material redisposition caused by the melt of polymer.
+e third problem is the curtain effect. +e excessive heat
can damage the surroundings and leave holes on the sec-
tional surface. Nonetheless, it is possible to mitigate these
problems in several ways. As mentioned above, the proper
cooling approaches can be applied to prevent the over-
heating. Also, another option is to directly reduce the energy
of heating source, such as ion beam current deduction and
acceleration voltage deduction.

4. Summary and Outlook

+e FIB-SEM 3D tomography has been applied in the in-
vestigation of morphologies and internal structural features
of carbon-based materials, especially carbon-based elec-
trodes. However, the utilizations of FIB-SEM 3D tomog-
raphy in carbon-based materials are still limited, particularly
in quantitative 3D reconstruction-related studies. We no-
ticed that it is possible to extend the FIB-SEM 3D tomog-
raphy to more applications of carbon-based materials, and
highly potential areas are the studies in carbons, carbon-
based various electrodes, catalyst, coating, or hybrid layers,
and polymer composites. However, the digital analyses and
modeling mainly relied on the design and coding by re-
searchers, which are difficult to be used as broad as the
commercialized software due to the complexity and low
versatility of the existing methods. A simple, integrated, and
powerful analysis system for both visible and quantitative 3D
reconstruction and analysis will further promote the utili-
zation of FIB-SEM tomography. Moreover, to mitigate the
quantification errors in the microstructural parameters
caused by the limited sample size and resolutions in the FIB-
SEM observation, uncertainty in the image processing, and
the accuracy of the quantification method itself, the ad-
vanced FIB, high-resolution SEM, and powerful data-pro-
cessing techniques are desired in further studies.

Furthermore, currently, FIB-SEM 3D tomography was
only used to reveal the microstructure of the materials,
which blocks the development of FIB-SEM as well. For
plenty of carbon-based materials, the nanostructures are
more important, and TEM can perform better at nanoscale.

One solution is to combine the FIB-SEM and TEM to obtain
the 3D micro- and nanostructures, which has been suc-
cessfully performed in some studies. Another way is to
improve the resolution of SEM. A super asymmetric reso-
lution of 3D imaging technique has been reported for nano-
and mesoscale morphologies [64].

+e FIB-SEM tomography is becoming a routine tech-
nique to obtain 3D information on a variety of materials.
With the rapid development of FIB-SEM 3D tomography,
the enhanced 3D reconstruction technique is most likely to
play a significant role in future characterization of carbon-
based materials to further improve the products and opti-
mize their performance, reliability, productivity, and pro-
duction costs.
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Microscopic techniques are often used in material science, enabling the assessment of the morphology, composition, physical
properties, and dynamic behaviour of materials. *e review focuses on the topographic and dynamical surface studies of (bio)
degradable polymers, in particular aliphatic polyesters, the most promising ones.*e (bio)degradation process promotes physical
and chemical changes in material properties that can be characterised by microscopic techniques. *ese changes occurring both
under controlled conditions as well as in the processing stage or during use indicate morphological and structural transformations
resulting from the deterioration of the material and have a significant impact on the characteristic of materials used in many
applications, for example, for use as packaging.

1. Introduction

Knowledge of the relationships between structure, prop-
erties, function, and performance is essential for pro-
spective safe applications of (bio)degradable and/or bio-
based polymers in the areas of human health and the
environment. *e study of the physical and technical basis
of the latest developments in the above areas is based quite
often on microscopic techniques that are also used in a
various industrial applications, including topographic and
dynamical surface studies of many materials including
polymers. Fundamental research and applied research in
emerging areas of applications in nanotechnology, in-
terfacial science and engineering, advanced production,
catalysis, bioengineering, bioinspired synthesis, green
production routes, sensing, and actuation are often also
based on microscopic techniques. Particular emphasis
should be placed on environmentally friendly blends,
composites, and hybrid materials from renewable resources

without adverse environmental impact, with a short global
carbon lifecycle, with green production routes and/or
suitable to recycle, materials based on natural, renewable,
and synthetic polymers for a sustainable future [1–3].

In recent years, the focus has been taken on the de-
velopment of novel atomic force microscope (AFM) and
scanning electron microscope (SEM) based methods. *e
SEM and AFM are powerful characterisation tools in
polymer science, capable of revealing surface structures.
SEM provides a three-dimensional (3D) image with high
resolution and is used to characterise the morphology of the
sample surface, particle size, microorganism, and fragments.
Energy-dispersive (EDS) detector can additionally provide
semiqualitative and semiquantitative information on ele-
mental analysis of the surface (topochemical data) and
identification of additives and impurities to detect con-
tamination (residues) as well as determine the origin of
sample damage [4]. SEM is a powerful visualisation tool used
in material science, including in the field of polymer
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sciences. Due to the high lateral resolution, large depth of
focus, and the facility for X-ray microanalysis, it provides a
consistent image of the polymer blends and composites
morphology as a nonuniform structure characterised by
polymer variable thickness and variable density. For SEM
analysis, the surface of nonconductive samples must be
coated with a thin layer of gold or platinum. Sometimes,
surface pretreatment is carried out by ion sputtering or
chemical etching to reveal structural details. In addition,
brittle fracture (in liquid nitrogen) can provide information
about the internal morphology of polymer matrix. SEM
micrographs show that polymer blends and composites can
have different surface features and heterogeneous local
density of chemical components. SEM images also show
surface defects such as cracks, etching residues, differential
swelling, depressions, and perforations [5]. However, SEM
drawback is that during imaging, the electron beam may
permanently damage the observed sample. Degradation, an
undesirable effect, can alter or destroy details and conse-
quently change the results and conclusions [6]. By means of
AFM technique, in addition to topography imaging at the
nanometre scale, the phase imaging mode is actively in-
volved in the mapping of surface heterogeneity of the
blends, composites, and hybrid materials because the phase
response of the cantilever is sensitive to the surface
properties, such as adhesiveness, friction, electrical forces,
capacitance, magnetic forces, conductivity, viscoelasticity,
surface potential, and resistance without need for sample
preparation or vacuum environment [7, 8]. It has been
shown that AFM is able to provide both qualitative and
semiquantitative information on the deterioration and
ageing of materials during degradation [9]. In phase mode
imaging, different samples exhibit different interactions
with the AFM tip, so the phase shift changes.*e properties
of the sample affected by interactions with the AFM tip
include friction, adhesion, and high elasticity. Using phase
mode, images show differences between the local regions
on the sample, and this mood is also useful for testing the
consistency of coatings and for displaying cracks and other
degradation features [10].

Analysis of polymer blends and composites morphology
and surface changes (erosion) using AFM and SEM tech-
niques gives a lot of information about various processes and
phenomena. *e use of a microscope to monitor a number
of aspects of the surface degradation of polymer blends and
composites in various selected degradation environments
allows to track the relationship between surface topography
and degradation patterns of materials and provide reliable
parameters for predicting of long-term degradation. Like-
wise, miscibility of blends is one of the most important
factors affecting the properties of polymer materials. *e
surface structure and morphology of (bio)degradable
polymer blends have a great impact on the degradation
process. Moreover, microscopic observation is a powerful
tool to detect 3D printing defects and downstream pro-
cessing problems, which can also affect the course of deg-
radation of printed items [11]. Farther imaging techniques,
such as SEM and AFM, have been developed to observed
materials of submicron size, so they can be used to determine

microscopic characteristics of nanomaterials such as shape,
size, surface morphology, crystal structure, and dispersion
and are an important part of determining phase purity,
electronic transition plasmonic character, atomic environ-
ment and surface charge, etc. [12, 13]. Also, microscopic
examination of electrospun (bio)degradable polymers allows
understanding the relationships between processing pa-
rameters, morphology of the samples, and their properties.
*e formed mats have unique characteristics such as high
porosity, surface area to volume ratio, permeability, po-
rosity, stability, ease of functionalisation, and excellent
mechanical performance [14, 15].

*e development of (bio)degradable polymeric materials
for many new advanced applications is of great importance
not only for usable reasons, but also from the point of
environmental protection and sustainable development. *e
efficient use of these polymers requires basic research
necessary to determine the relationship between the struc-
ture of such materials, properties, and mechanism of deg-
radation. *erefore, the following overview presents the
most important issues in the testing of the behaviour of (bio)
degradable polymeric materials in various environments
using surface imaging techniques, which have not been
presented in one review so far. Microscopic techniques are a
tool for studying changes in the surfaces of materials under
investigation during various processes and assessing
microdamage, such as crack propagation, grain size change,
and capability, which allows to provide qualitative and
semiquantitative information on degradation and ageing.
*ey are also a sensitive tool to detect the deterioration of the
materials tested and characterise mechanisms of the blends
and composites reinforcement.

2. Microscopic Investigation of Eco-Friendly
Polymer Blends and Composites

2.1. Ageing and Degradation Processes. AFM allows for a
microdestructive quantitative distinction between the initial
and the final stage of degradation [4]. *e polymers before
degradation generally have a fairly flat and smooth surface.
During degradation, the surface becomes rougher. *e
dissolution of degradation products and erosion usually
create cracks and pores which cause an increase of rough-
ness. Small cracks, formed by water absorption (in case of
hydrolytic degradation in aqueous media) or simply erosion
of the polymer, increase as contact with water leads to
hydrolysis, and locally produced acids catalyse degradation
and cause polymer dissolution inside the pores. *e depth
and/or the number of pores in the surface increased with
time, conditions, and degradation media. *e surface ero-
sion depends also on the solubility of the low-molar-mass
degradation products [16].

Under natural conditions (compost and weather con-
ditions) at the beginning of degradation, cracks on the
surface of the polymeric material appear, after which the
material begins to disintegrate into pieces in accordance
with cracks (disintegration). Degradation under natural
conditions of the polylactide (PLA) and PLA/PHB (PHB:
poly(3-hydroxybutyrate)) blend, as well as their composite
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materials proceeds according to a different mechanism,
which reflects the microscopic images. *e cracks on the
PLAmaterial surface appear, and then the erosion occurred
inside deeper part of the material, which indicates a water-
catalysed hydrolysis mechanism. For a PLA/PHB blend, the
homogeneously licking of the whole surface, layer by layer,
is observed, which indicates an enzyme-catalysed hydro-
lysis mechanism [8, 17, 18]. *e degradation of polyesters
in a biological environment, including anaerobic and
aerobic conditions, activated sludge, public wastefields, and
composting facilities, results from enzymatic attack (in the
presence of specific enzymes produced by microorganisms
such as bacteria and fungi) or simple hydrolysis (water-
catalysed cleavage of ester bonds) or both. In contrast to
bacterial polyesters, such as polyhydroxyalkanoates
(PHAs), which directly undergo biodegradation by many
microorganisms present in the environment, the high-
molar-mass PLA is colonised by relatively few microor-
ganisms and more frequently takes place the water-cata-
lysed hydrolysis of this material. But in general, for (bio)
degradable polymers, the first step of biodegradation under
natural and laboratory conditions is a chemical hydrolysis
(mainly through random chain scission), which leads to a
reduction of molar mass. In the next step, called miner-
alisation, the oligomers formed are bioassimilated by mi-
croorganisms as an energy source [19].

Figure 1 presents SEM micrographs of the surface of the
PHA films treated with (i) lipase solution (0.1 g/L) under 30°C
and pH� 7.0 for 24 h and (ii) 1N NaOH at 60°C for 1 h [20].

Many microorganisms, such as extracellular PHB
depolymerase, excrete enzymes outside their cell walls. *e
enzymes first adsorb onto the surface of polymer materials
through their substrate-binding domains at the C-terminus
and then catalyse the hydrolysis of polymer chains by their
catalytic domains at the N-terminus [21]. *e enzymes are
able to cleave specific bounds in the polymer chain on the
surface of the polymer material, which causes the de-
struction of this material layer by layer (surface erosion, does
not occur inside the polymer matrix) (see Figure 1, lipase)
[22]. Nonenzymatic hydrolysis of PHAs proceeds from the
surface towards the deeper layers. *e surface became
rougher, and the density of the holes forming on the surface
increased (see Figure 1, NaOH) [21].

Investigation of biodegradation of PHA/wood com-
posites using SEM in secondary electron mode showed that
despite the low-molar-mass loss, which is characteristic in
the first stage of biodegradation, when the surface degrades,
layer by layer, the surface of plain PHA had a clearly rough
surface with dents after 12months of burial in soil. *e
surface of PHA composite with 20% wood was also sig-
nificantly rougher after soil burial. A network of fungal
hyphae filaments has been embedded in the matrix with the
presence of spores. *e decreases in molar mass of PHA
throughout 12months of soil burial became more severe as
the wood content increased [23].

*e degradation of PLA and its composites with starch in
compost and soil also indicates the process catalysed by
enzymes in the case of composites. SEM micrographs (see
Figure 2) showed changes in surface morphology (cracks) of

PLA and its composites after degradation in compost and
soil for 14 days. (Bio)degradation occurred for all polymer
samples tested, but more changes were observed in PLA/
starch (50/50) composite than on pure PLA samples. *is
means that the addition of starch to PLA resulted in their
greater biodegradability. Starch was eroded from the surface
of the PLA blends, while for pure PLA, degradation occurred
in the deeper part of the polymer, suggesting a preferential
mechanism of chemical hydrolysis. Degradation occurred
faster in compost than in soil [24].

*e EDS detector can be used to identify of additives
affecting the course of degradation. It was found that dif-
ferences in the rate of degradation of PLA/PBAT (PBAT:
poly(butylene adipate-co-terephthalate)) blends with a
similar content of the PLA component may be due to dif-
ferences in their thickness and/or the presence of com-
mercial additives used during processing. *e results
indicated that the presence of talc may interfere with the
behaviour of materials towards water and consequently alter
their degradation profile. EDS analysis of selected regions of
PLA/PBAT blends showed the presence of white inclusions
(Mg and Si) in the polymeric matrix derived from a com-
mercial additive, hydrated magnesium silicate (talc) (see
Figure 3) [25].

2.2. Effects of Miscibility. Observation of the surface mor-
phology by AFM can confirm different miscibilities of the
polymer material [8, 26]. *e blends with poor miscibility
exhibit phase separation of the components, while a ho-
mogenous surface morphology is observed for the blend
with good miscibility (see Figure 4) [16]. Miscibility and
compatibility of polyester blends containing PLA and PHAs,
such as PHB or poly(3-hydroxybutyrate-co-3-hydrox-
yvalerate) (PHBV) depend on the molar mass and crystal-
linity of the components, on the blending method and the
composition of the blend. *e blends are immiscible when
the molar mass of components is high [27]. A decrease of
molar mass of one of the blend components results in a
reduction of the phase separation [28].

*e diameter and depth of the pit domain of immiscible
blends increased as the poly([R,S]-3-hydroxybutyrate)
((R,S)-PHB) component increased in the blends, as observed
by AFM. Only in the blend with good miscibility, the surface
was completely smooth. *e degree of erosion of the
polymeric material is strongly dependent on the blend
miscibility of the two components. *e poor miscibility of
the blend with the largest pit domain before degradation
promoted greater roughness of the surface during degra-
dation [16].

*e cocontinuous phase structure of polymer blend can
be confirmed by means of SEM. SEM was used to analyse
the effect of a preparation method on the miscibility of
PBAT and poly(hydroxy ether) (PH) of bisphenol A blends
and the effect of a nondegradable component (PH) in the
degradation of PBAT. A continuous morphology of the
50PBAT/50PH blend prepared by casting can be observed.
*is type of morphology was attributed to phase inversion
composition. *e morphology of 25PBAT/75PH has a
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Figure 1: SEMmicrographs of PHB and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) films before degradation (untreated)
and after lipase and 1N NaOH catalysed hydrolysis (adapted with permission from ref. [20]).
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Figure 2: SEM images of PLA and PLA/starch (50/50) composite samples surface before degradation (a and b), after degradation in compost
(c and d), and after degradation in soil (e and f) for 14 days (adapted with permission from ref. [24]).

Figure 3: SEM-EDS micrograph of PLA/PBAT (40/60) blend surface at a magnification of 2500x (adapted with permission from ref. [25]).
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biphasic structure: the adhesion between the two com-
ponents is very good; however, the blend is immiscible. As
expected, the rate of degradation decreased with the ad-
dition of PH [29].

*e effect of melt viscosity of the two melt blended
polymers, PLA and PBAT, on the morphology and me-
chanical properties of obtained (bio)degradable blends was
investigated by means of SEM. Based on the relative melt
viscosities of the PLA and PBAT in the processing method, it
is possible to calculate the volume fraction in which a
cocontinuous phase structure is formed. *e SEM image of
the fracture surface from the tensile tests for pure PLA
exhibited a flat, featureless structure that is typical of brittle
fracture. In PBAT/PLA blends with PBAT between 20 and
40wt%, a cocontinuous phase structure was observed; the
fibrils were drawn from the fracture surfaces, which is a
common feature of ductile failure. Since PBAT has a much
lower yield stress than PLA and undergo plastic deformation
at lower stress, these fibrils were caused by a continuous
PBAT phase. When PBAT content in the PBAT/PLA blend
reached 60wt%, the continuous PLA phase was no longer
visible. Large PLA particles were dispersed in a continuous
PBAT phase, and they deboned from the matrix, which
caused cracks and flaws at the interface, resulting in rela-
tively poor mechanical properties. When the PBAT content
reached 80wt%, the blend exhibited very ductile behaviour
in the tensile test. PLA was still dispersed in the PBAT in the
form of particles; however, the particle size was much
smaller and the dispersion became much more uniform.*e
impact of PLA on the mechanical properties was un-
important, and the blend behaved in a similar way to pure
PBAT (see Figure 5) [30].

2.3. -ree-Dimensional Printing: Defect Detection. 3D
printing or additive manufacturing (AM) refers to processes
used to create objects in 3D using digital data of the 3D
model. To form 3D objects with almost any shape or ge-
ometry, subsequent layers of material are applied [31]. 3D
printing is a valuable alternative to traditional processing
methods in the creation of various products, such as scaf-
folds for regenerative medicine, artificial tissues and organs,
electronics, components for the transportation industry, art
objects, etc. *is technique has demonstrated exceptional
capacities for producing complex structures with precisely
tailored physical and mechanical properties, biological
functionality, and an easily customisable architecture [32].

Subsequent layers may, however, contain structural
interruptions or defects that negatively affect the reliability
of the 3D printed object [31]. Also, build direction has a
significant effect on the structure andmorphology and hence
on the properties of elements made using 3D printing (see
Figure 6) [33].

When samples are printed horizontally, upper and
underside layers have surfaces with a different characteristic.
*is is due to the fact that one layer is in contact with the 3D
printer platform. In the case of fused deposition modelling,
rapid prototyping technique, the heated thermoplastic
polymer filament is extruded from a tip that moves in the XY
plane. *e controlled extrusion head deposits the polymer
material onto the printer platform, first forming the un-
derside layer. *e printer platform is kept at not too high
constant temperature (around 65°C for polyesters), whereby
the thermoplastic material hardens quickly. However,
polymeric material is permanently maintained at a constant
temperature during printing which can affect properties of
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Figure 4: Selected 6× 6 μm AFM images of the surface erosion of PLA, 97PLA/3(R,S)-PHB, 91PLA/9(R,S)-PHB, and 85PLA/15(R,S)-PHB
blend samples, respectively, before (a) and after (b) 52weeks of the degradation process in paraffin (adapted with permission from ref. [16]).
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Figure 5: SEM micrographs of fracture surfaces from the tensile tests of PBAT/PLA blends (adapted with permission from ref. [30]).
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Figure 6: SEM micrographs of upper (UH) and underside (BH) layers of samples surface obtained by 3D printing in horizontal (H) and
vertical (V) directions (adapted with permission from ref. [33]).
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the final element from (bio)degradable polymers, such as
PLA or PLA/PHA blend. *e extrusion head deposits the
material layer by layer in the Z-axis.*e process is continued
to produce the desired element [34–36]. *e upper layer is
the furthest from the platform (see Figure 6, UH layer).
Vertical direction does not affect the structure of the surfaces
of the PLA or PLA/PHA blend because the contact with the
printer platform was only at the small area at the base of the
sample.

Tissue engineered scaffolds must have an appropriately
organised and repeatable microstructure that allows the
cells to be assembled in an ordered matrix that ensures the
proper perfusion of nutrients. *is is what 3D printing
technology provides. 3D cylindrical scaffolds made of
poly(ε-caprolactone) (PCL) were prepared using a bio-
plotter dispensing machine. In order to obtain a porous but
sufficiently stiff 3D structure, the scaffold consisted of
filament layers, which were extruded sequentially by the
bioplotter with 0°/90° pattern. *e diameter of the filament
(200 μm) depended not only on the internal diameter of the
nozzle (250 μm) but also on the deposition speed (30–
35mm/min) (see Figure 7) [37].

SEM images allow not only to characterise the mor-
phology of the 3D samples surface but also filament size or
microorganism species.

3. Microscopic Methods in
Nanomaterial Characterisation

Nanotechnology is one of the fastest growing in-
terdisciplinary areas at present. Nanomaterials are mainly
used in electronics, healthcare, cosmetics, construction, and
automotive industries. Depending on the application,
nanoparticles are divided into two main groups: organic and
inorganic. Nanoparticles with inorganic base are fullerene,
quantum dot, silica, and gold and with organic base are
micelle, dendrimer, liposome, hybrid, nanosphere, and
nanocapsule [39].

(Bio)degradable polymers are often used in the prepa-
ration of nanomaterials [40]. *e applications of (bio)de-
gradable polymeric nanomaterials have a wide range of
usability in the field of therapeutics such as diagnostics,
imaging, drug delivery, organ implant, tissue engineering,
and in area of packaging materials [41]. *e type of polymer
system, area of applicability, and required particle size de-
termine the type of (bio)degradable polymeric nano-
materials preparation.

*e SEM/EDX technique is useful in the research in all
works that require the determination of elements, endog-
enous or exogenous, in tissues, cells, etc., such as drugs
delivery. *e EDX helps in the detection of nanoparticles
used to improve the therapeutic efficacy of certain che-
motherapeutic agents. It is also used in the study of envi-
ronmental pollution and in the characterisation of minerals
bioaccumulated in the tissues [42]. Using SEM can be ex-
amined, for example, the fine nanoporous aerogels structure,
in situ SEM methods investigating the thermal stability of
nanoparticles such as graphene/Cu based materials, the
effects of electron beam irradiation on the electrical

properties of carbon nanotube yarns, and the nano-
indentation work of multiphase thermoelectric material
[43]. AFM is used to investigate the size and shape of
nanoparticles in 3D mode, to assess the degree of surface
coverage with nanoparticles, dispersion of nanoparticles in
cells and other matrices/carriers, and precision in lateral
dimensions of nanoparticles [44].

*e most commonly applicable (bio)degradable poly-
mers are PLA, poly(lactic-co-glicolic acid) (PLGA), and
PHBV which themselves form particles or are used as part of
copolymers or surface materials for inorganic particles.
Biocompatible PLA-based micro- and nanoparticles are
prepared by different techniques (Table 1), and the mor-
phology of these nanoparticles is most often investigated by
SEM.

PLGA is another widely used (bio)degradable polymer
for nanoparticle preparation by the emulsification, solvent
evaporation, and nanoprecipitation method [53]. By using
various molar masses of PLGA (Mw of 14,500, 45,000,
85,000, 137,000, and 213,000 g/mol), particles were prepared
with size 90–120 nm. *e prepared particles were studied as
a drug release system [54].

*e effect of various preparation conditions on the size
and morphology of the PHBVmicro- and nanoparticles for
potential applications as reinforcement of PHBV/starch
matrices was examined using field emission SEM (see
Figure 8). *e spherical porous micro- and nanoparticles
produced by the emulsification/solvent evaporation were
with a size of 300 to 20 μm. It has been found that the size,
porosity, and the particle size distribution can be con-
trolled by the choice of surfactant and polymer concen-
tration during the emulsification process, while choosing
the appropriate antisolvent and adjusting its polarity were
crucial for obtaining spherical particles through nano-
precipitation [55].

Studying the cell material interactions is crucial for
collecting relevant information on the impact of structure
and composition at the atomic and macromolecular level
of bioinspired scaffolds. *us, the assessment of the
surface properties can be suitable technique in this
regard. AFM has a significant impact on the in vitro
studies of (bio)degradable materials produced in various
forms, i.e., films, fibres, or nanoparticles for tissue en-
gineering and drug delivery, capable of gradual re-
sorption by ex novo formation of extracellular matrix
with predefined structural/mechanical properties, similar
to native tissues [56].

4. Electrospun Eco-Friendly Polymer-Based
Blends, Composites, and Hybrid Materials:
Microscopic Examinations

Electrospinning is considered as attractive procedure of
forming ultra-fine fibres in a nano- and microscale into
nonwoven mats due to its simplicity, cost effectiveness, and
high rate of production. *e schematic representation of the
most common electrospinning setup is displayed in Figure 9.
*e advantage of electrospun nanofibres is mimicking of
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three-dimensional structure of natural extracellular matrix,
which predetermine them for biomedical and biotechnological
application as tissue engineering, wound dressing, and drug
release [57, 58]. Besides this, it can be synthesised and tailored
to suit a wide range of others applications including electronics
[59, 60], environmental engineering [61, 62], agriculture
[63, 64], and food packaging [65, 66].

*e high customisation and easy functionalisation of the
nanofibres offer numerous opportunities to control and to
evaluate the morphology and/or chemical changes on the
surface of blends, composites, and hybrids. SEM, trans-
mission electron microscopy (TEM), and AFMmay be valid
tools for characterising surface topography and un-
derstanding the specific mechanical, chemical, and physical

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

(e) (f) (g)

Figure 7: SEM micrographs: (a) lateral view of 3D filament-deposited scaffold reconstruction; (b) inner structure of the same scaffold;
(c) colonisation of the 3D PCL scaffold in dynamic condition (scale bar 1mm); (d) high magnification showing the external cell monolayer
(scale bar 1mm); (e) cells bridging the grooves (scale bar 100 μm); (f ) cell arrangement suggestive of a new vascular structure (scale bar
100 μm); (g) spheroid of MC63 and human umbilical vein cells generated in dynamic condition (scale bar 50 μm) (adapted with permission
from ref. [38]).

Table 1: Preparation of PLA base (bio)degradable polymeric nanomaterials.

Preparation techniques Polymers Size (nm) References
Emulsion PLA 200 [45]

Nanoprecipitation Polydopamine-modified tocopheryl poly(ethylene
glycol succinate)-PLA (TPGS-PLA) 126 [46]

Dialysis PLA-poly(ethylene glycol)-PLA (PLA-PEG-PLA) 90–330 [47]
Spray drying PLA 960–3000 [48]
Melting technique PLA/PLGA Micro [49]
Supercritical fluids technique PLA Micro [50]
Microfluid technique PLA/c-Fe2O3 Micro [51]
Template/mould based technique PLA Micro [52]

Figure 8: Micrographs of micro- and nanoparticles of PHBV prepared by nanoprecipitation method using 0.5% PHBV in dime-
thylformamide (DMF) as solvent and water as antisolvent (a) and 0.1% PHBV in DMF as solvent and 10% NaCl solution in water as
antisolvent (b); microparticles of PHBV prepared by emulsification/solvent evaporation method using 1% PHBV in dichloromethane
(DCM) and sodium dodecyl sulphate (SDS) as surfactant in a concentration of 1% (c) (adapted with permission from ref. [55]).

8 Advances in Materials Science and Engineering



properties with regards to application of investigated ma-
terials [56, 67, 68].

4.1. Electrospinning Process Parameters of (Bio)degradable
Polymers. To date, many materials including natural poly-
mers, synthetic polymers, and their mixture have been
electrospun. Particularly, (bio)degradable polymers are used
extensively in the biomaterial fields including polyesters,
such as PLA, poly(glycolic acid) (PGA), PCL, PHB, or
polyester copolymers, such as PLGA, PHBV, and PBAT
[63, 69, 70].

*e parameters influencing the morphology and prop-
erties of electrospun fibres can be divided into solution
parameters, process parameters, and ambient conditions.
*e most relevant parameters related to the solution
properties are nature of used solvent, its dielectric proper-
ties, volatility, boiling point, the solution concentration, and
molar masses of polymers that control the viscosity. Into the
group of processing parameters belong flow rate through the
needle, inner diameter of the needle, needle-to-collector
distance, applied voltage, and geometry of collection (static
collector or rotating drum). *ese parameters control the jet
formation. *e ambient conditions as ambient temperature,
humidity, and air flow are influencing the morphology of the
products as well [57, 71, 72]. After electrospinning, SEM is
performed for morphological analysis generating SEM
images, for measuring the fiber diameter, etc. SEM enables
the optimisation of electrospinning process for preparation
of continuous nanofibres with specificmorphology and well-
defined physical and mechanical properties, depending on
the type of application of the mats.

Most of the studies concern the electrospinning pa-
rameters for (bio)degradable polymers trying to understand
the electrospinning mechanism. PLA, PCL, and PHB and
their blends in the form of nanofibres can be used in a wide
variety of biomedical and biotechnological applications.
PLA as well as PCL and PHB electrospinning process
strongly depends from the type of polymer/solvent system.
*ese (bio)degradable polymers are electrospun from the
different single solvent system such as acetone, 2,2,2-tri-
fluoroethanol (TFE), chloroform (TCM), and many others,
and continuous fibres are obtained only using solvents with
high electrical conductivity. Smooth defect-free nanofibres
with a narrow and more homogenous diameter distribution
are collected using binary solvent systems such as acetone/
DMF or acetone/dimethylacetamide (DMAc) (in the case of
PLA) [72], tetrahydrofuran (THF)/methanol, DCM/DMF

(in the case of PCL) [73, 74] (see Figure 10), and TCM/DMF
(for electrospinning of PHB) [71].

In case of PCL electrospinning, the variable parameters
such as single solvent system, DCM, binary solvent system
DCM/DMF 1/1, and concentrations 5wt.%, 10wt.%, and
15wt.% of polymer solution were investigated, respectively.

(Bio)degradable copolymer PLGA was successfully
electrospun from DCM and TCM but from hexa-
fluoroisopropanol (HFIP) was generated the narrower fibre
diameter distribution [75]. PHBV nanofibrous mats were
generated from TCM [76]. Blend of two (bio)degradable
polymers PLA and PBAT was electrospun, and the best
solution for achieving the smooth fibres was the binary
solvent DCM/DMF, but the proportion played an important
role, and 3 : 2 was found as the most suitable [77]. Solution
concentration which is closely related to viscosity also plays
an important role in electrospinning. *e increasing con-
centration leads to the increase of fibre diameters. Too small
concentration prevents the nanofibres formation, and in-
stead of fibres, only beads appear [78]. With regards to
process parameters of electrospinning of (bio)degradable
polymers, in general, at the higher voltage, the jet is unstable;
therefore, more homogenous nanofibres at lower applied
voltage are formed. In the case of PCL solution in HFIP, the
smooth fibres are generated at 15 kV compared to 25 kV
when the fibres with high average diameter are formed [79].
Tip to collector distance has a direct effect on the jet flight
time and electric field strength. Fibres with small diameters
can be formed when the working distance is greater. Re-
ducing the distance shortens the time of jet flight, time of
solvent evaporation, and electric field strength; all these
conditions result in an increase of bead formation. On the
contrary, a very large increase in the needle tip distance to
the collector leads to an unstable jet and to beaded structured
nanofibres [76].

*e ambient conditions affect the morphology of the
nanofibres observed by SEM. *e collection procedure was
studied by SEM. *e average diameter of nanofibres col-
lected on static collector was compared to the average di-
ameter collected by rotating drum. *e difference lies in
directing of the fibres in the mats. From static collector was
obtained mats with random placement of the fibre, whilst by
rotating drum the aligned fibres in mats were collected. *e
average diameter of random (559.04 nm) and aligned PHB
nanofibres (675 nm) was investigated, and it was shown that
there were no significant differences in the diameters. On the
other hand, the PLA is very sensitive on humidity. In the
spinning process, solvent evaporates from charged jet, but

Piston

Pump

Syringe
Applied voltage

Forming fibres

Electrospun
fibres

Collector
High-voltage supplier

Figure 9: Schematic representation of conventional electrospinning setup to prepare electrospun nanofibres (archive of authors).
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water vapour occupies the position of the evaporated sol-
vent. As a result, pores are formed on fibre surface after
solidification of the polymeric phase (see Figure 11). *e
bigger pores formed at higher humidity due to more water
vapour replacing the position of the evaporated solvent [80].
*e electrospinning mechanism is difficult to understand
due to lot of parameters. Microscopic examination enables
to adjust the conditions to achieve the required morphology
with regards to the application.

Highly porous PLA was electrospun into the liquid
collector, hot water bath, at 70°C.*e 12wt.% solutions were
prepared by dissolving PLA pellets in TCM. *e solution
was stirred on a magnetic plate with intensity 615 rpm for
2.5 h. DMF was added to reach required concentrations and
for enhanced properties of the solutions. *e TCM/DMF
ratio was set at 90/10 v/v.*e parameters for electrospinning
PLA were selected. *e solution was electrospun from a

5mL syringe at the flow rate of 1.2mL/h. Voltage of 12 kV
was applied; needle to collector distance was 15 cm. *e
average diameter measured from SEM micrographs calcu-
lated by ImageJ software was 893± 151 nm.

4.2. Microscopic Investigation of Blends, Composites, and
Hybrids Based on (Bio)degradable Polymers. Electrospun
nanofibres are mimicking of structure of natural extracel-
lular matrix, which predetermine them for application in
biomedical field as wound dressing, tissue engineering, and
drug release.

*e fundamental requirements on the biomaterials used
in biomedical field are biocompatibility, mechanical sta-
bility, and specific biological properties. Conventional single
polymer materials cannot meet these requirements; there-
fore, multicomponent systems are designed and prepared.

DCM DCM/DMF 1/1

5%

(a) (b)

(c) (d)

(e) (f)

10%

15%

Figure 10: SEM micrographs of electrospun PCL at constant conditions: applied voltage� 10 kV, flow rate� 1ml/h, needle to collector
distance� 15 cm, and scale bar� 5 μm (archive of authors).
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Introduction of biomolecules or inorganic molecules into
(bio)degradable polymer matrix is effective to obtain blends,
composites, and hybrids with required properties [81].

4.2.1. Wound Healing Dressing. Porous electrospun nano-
fibrous matrices offer greater surface area and allow high
oxygen permeation, easy protrusion of exudates, and pro-
tection of wounds from infection, bacterial colonisation, and
dehydration. All these properties are important for wound
healing dressing. For such application was tested composite
containing starch and PCL, nanofibres, which was fabricated
by coaxial needle electrospinning technique. Processing
parameters such as polymer solution concentration, flow
rate, the nozzle-ground distance, or applied voltage had a
marked influence on the composite fibre diameter, and
morphological study had an importance for the visualisation
and understanding of the fibre structure. *e SEM visual-
isation revealed that the PCL component in the electrospun
nanocomposite structure was more prone to create fibres,
while the starch formed beads.*is was because of structural
features of starch. Furthermore, a relationship between
diameter of the fibres and concentration of starch was ob-
served. *e fibre diameter increased with the starch con-
centration because the bigger beads caused the formation of
thicker fibres connecting these beads, also providing better
strength. A lower diameter range of fibres was caused by
both low viscosity and electrical conductivity, resulting in a
low viscoelastic force. In general, a higher concentration of
starch denoted the higher viscosity, fibre diameter, and bead
formation [82]. In other study, the electrospun mats on the
base of blends containing PHBV copolymer and collagen as
well as gelatine, respectively, were examined as a biological
wound dressing. SEM images showed cell morphology and
attachment after in vitro culture of human dermal sheath
(DS) cells in matrices. DS cells adhered significantly faster to
the hydrophilic PHBV/collagen matrix than to hydrophobic
PHBVmatrix. Whilst DS cells achieved complete confluence
into the hydrophilic matrix within 6 hours, at the same time,

these cells were just beginning to attach to the hydrophobic
matrix. Nevertheless, wound healing test results showed that
the contribution of PHBV/collagen into the healing process
was small, although it showed increase in hydrophilicity and
faster hydration, better cell attachment, and proliferation
compared to PHBV, which was much more mechanically
stable. *ese results indicated that mechanical stability of
matrix is more important factor in wound healing than its
cell culture activity [83].

4.2.2. Drug Delivery Systems. Electrospinning offers the
opportunity to design new systems which act as a vehicle of
local drug administration that can release the therapeutic
agent at the site of the pathogenic area. Drug delivery on the
base of polymer nanofibres is based on the principle that the
drug dissolution rate increases with increased surface area.
*e nanofibrous membrane containing drug can be post-
processed into the kind of drug formulation [84].

Biomimetic fibrous scaffolds of PLA and PLA loaded with
dipyridamole (DPM) were developed to act as drug delivery
system coated on the cardiovascular stents [74]. *e evalu-
ation of the surface morphology and topography of PLA
scaffold after fabrication, DPM loaded PLA system, coated
stent, and delivery system during degradation process was
conducted through AFM and SEM. Drug-loaded scaffolds
were fabricated with good morphology without beads. *e
average diameter of blank PLA nanofibres (522 nm) and
loaded PLA (556 nm) was calculated by ImageJ software on
the basis of SEM images. *e degradation study took 90 days,
and how scaffolds degrade with hydrolysis was observed.
Microscopic evaluation revealed the differences in average
diameter of nanofibres. After 30 days, the diameters in both
cases (blank and loaded PLA scaffolds) increased due to the
swelling of the scaffolds, along the hydrophobicity of the
polymer; then in 90 days, the degradation started due to
hydrolysis and therefore the diameter decreased. Finally, the
total amount of DPM loaded was released through scaffold
after 218 days [74]. Electrospun mats for controlled release of
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Figure 11: SEM micrographs of electrospun highly porous PLA (a) and histogram (b) (archive of authors).
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paracetamol were also developed.*e SEM study showed that
the morphology of electrospun fibres was of a common
nature, and they are round-shaped, bead free, randomly
arrayed, fibrous, and highly porous mats. *e paracetamol
crystals were not detected on the surface of fibres. *is in-
dicated that the drug was incorporated into the structure of
electrospun fibres homogenously. From SEM images, average
diameters were calculated. *en, degradation profiles of fi-
brousmats were assessed by SEM. Compared to the fine fibres
before incubation, the morphology during incubation
changed significantly.*e fibres after 24 h of incubation at pH
5.6 were swollen and curly, and the samples contained
coexisting fibres and films. At pH 4 after 24 h of incubation,
only films were detected without any fibres evidence [77].
Drug delivery vehicles can be used also in food packaging with
loaded various bactericide agents and compounds with an-
timicrobial and/or antifungal activity [65, 66].

4.2.3. Tissue Engineering. Tissue engineering or regenerative
medicine uses the scaffolds to support the cells to regenerate
new extracellular matrix which have been destroyed by dis-
eases, injury, or congenital defects. Electrospinning provides
3D porous mats with high porosity and large surface area,
mimicking extracellular matrix structure; therefore, they are
considered an excellent candidate for use in regenerative
medicine.*e requirements for tissue engineering application
are biocompatibility and (bio)degradability. Also, scaffold
architecture affects cell binding significantly [58]. (Bio)de-
gradable polymers are commonly used as biomaterials for
bone repair. To date, PLA, PLGA, PCL, PGA, their blends,
composites, and hybrids were investigated for tissue engi-
neering because they meet the most criteria for this appli-
cation [85]. *e bone is a rigid and complex form containing
fibrous organic matrix impregnated with inorganic minerals,
such as calcium or phosphate. Inorganic minerals provide the
hardness and toughness to tissue. For example, alternatively,
interest has been paid to a hybrid from PCL fibrous scaffold in
combination with silicate-containing hydroxyapatite (SiHA)
microparticles to improve cell penetration [86]. *e mor-
phology and structure of fibres is important in controlling the
adhesion and proliferation of cells; therefore, the surface was
investigated by SEM and was characterised by presence of the
fibres in micron scale for PCL-SiHA scaffolds. *e cell via-
bility, as a crucial issue for the clinical use of 3D scaffolds, was
tested by human mesenchymal stem cells (hMSCs) for a site-
specific repair [87].

4.2.4. Electronics and Bioelectronics Applications.
Electrospinning is a popular method also in the field of
sensing or electronics, in general. *e (bio)degradable
materials are preferred in this direction as well because many
studies are focused on creating and investigating environ-
mentally friendly conductive sensors for gases and volatile
organic compounds based on (bio)degradable electrospun
nanofibres. To design and fabricate of environmentally
friendly conductive sensors in moistened environments, the
(bio)degradable electrospun nanofibrous polymer blends
containing polyaniline (PANi) and PHB [88], PANi and

PLA [89], PLGA, PCL and PANi [90] or composites con-
taining silver ink, PCL and poly(glycerol sebacate) (PGS) for
stretchable electronics [91], and electrospun PCL nanofibres
modified by polypyrrole [60] have been used. Morphology of
(bio)degradable nanofibrous layers mainly by SEM or TEM
has been investigated. *e quality of nanofibres in the sense
of homogeneity/heterogeneity, the beads presence, directing
of the nanofibres, average diameter of nanofibres, distri-
bution of active compounds in the nanofibres structures or
continuity of coatings, presence of agglomerates, and their
size has been evaluated. SEM investigations showed that the
conductivity of final products was influenced by the con-
tinuity of the coating [60, 91] and/or the distribution of the
conductive substance [89, 90]. *e individual components
could be distinguished within the fibres by TEM for their
different electron density [88]. According the SEM images,
the outgrowth and viability of cells in the samples after
electrical stimulation were also assessed and thus the suit-
ability of final product as a good candidate for electrical
conductive scaffolds was determined [90].

5. Conclusions

*e (bio)degradable plastics market is relatively new, but
involves more and more products that have so far been
obtained from nonbiodegradable conventional polymers
and is divided mainly between PLA, starch blends, PCL,
cellulose, poly(butylene succinate) (PBS), PHAs, and their
blends. Advanced (bio)degradable polymer materials are
considered for many new applications, e.g., as supercon-
ductors or engineering materials. Such materials are also
regarded necessary in medical applications. *e develop-
ment of polymeric materials for new applications is there-
fore of great importance. However, efficient use requires
basic research necessary to determine the relationship be-
tween the structure of such materials, properties, and
mechanism of degradation. Although environmentally
friendly polymers have gained much attention as possible
substitutes for conventional plastics, factors that affect their
durability are often difficult to investigate. Obtaining basic
knowledge about these interactions will allow better tar-
geting of innovative applications of advanced (bio)degrad-
able polymeric materials and avoiding problems when using
final products. Various techniques are used to analyse
polymeric materials. *e SEM and AFM techniques are an
indispensable tool in studies of polymer blends, composites,
and hybrid functional materials such as nanomaterials and
characterisation of electrospun nanofibres.

For (bio)degradable polymers, microscopic techniques
can provide an accurate scan of surface morphology and give
detailed information on sample surfaces heterogeneity at
nanometre resolution, providing information about mor-
phological changes during, for example, processing or
detecting the elasticity and viscosities of a sample in the case
of different substrates or distinguishing polymer phase
transition. In addition, microscopic techniques such as AFM
or SEM can be used to characterise blend, composite, and
hybrid materials in terms of mechanical, physical, thermal,
and chemical properties [56].
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electrospinning process parameters on the measured current
and fiber diameter,” Polymer Engineering & Science, vol. 55,
no. 11, pp. 2576–2582, 2015.

[74] V. Bakola, V. Karagkiozaki, A. R. Tsiapla et al., “Dipyr-
idamole-loaded biodegradable PLA nanoplatforms as coat-
ings for cardiovascular stents,” Nanotechnology, vol. 29,
no. 27, article 275101, 2018.

[75] Y. P. Chen, H. Y. Liu, Y. W. Liu, T. Y. Lee, and S. J. Liu,
“Determination of electrospinning parameters’ strength in
poly(D,L)-lactide-co-glycolide micro/nanofiber diameter tai-
loring,” Journal of Nanomaterials, vol. 2019, Article ID
2626085, 8 pages, 2019.

[76] H.-W. Tong and M. Wang, “Electrospinning of
poly(hydroxybutyrate-co-hydroxyvalerate) fibrous scaffolds
for tissue engineering applications: effects of electrospinning
parameters and solution properties,” Journal of Macromo-
lecular Science, Part B, vol. 50, no. 8, pp. 1535–1558, 2011.

[77] S. Khatsee, D. Daranarong, W. Punyodom, and
P.Worajittiphon, “Electrospinning polymer blend of PLA and
PBAT: electrospinnability-solubility map and effect of poly-
mer solution parameters toward application as antibiotic-
carrier mats,” Journal of Applied Polymer Science, vol. 135,
no. 28, article 46486, 2018.

[78] R. Augustine, N. Kalarikkal, and S. *omas, “Clogging-free
electrospinning of polycaprolactone using acetic acid/acetone
mixture,” Polymer-Plastics Technology and Engineering,
vol. 55, no. 5, pp. 518–529, 2015.

[79] M. I. Hassan, T. Sun, and N. Sultana, “Fabrication of
nanohydroxyapatite/poly(caprolactone) composite micro-
fibers using electrospinning technique for tissue engineering
applications,” Journal of Nanomaterials, vol. 2014, Article ID
209049, 7 pages, 2014.

[80] Z. Liu, J. Zhao, W. Li, J. Xing, L. Xu, and J. He, “Humidity-
induced porous poly(lactic acid) membrane with enhanced
flux for oil-water separation,” Adsorption Science & Tech-
nology, pp. 1–12, 2018.

[81] Z. C. Xing, S. J. Han, Y. S. Shin, and I. K. Kang, “Fabrication of
biodegradable polyester nanocomposites by electrospinning
for tissue engineering,” Journal of Nanomaterials, vol. 2011,
Article ID 929378, 18 pages, 2011.

[82] B. Komur, F. Bayrak, N. Ekren et al., “Starch/PCL composite
nanofibers by co-axial electrospinning technique for bio-
medical applications,” Biomedical Engineering Online, vol. 16,
no. 1, p. 40, 2017.

[83] I. Han, K. J. Shim, J. Y. Kim et al., “Effect of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) nanofiber matrices
cocultured with hair follicular epithelial and dermal cells for
biological wound dressing,” Artificial Organs, vol. 31, no. 11,
pp. 801–808, 2007.

[84] M. Qi, X. Li, Y. Yang, and S. Zhou, “Electrospun fibers of acid-
labile biodegradable polymers containing ortho ester groups
for controlled release of paracetamol,” European Journal of
Pharmaceutics and Biopharmaceutics, vol. 70, no. 2,
pp. 445–452, 2008.

[85] R. Kroeze, M. Helder, L. Govaert, and T. Smit, “Biodegradable
polymers in bone tissue engineering,” Materials, vol. 2, no. 3,
pp. 833–856, 2009.

Advances in Materials Science and Engineering 15



[86] S. Shkarina, R. Shkarin, V. Weinhardt et al., “3D bio-
degradable scaffolds of polycaprolactone with silicate-con-
taining hydroxyapatite microparticles for bone tissue
engineering: high-resolution tomography and in vitro study,”
Scientific Reports, vol. 8, no. 8907, p. 13, 2018.

[87] Z. Sheikh, S. Najeeb, Z. Khurshid, V. Verma, H. Rashid, and
M. Glogauer, “Biodegradable materials for bone repair and
tissue engineering applications,” Materials, vol. 8, no. 9,
pp. 5744–5794, 2015.

[88] A. Macagnano, V. Perri, E. Zampetti, A. Bearzotti, and
F. De Cesare, “Humidity effects on a novel eco-friendly
chemosensor based on electrospun PANi/PHB nanofibres,”
Sensors and Actuators B: Chemical, vol. 232, pp. 16–27, 2016.

[89] P. S. Picciani, E. Medeiros, E. Venancio, B. Soares, and
L. C. Mattoso, “Development of electrospun polyaniline/
poly(lactic acid) nanofiber-based sensors,” Sensor Letters,
vol. 14, no. 9, pp. 864–871, 2016.

[90] H. Farkhondehnia, M. Amani Tehran, and F. Zamani,
“Fabrication of biocompatible PLGA/PCL/PANI nanofibrous
scaffolds with electrical excitability,” Fibers and Polymers,
vol. 19, no. 9, pp. 1813–1819, 2018.

[91] A. H. Najafabadi, A. Tamayol, N. Annabi et al., “Bio-
degradable nanofibrous polymeric substrates for generating
elastic and flexible electronics,” Advanced Materials, vol. 26,
no. 33, pp. 5823–5830, 2014.

16 Advances in Materials Science and Engineering



Research Article
Structures, Morphological Control, and Antibacterial
Performance of Ag/TiO2 Micro-Nanocomposite Materials

Muhammad Akhsin Muflikhun ,1 Alvin Y. Chua ,2 and Gil N. C. Santos3

1Department of Mechanical and Industrial Engineering, Faculty of Engineering, Gadjah Mada University, Jl. Grafika No. 2,
Yogyakarta 55281, Indonesia
2Department of Mechanical Engineering, De La Salle University, 2401 Taft Avenue, Manila, Philippines
3Department of Physics, De La Salle University, 2401 Taft Avenue, Manila, Philippines

Correspondence should be addressed to Muhammad Akhsin Muflikhun; akhsin.muflikhun@ugm.ac.id

Received 14 February 2019; Revised 1 April 2019; Accepted 9 April 2019; Published 7 May 2019

Guest Editor: Joanna Rydz

Copyright © 2019 Muhammad Akhsin Muflikhun et al. )is is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is
properly cited.

Structures, morphological control, and antibacterial activity of silver-titanium dioxide (Ag/TiO2) micro-nanocomposite materials
against Staphylococcus aureus are investigated in this study. Horizontal vapor phase growth (HVPG) technique was used to
synthesize the Ag/TiO2 micro-nanomaterials, with parameters of growth temperature and baking time. )e materials were
characterized by using scanning electron microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy, and atomic force
microscope (AFM). )e result indicated that the HVPG technique is able to synthesize Ag/TiO2 with many shapes in micro- and
nanoscale such as nanoparticles, nanorods, triangular nanomaterials, and nanotubes. )e results showed that the shape of micro-
and nanocomposites material could be arranged by adjusting the parameters. )e results revealed that the nanorods structure
were obtained at 1000°C growth temperature and that 8 hours of baking time was ideal for antibacterial application. Treating the S.
aureus stock with Ag/TiO2 nanocomposites is able to reduce bacterial growth with a significant result.

1. Introduction

Recent forays into novel developments of medical research
have involved nanomaterials as useful tools to combat
cancer or bacteria, viruses, and other microbial pathogens
[1–4]. Nanomaterials based on silver, titanium dioxide,
carbon, and graphene have been studied for food packaging
process, especially for medical applications such as anti-
pathogenic activity or tissue regeneration [5–8]. )ere are
eight main applications for nanotechnology in medicine:
pathogen detection, protein detection, DNA structure
penetration, tissue engineering, tumor eradication, patho-
genic cell or molecule eradication, magnetic resonance
imaging, and phagokinetic studies [9–11].

Synthetic silver or Ag/TiO2 nanomaterials have been
developed and successfully manufactured by several
methods due to the wide applications that are found tre-
mendously in different fields. )e synthetic methods include

chemical reduction [12], chemical vapor deposition [13],
electrochemical [14], green synthesis [15], HVPG [16–18],
microwave [19], photochemical [20], radiation [21], and
sonochemical [22].

In the case of synthesized silver-titanium nano-
composite, the research of this material applied in medical
and health applications had attracted many researchers.
Table 1 shows the use of silver-titanium dioxide nano-
composite material for antibacterial applications that has
been performed in the previous study.

)e previous study shows nanocomposite materials
successfully synthesized by using HVPG technique. )is
technique offers certain advantages as follows: a large
amount of nanocomposites material can be fabricated from
the limited amount of powder-form source material, the
synthesis occurred at the vacuum condition that minimizes
contaminants, and by adjusting baking time and growth
temperature, variations of the nanostructures can be
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produced. Moreover, statistics analysis of synthesis nano-
materials by using the HVPG technique reported that it was
capable of creating nanomaterials with various shapes such
as nanoparticles, nanorods, triangular nanomaterials, and
nanotubes. [17, 18, 29, 30]. Table 2 shows the previous work
that has been done by researchers regarding synthesized
various nanomaterials by using the HVPG technique.

)e goal of this study is to investigate the structures and
morphological behavior of Ag/TiO2 micro-
nanocomposites materials synthesized by using the
HVPG technique.)e study also evaluated the antibacterial
effect of Ag/TiO2 nanocomposite materials against the
gram-positive bacterium S. aureus, one of the species that is
commonly infectious to humans [35–37] with bacterial
colonies quantified through the pour plate technique. )e
micro-nanostructures synthesized from the HVPG tech-
nique were evaluated by using SEM and EDX to determine
the shape of the Ag/TiO2 micro-nanocomposite. )e AFM
is used to determine the 3D surface roughness of the
nanocomposite to explain the geometrical effect of nano-
composite that can eradicate bacteria. )e antibacterial
testing was conducted by comparing 2 different types of
tubes with and without Ag/TiO2. By synthesizing the above
material with HVPG technique and investigating with
SEM, EDX, AFM, and pour plate technique, it is a step
forward in the development of manufacturing of silver-

titanium dioxide nanomaterials for antibacterial purposes
with a simple, noncontaminant technique, which shapes a
variety of nanomaterials.

2. Materials and Methods

)e starting material was a mixture of 17.5mg silver (Ag)
powder from Aldrich Corporation and 17.5mg titanium
dioxide (TiO2) powder from Degussa P25. JEOL JSM-5310
scanning electron microscopy (SEM) was used to image and
measure the synthesized nanomaterials found at all three
zones of the tube. Energy dispersive X-ray spectroscopy
(EDX) was used to determine the composition of the ma-
terial in terms of silver or titanium dioxide. )e 3D surface
roughness of nanocomposite material was characterized by
using Park System XE-100 atomic force microscopy (AFM).

)e silica quartz tubes with an outer diameter of 11mm
and an inner diameter of 8.5mm are used as the vessels for
synthesis. )e quartz tubes containing silver and titanium
dioxide powder then were evacuated using the thermionic
high vacuum system to create vacuum conditions with a
pressure of approximately 10−6 Torr and then sealed. )is
effectively sterilizes the tubes and removes possible con-
taminating substances.

Figure 1 shows the nanocomposite materials after sealing
and then placed half inside the furnaces and divided into 3

Table 1: Previous study of Ag/Ti nanomaterials.

Source Purpose of the study Results

Martinez-Gutierrez et al. [23] To compare the antibacterial properties of Ag, Ti,
and Ag/Ti

Silver with size 20 nm to 25 nm was the most
effective against bacteria.

Liga et al. [24]
To determine the relationship between silver
concentration and its effectiveness to eradicate

bacteria

)e higher the proportion of silver in the silver-
titanium nanoparticles, the more effective the

nanomaterials against bacteria.

Motlagh et al. [25]
To determine the relationship between the size of
nanomaterials and its effectiveness to eradicate

bacteria

Ag/Ti nanomaterials with the size between 10 nm
and 30 nm show excellent results against bacteria.

Song et al. [26] To investigate the advanced applications of Ag/Ti
nanomaterials

Ag/Ti nanomaterials have excellent mechanical
properties as coating materials that can be

implemented in implant technology.

Yang et al. [1] To investigate the Ag/Ti nanomaterials against
bacteria

List of bacteria that can be treated by using Ag/Ti
nanomaterials: Staphylococcus aureus, Bacillus

subtilis, Candida albicans, Pseudomonas aeruginosa,
Escherichia coli, and Klebsiella pneumonia.

Mei at al. [27] To investigate the Ag/Ti nanomaterials related to the
dental field

Encompassing anodization method was used to
synthesize titanium, and plasma immersion ion

implantation method was used to synthesize silver
that can produce nanotubes and can be effective

against bacteria on dental implant cases.

Cao et al. [4] To explain the application of Ag/Ti nanomaterials
that is compatible with osteoblasts

)e Ag/Ti nanomaterials were capable and
compatible with osteoblasts synthesized using the
plasma immersion ion implantation method to

produce nanomaterials with size 25 nm.

Wang et al. [28]
To investigate the applications of Ag/Ti

nanomaterials synthesized by using hydrothermal
and irradiation methods

Ag/Ti nanobelts can be coated into paper sheet
applied in food and medical technology.

Besinis et al. [8] To investigate the best nanomaterials that are used
against dental bacterial

Comparison between silver, titanium, and silver-
titanium nanomaterials against Streptococcus
mutans. )e results show that silver is the best

material against bacteria.
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zones. )e tubes were placed horizontally, with variable
baking times of 4, 6, and 8 hours and variable temperatures
growth of 800°C, 1000°C, and 1200°C. )e tubes were only
halfway inserted into the furnace, creating a temperature
gradient between the hotter region inside the furnace and
the cooler region outside the furnace. Figure 2 schematically
depicts the vaporization of the source material located in the
furnace and subsequent deposition outside the furnace.

To quantify bacterial colonies, McFarland standard 0.5
was used, with serial dilutions to dilution factors 10−3 to
10−6. About 1.5×10−8 CFU/mL of inoculum of test organ-
ism, which is S. aureus, is spread onto the agar plate. )e
plate was placed on the inoculated plates and then incubated
at 37°C for 16–24 hours. )e pour plate technique was used
to grow the colonies under three different setups: negative
control of only the bacterial suspension and two setups with
the nanocomposites of 17.5 gram Ag and 17.5 gram TiO2
[38–40].

A vortex mixer was used to homogenize the S. aureus
suspension with the Ag/TiO2 nanocomposites. )is was
inoculated into Petri dishes and incubated at room tem-
perature for 18 hours before colony counting. Figure 3 shows
a flowchart of the experiment conducted in the study.

3. Results and Discussion

3.1. Material Characterization via SEM and EDX. SEM
revealed the external morphology of the nanocomposites,
while EDX determines its relative composition. Figure 4
shows the SEM image of Ag/TiO2 material before it was
mixed.)e results show that most of the materials are macro
in size and in bulk form. In this study, the nanomaterials
deposited at different zones of the quartz tube were sepa-
rately investigated by using SEM.

Figure 5 shows the SEM images of the as-prepared
hybrid nanocomposite materials Ag/TiO2 with a baking
time of 4 hours. As shown, the materials are not fully
transformed to its nanosized form and visible in zone 3 and
partially shown in zone 2 both at 800°C of growth tem-
perature. )e results indicate that the baking time is not
enough to evaporate silver and titanium dioxide macro-
materials to nanoscale especially at 800°C growth temper-
ature. Some amount of Ag and TiO2 bulk materials source

material still had not changed into nanomaterials. In con-
trast, nanomaterials exhibit in zone 2 and zone 3 at 1000°C
and 1200°C growth temperature. )e nanoparticle size
ranges from 700 to 1416 nm.

Figure 6 shows that the majority of silver nanomaterials
were detected after Ag/TiO2 evaporated in zone 1, zone 2,
and zone 3. )e particles were exhibited on the inner surface
of the silica tubes. It also indicates that the majority of the
Ag/TiO2 deposit appeared at zone 2 of the tube. EDX
spectroscopy in Figure 7 shows the majority of the material
consisting silver exhibits in zone 2 of the tube at 1200°C
growth temperature and 6 hours baking time. )is phe-
nomenon occurred due to inadequate growth temperature
for the evaporation of TiO2.

Figure 8 shows the SEM images of the Ag/TiO2 nano-
composite materials.)e results indicate that the majority of
materials appear to be nanoparticles and nanorods. )e
diameter of the nanocomposites varies and has different
shapes with different baking time. )e results show that the
smallest diameter of nanocomposites in all combinations
occurred at 8 hours baking time and 1000°C growth tem-
perature with a range of 361 nm–382 nm. In this combi-
nation, especially at zone 2, the silver nanorods are extended
with sharp end and covered by nanocotton-like titanium
dioxide.

)e average diameters of the micro- and nano-
composites concerning the parameters of the study which
are baking time and growth temperature are shown in Table
3. )e material measurements based on SEM image and
EDX results were evaluated from 3 different points as shown
in Figure 9(a). )e measurement method was performed by
manual calculation. )e results show the diameter of
nanocomposites can be predicted statistically [17]. )e re-
sults show that the smallest average diameter of micro-
nanocomposite occurred at the 1000°C growth tempera-
ture and 8 hours baking time.

Size, shape, and surface of the nanocomposites are the
several critical aspects in determining their interaction be-
havior with cells. )e study proved that the smaller the
nanocomposites size, the higher the antimicrobial efficiency
of the nanocomposites due to their direct interaction with
the interface of the bacteria (membrane). Furthermore, the
shape of the nanocomposites could directly influence the

Table 2: Previous study of nanomaterials synthesized via HVPG technique.

Source Materials name Result

Briones et al. [18] Tin dioxide (SnO2)
Nanostructures formed into nanowires and used for

gas sensing applications

Shimizu et al. [29] Skewered phthalocyanine [FeIII(Pc)(SCN)]n
Source material can be converted into crystalline
nanostructures (nanorods) with 2 μm width and

10 μm length
Quitaneg and Santos [31] Cadmium Selenide (CdSe) Nanocrystallites with size 100 nm to 400 nm

Reyes and Santos [32] Tin dioxide (SnO2)
Nanostructures formed into nanowires, nanorods,

nanoparticles, and nanobelts

Buot and Santos [33] Carbon-silver (C/Ag) Micro-nanocomposites with size from 100 nm to
1.5 μm for battery electrode applications

Muflikhun et al. [34] Silver-graphene (Ag/Ge) Micro-nanocomposite materials with size from
100 nm to 2 μm
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available contact area required to facilitate the interactions of
nanocomposites with the bacterial membrane [41]. Silver
nanoplates and silver nanorods showed higher antimicrobial
activity towards bacteria compared to other silver nano-
shapes [10]. )e silver nanorods were capable of inhibiting
all viable S. aureus cells within 4 hours by using 5 ppm silver
nanorods solution and 3.5 hours by using 10 pp solution,
respectively [42]. Moreover, based on Table 3 and images
from SEM, 8 hours of baking time followed by 1000°C
growth temperature could be an effective way to achieve
high antimicrobial efficacy. )e results show the nano-
composites diameter is from 300 nm to 600 nm with the
majority of nanomaterials form as nanorods.

Figure 9 shows Ag/TiO2 nanorods with diameters
around 300 nm to 400 nm (Figure 9(a)). Other forms of
the synthesized nanocomposite include strand-like or

cotton-like structures with bigger diameters that
addressed to Ag/TiO2 micro-nanocomposites
(Figure 9(b)). EDX analysis (Figure 9(c)) revealed ap-
propriate amounts of Ag, Ti, and O in the nanocomposites
along with Si likely from the quartz tube and Au from the
coating material.

Figure 9 shows the typical Ag/TiO2 nanorods synthe-
sized via HVPG technique. It is shown that silver nano-
materials are grown with the titanium dioxide covered on
the surface. By using EDX spectroscopy, the nanorods come
from silver nanomaterials, and cotton-like nanomaterials are
from titanium dioxide nanomaterials. Furthermore, the
results show that combination of silver and titanium dioxide
can be fabricated with a controllable diameter as explained
in the previous study by Muflikhun et al. [17]. To ensure Ag/
TiO2 is capable of eradicating bacteria, the antibacterial test

(a)

Zone 1 Zone 2 Zone 3

(b)

Figure 1: (a) Horizontal furnace. (b) Quartz tube after baking.

High temperature
(inside the furnace) 

Low temperature
(outside the furnace) 

(1)

(2)

(3)

Figure 2: HVPG schematics: (1) source macromaterials placed at the end of the tube inside the furnace, (2) the materials changing to
particles, and (3) the nanocomposite materials depositing on the parts of the tube outside the furnace.
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was conducted by using a combination tube with 8 hours
baking time and 1000°C growth temperature.

3.2. Investigation of Antibacterial Property. )e antibacterial
property of the Ag/TiO2 nanocomposites were tested against
S. aureus colonies. )e standard analysis was conducted
through the 0.5 McFarland standard (approximately
1.5×108 CFU/mL). Serial dilution was performed with di-
lution factors from 10−3 to 10−6. Figures 10 and 11 show the
colonies grown at dilution factors 10−5 and 10−6, with and
without the nanocomposites.

Figures 10 and 11 show that treatment with the Ag/
TiO2 nanocomposites resulted in curbing the growth of
S. aureus colonies. )e result and images are presented as
the significant capability of Ag/TiO2 nanocomposite to
eradicate the S. aureus in terms of the amount of S.
aureus with the nanocomposites. )e antibacterial effi-
cacy of the nanocomposite treatment is computed, and
the complete data collected from counting bacterial
colony growth in the different setups are compiled in
Table 4.

Table 4 shows the bacterial test by using the Ag/TiO2
nanocomposite material (nanorods). )e results show the

Preparation of materials

One-end sealing of quartz tubes
2.
1.

Add 17.5 mg silver (Ag) and 17.5 mg 
titanium dioxide (TiO2) powder into the 
tubes and mix

3. Place the tubes in the thermionic high 
vacuum system with a pressure of 10–6 Torr

4. Seal both ends of the tubes

Synthesis of silver-titanium dioxide
1. Place the tubes in the furnace

horizontally
2. Adjust temperature growth (800°C, 

1000°C, and 1200°C)
3. Adjust baking time (4hours, 6hours, 

and 8hours)

Characterization
1. SEM is used to determine the shape of the 

nanocomposites
2. EDX is used to determine the atomic intensity of 

nanocomposites
3. �e best parameter is chosen based on the 

shape of micro/nanocomposites
4. AFM is used to determine 3D surface roughness 

of nanocomposites

Antibacterial test

1. Prepare 2 different tubes for bacterial test
2. Tube with and without nanocomposites
3. Use McFarland standard in the pour plate test

with dilutions factor from 10–3 to 10–6 CFU/ml
4. Staphylococcus aureus bacteria are used to 

investigate the nanocomposite effectiveness 
against bacteria

Figure 3: A detailed flowchart of the study.

Figure 4: Silver material (a) and titanium dioxide material (b).
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nanocomposite materials are successfully capable of re-
ducing bacterial growth with approximately 75% efficiency.
It can be noted that the test is based on the dilution factor
by using a 0.5 McFarland standard. )e solution that
contains bacterial colony was placed inside the tube that
consists of nanomaterials. )e tube that did not contain
nanomaterials was used as the control plate. )e tubes were
rotated and shaken for around 5minutes by using a Vertex
machine to mix the bacterial colony with nanocomposite
materials. )e bacterial colony attached Ag/TiO2 nanorods
when the rotation occurred. Since there is no standard for
shaking and rotating the tubes by using the Vertex ma-
chine, the efficiency of the treatment can be improved by
increasing the amount of nanocomposite material and the
rotating time. Presumably, the more the nanorods formed
and the longer the shaking time, the faster the bacteria
eradication.

3.3. Nanocomposite Growth Mechanism. )e synthesis of
nanomaterials by using the HVPG technique is based on the
thermal method where the material is changed at different
stages as shown in Figure 12.)e conversion depends on the
temperature wherein, at low temperature, the material be-
comes solid. At high temperature, the material becomes
liquid (at melting point) and gas (at boiling point) before it
condenses in lower temperature and becomes solid again. In

the case of Ag/TiO2 nanocomposite material, the shape of
the nanocomposite depends on the growth temperature and
baking time. )e higher temperature will fasten the material
conversion from liquid to gas and move from zone 1 (inside
the furnace) to zone 2 and zone 3. Longer baking time will
speed up the material deposit mostly in the bigger size
(micro and nano) at zone 2 and zone 3, and lower baking
time will create the smaller size of nanocomposite materials
in zone 2 and zone 3.

3.4. Antibacterial Mechanism. Modification of silver
nanomaterials with specific shape combined with tita-
nium dioxide nanomaterials gives significant results in
effectiveness against S. aureus. To understand the
mechanism of how nanorods can eradicate the bacteria,
some relevant papers discussed the nanomaterials con-
tacted to bacteria should be considered. )e previous
studies conducted by Hajipour et al. [35] and Salata [9]
show that nanomaterials have higher efficiency in erad-
icating bacteria. Bacteria are a robust organism that its
cell wall is designed to provide strength and can protect
its cell from osmotic rupture and physical damages. As a
result, there are two common ways to eradicate bacteria,
by the toxicity mechanism and by breaking the membrane
of bacteria by the mechanical process. By toxicity,
nanoparticles can attach to the membrane of bacteria by

Baking
time Zone

Growth temperature 
800°C 1000°C 1200°C

4 hours 

1

2

3

Figure 5: SEM image after 4 hours of baking time.
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electrostatic interaction and disturb the integrity of it.
For example, TiO2 nanomaterials are toxic to the bacterial
only under ultraviolet (UV) illumination. )e effective-
ness of TiO2 under UV light was able to eradicate the
bacteria in 1 hour. )e mechanism of TiO2 to eradicate
the bacteria can increase peroxidation of the poly-
unsaturated phospholipid component in the lipid
membrane. )is condition can disturb cell respiration.
)e Ag nanomaterials can eradicate bacteria by

penetrating their membrane and increasing the toxicity
in the presence of external magnetic field, electrostatic
interaction, and physical damage of the bacteria [9, 35].

In this study, the nanocomposite materials are reported
with the unique ability of Ag/TiO2 to eradicate bacteria
caused by physical damage due to its shape. )e present
study shows that silver nanomaterials can be fabricated with
a different shape depending on the baking time and growth
temperature. Among the various shapes of nanomaterials,

C
ou

nt
s

Si

Ag

O

Au

Ti

4000

3000

2000

1000

0
0 5 10 15 20

Energy (keV)

Figure 7: EDX result from zone 2 of the sample at 1200°C growth temperature and 6 hours baking time.

Baking
time Zone

Growth temperature
800°C 1000°C 1200°C

6 hours

1

2

3

Figure 6: SEM image from 6 hours of baking time.
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nanorods are the one candidate that can be used to eradicate
bacteria by using its geometry. )e shape of nanorods was
sharp at the top of it, and this shape can break the membrane
of the bacteria. )e S. aureus membrane size has been in-
vestigated by Touhami et al. [43], and Lee et al. [44] show
that the bacterial cell wall and plasma membrane are around
10–20 nm thickness. By using the nanorods that have sharp
end on the top of it, the bacterial membrane can be broken,
and it caused physical damage to the bacteria. )e schematic
of bacterial eradication (not to scale) and AFM test are
shown in Figure 13.

4. Conclusion

)e HVPG technique was successfully used to synthesize
silver-titanium dioxide micro-nanocomposites, with the
desired optimal nanorods structures fabricated at 1000°C for
8 hours. )e SEM and EDX analyses were used to charac-
terize the material. )e pour plate technique was used to
grow S. aureus colonies to determine the antibacterial
activity.

)e SEM and EDX analyses revealed that the micro-
and nanoparticles, nanorods, triangular nanomaterials,
and nanotubes were successfully produced in high pro-
portions. Antibacterial treatment with the Ag/TiO2
nanocomposites was able to reduce bacterial growth by
approximately 75%. )is result indicated that the bacteria
were successfully eradicated with Ag/TiO2 nano-
composites. In general, the effect of adding Ag/TiO2 will
give more significant effect on the performance of
nanocomposite materials to eradicate S. aureus. )e result
is strongly dependent on the growth temperature and
baking time to produce and increase the amount of
nanorods that have been proven more effective to erad-
icate bacteria. Furthermore, the study was capable of
controlling the structures and morphology of micro- and
nanomaterials based on growth temperature and baking
time. In the future, the effect of Ag/TiO2 nanocomposites

Baking
time Zone

Growth temperature
800°C 1000°C 1200°C

8 hours

1

2

3

Figure 8: SEM image from 8 hours of baking time.

Table 3: Average diameters of micro-nanocomposite synthesized
at each zone for all parameter settings.

Baking time Zone
Growth temperature

800°C 1000°C 1200°C

4 hours
1 0.177 µm 19.133 µm 7.547 µm
2 7.010 µm 1.416 µm 0.863 µm
3 1.604 µm 0.707 µm 1.066 µm

6 hours
1 0.313 µm 2.689 µm 2.012 µm
2 3.501 µm 0.477 µm 9.406 µm
3 0.904 µm 1.233 µm 0.541 µm

8 hours
1 3.226 µm 0.651 µm 0.617 µm
2 0.832 µm 0.382 µm 8.354 µm
3 1.212 µm 0.562 µm 0.706 µm

8 Advances in Materials Science and Engineering



(a) (b)

0

10

20

30

40

O 34.88 Si 21.70 Ti 6.85
Element (%)

Ag 36.58

0 5 10 15 20
Energy (keV)

0

500

1000

1500

Co
un

ts

O

Si

Ag

TiAu

(c)

Figure 9: (a) Ag/TiO2 nanorods grown at 1000°C for 8 hours; (b) other spots in the same tube shows different results, including cotton-like
growths. (c) EDX results of Ag/TiO2 from (a) [17].

(a) (b)

Figure 10: S. aureus colonies diluted 10−5 grown (a) with and (b) without the Ag/TiO2 nanocomposites.

(a) (b)

Figure 11: S. aureus colonies diluted 10−6 grown (a) with and (b) without the Ag/TiO2 nanocomposites.
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will be studied for their antibacterial property with dif-
ferent types of bacteria and will be tested against fungi as
well as bacteria.
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In order to investigate the effects of fly ash and polypropylene fiber on mechanical properties, failure mode, and microstructure of
soil-cement, the unconfined compression test, splitting tension test, and scanning electron microscopy (SEM) test of soil-cement
with different polypropylene fiber contents (0%, 0.1%, 0.2%, 0.3%, 0.4%, and 0.5% by weight of dry soil) and fly ash contents (0%,
4%, 8%, and 12% by weight of dry soil) were carried out./e compressive and tensile strengths, deformation characteristics, failure
mode, and microstructure of soil-cement modified with fly ash and polypropylene fiber were analyzed. /e results show that the
unconfined compressive strength and splitting tensile strength of soil-cement show a trend of increasing first and then decreasing
with the increase of polypropylene fiber and fly ash content. Under the condition of 0.4% polypropylene fiber and 8% fly ash, the
unconfined compressive strength and the splitting tensile strength are 4.90MPa and 0.91MPa, respectively, which increased by
32.79% and 51.67% as compared with the plain soil-cement, respectively. When 8% fly ash was used in the experiment, the
unconfined compressive peak strain and the splitting tensile peak strain of the inclusion of 0.4% polypropylene fiber were 0.0410
and 0.0196, respectively. /e corresponding peak strains were increased by 20.94% and 68.97% as compared with non-fiber-
stabilized soil-cement, respectively./e stress-strain curve of fly ash soil-cement modified with polypropylene fiber can be divided
into compaction phase, linear rise phase, nonlinear rise phase, and failure phase. Polypropylene fiber constrains the lateral
deformation of fly ash soil-cement, which improves the peak strain and the failure mode of soil-cement.

1. Introduction

Soil-cement is a kind of composite material composed of
cement, soil, and other components. Due to the rapid de-
velopment of global economy, as an environmentally
friendly material, soil-cement has been widely used in soft
soil foundation reinforcement, slope support, and channel
lining in construction projects (roads, bridges, ports, etc.)
[1–4]. Soil-cement has the advantages of easy access to
draw materials, low price, and convenient construction.
However, soil-cement material tends to have lower me-
chanical properties (e.g., unconfined compressive strength,
shear strength, and triaxial compressive strength) and
greater deformation in engineering projects [5–7], which
might lead to the damage of building structures.

In order to lenify the disease in engineering projects,
stabilization method that is a technique to treat soil-cement
has been widely applied in infrastructure construction.
Researchers tried to add chemical additives (fly ash, lime,
and silicon powder) in soil-cement for improving its me-
chanical properties [8–10]. As one kind of stabilizers, fly ash
that is the main solid waste discharged from coal-fired power
plants has been widely employed to increase its strength.
Yang et al. [11] studied the incorporation of cement and
fly ash for improving the strength of cement-stirred satu-
rated loess and pointed out that the suitable ratio between
fly ash and cement was 0.5, which was more economical
and reasonable. Jia et al. [12] utilized cement and fly ash
to strengthen soft clay and found that the inclusion of 6%
fly ash and 16% cement could excellently improve its
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compressive strength. According to statistics, fly ash has
reached 620million tons in 2015, and every 10,000 tons of fly
ash occupy four to five acres of land [13], which not only
occupies a large amount of land resources but also causes
serious environmental pollution./erefore, the use of fly ash
is getting more and more attention. Adding fly ash to soil-
cement could solve the problems of land occupation and
environmental pollution.

Fiber-reinforced soil has attracted the attention of
modern researchers, which makes contribution to not only
the reduction in the amount of used cement but also the
improvement of strength and deformation [14–20]. Chen
[16] investigated the effect of basalt fiber on the tensile
strength of soil-cement and revealed that the inclusion of
1.5% basalt fiber could attain a maximum tensile strength.
Zhang et al. [17] added the asbestos fiber into fly ash soil-
cement and obtained that the strength of 6% asbestos fiber-
reinforced fly ash soil-cement increased by 140%
as compared with fiber unreinforced fly ash soil-cement.
Tran et al. [18] studied the toughness of waste cornsilk fiber
in soil-cement and found that 0.25%–0.5% fibers were
recommended to use in soil-cement. Due to the degra-
dation of natural fiber in soil, synthetic fibers (e.g., glass
fiber, nylon fiber, and polypropylene fiber) are employed as
the inclusion [21–25]. Li et al. [21] added the glass fiber into
the soil-cement and found that under the condition of 0.6%
glass fiber, the soil particles and mineral particles can be in
maximum contact with the fiber, showing the excellent
mechanical performance. Park [22] studied the effect of the
polyvinyl alcohol fiber on cemented sand and found that
2% polyvinyl alcohol fiber could improve the compressive
strength of 2.5 times as compared with non-fiber-stabilized
cemented soil. In these fibers, polypropylene fiber that can
enhance the soil strength and reduce the shrinkage is
widely used. Tang and Gu [23] studied the addition of
polypropylene fiber in soil-cement to reduce the brittleness
of soil-cement and revealed that bond strength and friction
at the interface seem to be the dominant mechanism
controlling the reinforcement benefit. Consoli et al. [24]
investigated that the inclusion of polypropylene fiber in the
soil-cement increased the unconfined compressive strength
and proposed a porosity/volumetric cement content for
predicting the unconfined compressive strength. Some
scholars had also studied the effects of mixing different
fibers on the strength and deformation of soil-cement
[26, 27]. Zhang et al. [26] analyzed that the unconfined
compressive strength of both sisal fiber and polypropylene
fiber into soil-cement could increase by 40.5%–54.1% as
compared with plain soil-cement. Gutiérrez-Orrego et al.
[27] found that soil-cement blocks reinforced with mineral
wool and sisal fiber increased both bending strength and
compression strength. /e previous investigations pri-
marily concentrated on macroscopic mechanical properties
of soil-cement, and limited studies are available on mi-
crostructure analysis of stabilized soil-cement. /e ex-
periment of microstructure reflects the internal structure
mechanism [28, 29].

/e primary objective of this paper is to explore the
effects of polypropylene fiber and fly ash content on

unconfined compressive strength, splitting tensile strength,
deformation characteristics, failure mode, and microstruc-
ture of soil-cement. To achieve this purpose, a series of
unconfined compression test, splitting tension test, and SEM
test were carried out.

2. Experiment Materials and
Sample Preparation

2.1. Materials. /e soil employed in the experiment was
taken from the foundation pit of a construction site, located
in east region of China in Huainan city. /e depth of the soil
was from the underground of 5m./e physical properties of
soil are listed in Table 1. /e fly ash used in this research was
grade II and its chemical composition is listed in Table 2. In
addition, particle size distribution of clayey soil and fly ash is
shown in Figure 1. /e cement used in the study was P·O
42.5 ordinary Portland cement, which was produced by
Huainan Cement Corporation. /e polypropylene fiber
(Figure 2) was chosen as reinforcement material due to its
high tensile strength, low cost, easy to mix with soil, and
nonpolluting property for environment. /e main physical
and mechanical parameters are shown in Table 3. /e water
for mixing was tap water.

2.2. Sample Preparation. In the experiment, cement content
was incorporated 15% by weight of dry soil and between
water and cementitious materials was 0.5. Additionally, in
order to investigate the effects of fly ash and polypropylene
fiber content on strength properties (unconfined com-
pressive strength and splitting tensile strength) and failure
mode of the soil-cement, four percentages of fly ash contents
(0%, 4%, 8%, and 12% by weight of dry soil) and six per-
centages of polypropylene fiber contents (0%, 0.1%, 0.2%,
0.3%, 0.4%, and 0.5% by weight of dry soil) were adopted in
this study. In order to activate the active ingredient of the fly
ash, calcium hydroxide (1% by weight of soil-cement) with a
purity of more than 95% was employed [30].

In accordance with the standard for soil test method
(GB/T 50123-1999), the test procedure was as follows. (1)
/e soil was dried, crushed, and passed through a 2mm
sieve. (2)Water was added to the dry soil to natural moisture
content, which was made of soil sample. /en, sealed soil
sample settled for at least 24 hours to ensure uniform
moisture distribution. (3) After this time, according to the
design to weigh various materials, cement was added to the
soil sample and mixed well, which was made of soil-cement
sample. (4) Fly ash, calcium hydroxide, and polypropylene
fiber were added to soil-cement sample in sequence. (5) /e
prepared samples were divided into three parts for place-
ment in the molds. Every layer interface was roughed up to
ensure good surface-to-surface contact, which made it
possible to more accurately manufacture soil-cement sam-
ples. In this experiment, the unconfined compressive
strength samples were prepared with the cube of 70.7mm,
and splitting tensile strength samples were prepared with a
diameter of 50mm and a height of 50mm. To prevent
moisture loss, the samples were sealed with plastic film for at
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least 24 h, and then the demoulded samples were placed into
sealed plastic bag. According to the standard of curing
method stabilized soil (JTG E51-2009) [31], samples were
placed into a standard moisture room with temperature
maintained at (20± 2)°C and relative moisture above 95% for
curing. /e curing duration was determined to be twenty-
eight days.

/ere are 24 groups of samples in the research, and three
sets of parallel specimens for the unconfined compressive
strength and splitting tensile strength were prepared to
control the accuracy of the result. For abbreviating, the
samples are numbered by some symbols, and the meaning of
abbreviations is explained later. /e samples FA8-PP0.4
were on behalf of the sample which has 8% fly ash con-
tent and 0.4% polypropylene fiber content. WDW-20
microcomputer-controlled electronic universal testing ma-
chine with a maximum load sense of 100 kN was employed
to conduct the unconfined compression test and splitting
tension test. Loading was applied on the sample at a constant
displacement rate of 1mm per minute and continued until
sample failure. /e microscopic experiment of soil-cement
blocks were investigated through scanning electron mi-
croscopy (SEM) method, which observed the internal
changes in the microstructure. /e SEM observations were
conducted on blocks taken from a cylindrical sample with a
height of 50mm and a diameter of 50mm. /e blocks re-
moved from soil-cement sample were immersed in ethanol
for half an hour and then placed in an oven for drying. In
addition, the SEM samples were gold coated by a sputtering
technique to make them conductive after drying process.
/e SEM examinations were performed by using Hitachi
S-3400N scanning electron microscope. Figure 3 shows
preparation of soil-cement for unconfined compression test,
splitting tension test, and SEM test.

3. Experimental Results

3.1. Unconfined Compression Test. Effect of fly ash content
on unconfined compressive strength of soil-cement is
presented in Figure 4. In order to better describe the
influence of polypropylene fiber and fly ash content on the
unconfined compressive strength, the strength growth
rate η is defined:

η �
σn − σ0
σ0

× 100%, (1)

where σn is the unconfined compressive strength of soil-
cement with different polypropylene fiber and fly ashFigure 2: Photograph of polypropylene fibers.

Table 3: Physical properties of polypropylene fibers.

Parameter Value
Fiber type Single fiber
Density (g·cm−3) 0.91
Length (mm) 12.00
Diameter (μm) 48.00
Elongation at break (%) 15.00
Modulus of elasticity (GPa) 4.80
Breaking tensile strength (MPa) 486.00

Table 1: Physical properties of clay.

Parameter Value
Natural moisture content (%) 23.80
Severe (kN/m3) 19.20
Pore ratio 0.74
Liquid limit (%) 41.60
Plastic limit (%) 22.00
Plasticity index 19.60

Table 2: Chemical composition of fly ash.

Compound Percent by weight
SiO2 54.18
Al2O3 22.35
Fe2O3 12.36
CaO 0.40
MgO 0.06
K2O 3.88
Na2O 2.62
TiO2 4.13
Other oxides 0.02
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Figure 1: Particle size distribution of clayey soil and fly ash.
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contents and σ0 is the unconfined compressive strength of
plain soil-cement.

It can be seen from Figure 4 that fly ash content plays an
important role in unconfined compressive strength of soil-
cement. In the same polypropylene fiber content, the un-
confined compressive strength of soil-cement increases with
the increase of fly ash content from 0% to 8%; however,
further increasing fly ash content from 8% to 12% results in
the decrease of unconfined compressive strength in general.
Hence, the suitable inclusion of fly ash on unconfined
compressive strength of soil-cement is 8% in this experiment.
/is experimental result is consistent with the previous study
performed by He and Shen [32]. Figure 4 also shows that

under the condition of 0, 0.1%, 0.2%, 0.3%, 0.4%, and 0.5%
fiber inclusion, unconfined compressive strength of soil-
cement with 8% fly ash content increases by 14.63%,
17.24%, 17.11%, 22.96%, 17.22%, and 17.46% as compared
with that of soil-cement without fly ash inclusion. At the
inclusion of 12% fly ash, unconfined compressive strength
decreases by 11.35%, 14.48%, 8.54%, 14.52%, 4.49%, and
11.46% as compared with that of soil-cement 8% fly ash
with fiber from 0 to 0.5%. Under the condition of 8% fly
ash inclusion, the maximum of unconfined compressive
strength of soil-cement reinforced with 0.4% fiber is
4.90MPa, increasing by 16.08% as compared with that of
soil-cement without fiber inclusion.

(a) (b) (c)

Figure 3: Preparation of soil-cement for unconfined compression test, splitting tension test, and SEM test. (a) Splitting tension test.
(b) Unconfined compression test. (c) /e prepared samples.
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It is likely that fly ash can fill the fine pores between soil
particles, and glass bead structure of fly ash canmake the soil
and fly ash mix uniformly, which makes the hydration re-
action more sufficient [4]. /e active substances (e.g., silica,
alumina, and calcium oxide) in the fly ash react with the
hydration reaction products of the cement, which forms a gel
material (e.g., hydrated calcium silicate, hydrated calcium
aluminate, and calcium meteorite) that is interlaced and
wrapped with earthy particles./e internal bonding capacity
of soil-cement is greatly enhanced, and the strength of fly ash
soil-cement is improved. However, the amount of fly ash
exceeds the suitable content (8% in the test), correspond-
ingly reducing the amount of soil and cement, which results
in the decrease of main strength provided by the particle size
structure of the soil.

Figure 5 shows the variation of unconfined compressive
strength of soil-cement specimens with polypropylene fiber
content. From Figure 5, it can be seen that polypropylene
fiber content has a significant influence on improving un-
confined compressive strength for soil-cement specimens. In
the same fly ash content, the unconfined compressive
strength of soil-cement specimens increases with the in-
crease of polypropylene fiber content from 0% to 0.4%;
however, by further increasing polypropylene fiber content
from 0.4% to 0.5%, the unconfined compressive strength
begins to show a downward trend. Hence, the suitable in-
clusion of polypropylene fiber content on unconfined
compressive strength of reinforced specimens is 0.4%. /e
results are different from that of Mei and Xu [33], and their
results presented that the optimum content of polypropylene
fiber is 0.3% by weight of dry soil, which might be due to the
difference of soil properties. In addition, the inclusion of fly
ash that is glass bead structure increases the fluidity of soil-
cement, improving the dispersion of fiber. Under the con-
dition of 0, 4%, 8%, and 12% fly ash inclusion, the un-
confined compressive strength of soil-cement with 0.4%
polypropylene fiber increases by 13.28%, 21.64%, 15.84%,
and 24.80% as compared with the fiber unreinforced sam-
ples. At the inclusion of 0.5% fiber, unconfined compressive
strength decreases by 4.07%, 9.20%, 3.88%, and 10.88% as
compared with that of 0.4% polypropylene fiber soil-cement
with fly ash from 0 to 12%. Under the condition of 0.4%
polypropylene fiber inclusion, the maximum of unconfined
compressive strength of soil-cement reinforced with 8% fly
ash is 4.90MPa, increasing by 17.22% as compared with that
of soil-cement without fly ash inclusion./e effect of fiber on
unconfined compressive strength might be due to the fol-
lowing reasons:

(i) /e root of the fiber is wrapped with the gel material
that is the hydration reaction product of the cement,
which forms an anchoring effect on the fiber.

(ii) Infiltration of hydration reaction products between
fibers produces more hydrated gel material on the
fiber surface [34], which increases the bonding
strength between fibers and soil particles,
strengthens the lateral constraint of the wrapped
fiber, and improves the deformability of the fiber
soil-cement.

(iii) However, when the polypropylene fiber exceeds the
optimum content (0.4% in the test), the agglom-
eration of some fibers leads to a decrease in the
bonding interface between fibers and soil particles.
/e frictional resistance and gripping force of fiber
interfaces are smaller than that of fiber, soil parti-
cles, and hydration product interface [16], which
greatly reduced the reinforcement of fiber.

/e addition of both polypropylene fiber and fly ash
tends to greatly improve unconfined compressive strength.
When 8% fly ash is used, the unconfined compressive
strength increased by 15.84%, from 4.23MPa to 4.90MPa, as
polypropylene fiber increased from 0.1% to 0.4%. It can be
seen that the double inclusion of polypropylene fiber and fly
ash can effectively improve the unconfined compressive
strength of soil-cement.

3.2. Splitting Tension Test. /e relationship between poly-
propylene fiber content, fly ash content, and splitting tensile
strength of the soil-cement based on the experimental data is
given in Figures 6 and 7.

Figure 6 represents the effect of polypropylene fiber on
splitting tensile strength of samples. It can be observed
from Figure 3 that the fiber inclusionmakes contribution to
the enhancement of the splitting tensile strength of soil-
cement. In the same fly ash content, the splitting tensile
strength increases with the increase of polypropylene fiber
content from 0% to 0.4%, further increasing with poly-
propylene fiber result in the reduction of splitting tensile
strength. /e result is mainly attributed to the following
reasons:

(i) /e tensile strength of polypropylene fiber is
much greater than the tensile strength of soil-cement
after the tensile cracks formed, and the interaction
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between fibers and soil particles provided the tensile
resistance.

(ii) /e combined action between fiber and soil particles
can efficiently prevent and delay the development of
tensile failure plane. Under the condition of the
crack further expanding, the bridging effect of
polypropylene fiber reduces the stress concentration
at the crack tip and bears most of the tensile stress
[27].

Under the condition of 0% fly ash inclusion, the splitting
tensile strength increases at a relatively slow rate within 0.2%

fiber content. As the fiber content increases from 0.2% to
0.4%, the splitting tensile strength increases rapidly. /e
splitting tensile strength of soil-cement reinforced with 0.4%
fiber is the highest, which increased by 23.33% (0.74MPa) as
compared with that of the plain soil-cement (0.60MPa). /e
polypropylene fiber can effectively improve the splitting
tensile strength of the soil-cement. Under the condition of
4%, 8%, and 12% fly ash content, splitting tensile strength of
soil-cement modified with 0.4% fiber increases by 37.10%,
24.66%, and 18.31% as compared with that of soil-cement
without fiber, and splitting tensile strength of soil-cement
modified with 0.5% fiber decreases by 9.41%, 6.59%, and
10.71% as compared with that of soil-cement with 0.4% fiber.

Figure 7 shows the variation of splitting tensile strength
of soil-cement with fly ash content. As can be seen from
Figure 7, in the same polypropylene fiber content, the
splitting tensile strength increases with the increase of fly
ash content from 0% to 8%. However, further increasing
the fly ash content results in the reduction of splitting
tensile strength. /is is similar to the result of unconfined
compressive strength. Under the condition of 0, 0.1%,
0.2%, 0.3%, 0.4%, and 0.5% fiber inclusion, splitting
tensile strength of soil-cement modified with 8% fly ash
content increases by 21.67%, 20.97%, 31.25%, 22.86%,
22.97%, and 32.81% as compared with that of soil-cement
without fly ash inclusion, and splitting tensile strength of
soil-cement modified with 12% fly ash decreases by 2.74%,
4.00%, 7.14%, 9.30%, 7.69%, and 11.76% as compared with
that of soil-cement modified with 8% fly ash. Under the
condition of 8% fly ash inclusion, the maximum of
splitting tensile strength of soil-cement modified with
0.4% fiber is 0.91MPa, increasing by 24.66% as compared
with that of soil-cement without fiber inclusion. /is
indicates that the combined action of fly ash and poly-
propylene fiber can effectively increase the splitting tensile
strength of soil-cement.

4. Deformation and Failure Mode

4.1. Deformation Characteristics. /e stress-strain behaviors
provide a better understanding of the deformation char-
acteristics of soil-cement. /rough the unconfined com-
pressive strength test, the stress-strain curve of soil-cement
under different polypropylene fiber and fly ash contents is
obtained, as shown in Figures 8 and 9. Figure 8 presents
stress-strain curve for plain soil-cement, while Figure 9
shows stress-strain curves for soil-cement with 8% fly ash
and different polypropylene fiber contents. It can be seen
from the figures that the stress-strain curves of poly-
propylene fiber-modified fly ash soil-cement and plain soil-
cement can be roughly divided into four stages: compaction
stage (OA), linear rise stage (AB), nonlinear rise stage (BC),
and destruction stage (CD).

OA is a compact phase of the stress-strain curve because
the pores between soil particles are compacted, which shows
that the compressive strain is independent of polypropylene
fiber content. At this stage, the strain growth rate is fast, and
the strain of plain soil-cement and soil-cement modified with
polypropylene fiber and fly ash are about 0.0110∼0.0130.
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AB is a linear rise phase of the stress-strain curve, which
is mainly the stable development stage of soil-cement cracks.
/e compressive strain is related to the polypropylene fiber
content. At this stage, the slope of the curve is large and the
strain growth rate is reduced as compared with that of OA.
/e slope of the soil-cement with fiber inclusion is smaller
than that of the plain soil-cement, and the maximum linear
strain of the plain soil-cement is about 0.0233. Under the
condition of 8% fly ash, the maximum linear strains of the
soil-cement modified with 0.1%, 0.2%, 0.3%, 0.4%, and 0.5%
fiber are approximately 0.0297, 0.0311, 0.0325, 0.0356,
0.0382, and 0.0367. It can be found that the inclusion of fiber
can increase the maximum linear strain. However, when the
fiber content exceeds 0.4%, the maximum linear strain

decreases. At this stage, the soil-cement with fiber inclusion
mainly plays a lateral restraining role in delaying the de-
velopment of internal cracks in soil-cement and increasing
the maximum linear strain. When the fiber content is ap-
propriate (0.1%–0.4% in this test), the maximum linear
strain increases with the increase of fiber content due to fiber
restriction effect. However, when the fiber exceeds the
critical amount (0.4% in this test), the fiber causes a decrease
in lateral restraint due to agglomeration, which in turn
reduces the maximum linear strain.

BC is a nonlinear rising phase of the stress-strain curve,
which is mainly the accelerated expansion stage of soil-
cement cracks. At this stage, the stress and strain are
nonlinear and the strain growth rate is faster as compared
with that of AB. /e peak strain of plain soil-cement is about
0.0267, and the peak strain of soil-cement modified with
0.1%, 0.2%, 0.3%, 0.4%, and 0.5% fiber is 0.0342, 0.0354,
0.0382, 0.0410, and 0.0396 under the condition of 8% fly ash.
It can be found that the inclusion of fibers can increase the
peak strain./e fiber mainly acts as a bridging effect to lower
the stress concentration at the crack tip, which inhibits the
crack development and increases the peak strain. However,
when the fiber exceeds the critical content (0.4% in this test),
the fiber bridging effect is lowered, which causes the decrease
of the peak strain.

CD is the failure stage of the stress-strain curve. After the
strain reaches the peak value, the curve shows a downward
trend, which shows that the bearing capacity decreases. At
this stage, the stress-strain curve is bent downward, and the
plain soil-cement exhibits obvious brittle failure charac-
teristics. /e postpeak strain of the fiber modified soil-
cement is flatter than that of the plain soil-cement, show-
ing a certain ductility characteristic. In addition, the curve
gradually flattens with the increase of the fiber content.

4.2. Elastic Modulus. Modulus is employed to evaluate the
ability of soil to resist deformation [35]. Modulus of soil
based on the unconfined compression test has been in-
vestigated by many researchers. As can be seen from Fig-
ure 9, the stress-strain curves of soil-cement modified with
different polypropylene fibers and 8% fly ash change non-
linearly. /e elastic modulus E is also different due to the
difference of intercepted line segment on the curve.
According to the literature written by Tang et al. [36],
modulus can be obtained from the linear portion of stress-
strain curve. From Figure 9, the connecting line segments of
AB are selected as the research object in the experiment.
Elastic modulus can be expressed by following formula:

E �
Δσ
Δε

�
σB − σA

εB − εA

, (2)

where σA and σB are the stress of A and B corresponding to
the strain εA and εB from Figures 8 and 9.

Figure 10 shows that there is a certain fluctuation in the
elastic modulus. Under the condition of 0.1% fiber, elastic
modulus increases by 11.78% (192.8MPa) as compared with
the fiber unreinforced soil-cement (172.4MPa). Elastic
modulus, with increasing fiber content from 0.1% to 0.3%,
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Figure 9: Stress-strain curve of soil-cement reinforced with dif-
ferent polypropylene fiber and 8% fly ash contents.
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ranges from 192.8MPa to 152.3MPa. Compared with the
fiber from 0.1% to 0.3%, elastic modulus has a smaller
fluctuation with the fiber from 0.3% to 0.5%. It is known by
curve fitting that the elastic modulus decreases with the
increase of fiber in general. /e result is similar to the
conclusions drawn by Park [22], Gullu and Khudir [25], and
Li et al. [37]. /e main reason may be that the fiber reduces
the contact behaviors between cement and soil particles.

4.3. Peak Strain. /e peak strain diagram of soil-cement
modified with different polypropylene fibers and 8% fly ash
contents, as shown in Figure 11, is obtained by the splitting
tension test. It can be seen from Figure 11 that the splitting
tensile peak strains of soil-cement modified with 0.1%, 0.2%,
0.3%, 0.4%, and 0.5% polypropylene fibers are 0.0140,
0.0156, 0.0168, 0.0196, and 0.0172, respectively, which in-
creases by 20.69%, 34.48%, 44.83%, 68.97%, and 48.28% as
compared with that without fibers inclusion. Due to the
reinforcement of the fiber, the splitting tensile peak strain
was significantly improved. From Figure 11, it can also be
concluded that 0.4% polypropylene fiber in the test has the
best ability to resist deformation.

4.4. Failure Mode. /e failure mode of soil-cement was
studied by unconfined compression test. /e final failure
mode of soil-cement samples with different polypropylene
fiber contents is shown in Figure 12.

/e damage of the plain soil-cement is cracked from the
diagonal, gradually expanding to the middle, which results
in the surface clod of soil-cement falling off and the soil-
cement sample destroyed, as shown in Figure 12(a). When
the fiber content is from 0.1% to 0.4%, the crack width
becomes thinner with the increase of fiber content, and the
crack failure changes from coarse and small to fine and
dense, as shown in Figures 12(b), 12(c), 12(d), and 12(e).
Because the fiber can be uniformly dispersed into the soil-
cement, the mesh constraint on soil particles is gradually

increased as the fiber content increases, inhibiting the de-
velopment of the crack initiation. When the fiber content
reaches 0.5%, the fiber agglomerates in the soil-cement.
Because the frictional resistance between fibers is smaller
as compared with that between fiber and soil particle, the
crack develops and gradually destroys from the fiber ag-
glomeration, as shown in Figure 12(f). From the point of
view of the failure mode, the reasonable content of fiber is
0.4% in the experiment.

5. Analysis of SEM Images of Specimens

5.1. Effect of Fly Ash Content. Figure 13 shows SEM images
of soil-cement samples modified with different fly ash
contents. It can be seen from Figures 13(a), 13(b), 13(c), and
13(d) that specimens exhibit cracks and pores in the soil-
cement matrix, which were probably caused during the
mechanical test. Cement creates strong bonds between
soil particles. In addition, there are many fine threads
(Figures 13(c) and 13(h)) on the soil-cement matrix surface,
which corresponds to ettringite products and calcium silicate
hydrates (C-S-H) gel formed from the hydration reactions of
cement [34]. C-S-H gel has a larger specific surface area as
compared with soil particles wrapped by C-S-H gel, which
gives rise to have a larger specific energy and adsorption
energy. /e effect of fly ash on soil-cement samples is shown
in Figure 13(c)./e glass bead structure of the fly ash is clearly
observed, which can fill the internal voids of the soil-cement
and make the internal structure denser. Figures 13(e), 13(f),
and 13(g) show that the connection between soil particles is
changed from contact connection to glue connection. /e
pores between soil particles are decreasing and the structure
changes from chaotic disorder to a regularly arranged flaky.
However, the excessive fly ash (12%) cannot react with soil
particles completely. Given that fly ash is a nonstick material,
the unreacted fly ash particles of soil-cement will reduce the
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Figure 11: Peak strain diagram of soil-cement reinforced with
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interparticle connection and the bonding force between soil
particles, which decreases the unconfined compressive
strength of soil-cement modified with fly ash (12%) ac-
cordingly in previous tests, as shown in Figure 13(i).

5.2. Effect of Polypropylene Fiber Content. Figure 14 shows
SEM images of the effect of soil-cement reinforced with
polypropylene fiber. Figure 14(a) depicts SEM image of
specimens unreinforced with polypropylene fiber, which
exhibits pores and cracks in the soil-cement matrix and
appears disordered. Figures 14(b), 14(c), and 14(d) show
SEM images of specimens reinforced with 0.4% poly-
propylene fiber under different magnifications. It can be seen
from Figures 14(b), 14(c), and 14(d) that the polypropylene
fibers having a rough surface are tightly wrapped by the
remains of affixed material on the fiber surface, which
presents better adhesion between matrix and fibers. /e
pores between matrix and polypropylene fiber could be
generated during the mechanical test.

Figure 15 shows the schematic diagram of the friction
between polypropylene fiber and soil-cement. It is supposed
that the length of polypropylene fiber is dl and the weights of
fiber and soil-cement are ignored. /e fiber is subjected to
axial tension F1, F2 from external loads and normal stress N
from soil particles and hydration products. /e tension dF
on the microsegment is defined as

dF � F1 −F2. (3)

/e friction dT between the fiber and the soil and the
hydration product is defined as

dT � 2N · μ · ds , (4)

where μ is the coefficient of friction and ds is microsection
area corresponding to the length of dl.

As can be seen from the above formula, if dT>dF, that
is, the friction between the fiber and the soil, the hydration
products can resist fiber tension caused by external loads.
Polypropylene fiber has high elastic modulus and excellent
tensile strength, which prevents the fiber from being pulled
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Figure 12: /e final failure mode of soil-cement with different polypropylene fiber contents. (a) FA-0%, PP-0%. (b) FA-0%, PP-0.1%. (c)
FA-0%, PP-0.2%. (d) FA-0%, PP-0.3%. (e) FA-0%, PP-0.4%. (f ) FA-0%, PP-0.5%.
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off under external loads. /e fiber is wrapped by the hy-
dration products, increasing the friction between the fiber
and the soil and hydration products. /e above theory
explains the reason why fiber improves the strength of soil-
cement from the perspective of friction [38, 39].

Figure 16 shows interface diagram of soil-cement
reinforced with fibers. According to the interface wetting
theory [34], the fibers and the soil particles are mainly
infiltrated and mechanically connected. It can be seen from
Figure 16 that the polypropylene fibers are randomly dis-
tributed in the soil-cement, and the roots of the fibers
are wrapped by the hydration products, which forms an

anchoring effect. /e infiltration of the fiber causes more
hydration gel material on the surface, and the infiltration of
the hydration products between the fibers increases the
strong bonds between soil particles, increasing the lateral
constraint on fibers. /is theory explains the reason why
fiber increases the strength of soil-cement from the per-
spective of interface theory.

6. Conclusions

In this article, unconfined compression test, splitting tension
test, and SEM test are conducted to investigate mechanical
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Figure 13: SEM images of soil-cement samples reinforced with different fly ash contents. (a) 0% fly ash (×1000). (b) 4% fly ash (×1000). (c)
8% fly ash (×1000). (d) 12% fly ash (×1000). (e) 0% fly ash (×5000). (f ) 4% fly ash (×5000). (g) 8% fly ash (×5000). (h) 12% fly ash (×5000). (i)
12% fly ash (×5000).
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properties, deformation characteristic, failure mode, and
microstructure of soil-cement modified with fly ash and
polypropylene fiber. /e main findings based on the study
results can be summarized as follows:

(1) With the increase of fly ash content and poly-
propylene fiber content, the unconfined compressive
strength and splitting tensile strength of soil-cement
modified polypropylene fiber and fly ash increased
first and then decreased. Under the conditions of
0.4% polypropylene fiber and 8% fly ash content, the
unconfined compressive strength and splitting ten-
sile strength of the soil-cement are the maximum,

which is 32.8% and 51.7% higher than that of the
plain soil-cement.

(2) Polypropylene fiber can effectively improve the peak
strain of fly ash soil-cement. Under the conditions of
0.4% polypropylene fiber and 8% fly ash content, the
unconfined compressive peak strain and splitting
tensile peak strain compared to that of without fibers
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Figure 14: Effect of fiber reinforcement on microstructure of stabilized soil-cement. (a) Without polypropylene fiber (×500). (b) With 0.4%
polypropylene fiber (×500). (c) With 0.4% polypropylene fiber (×1000). (d) With 0.4% polypropylene fiber (×5000).
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Figure 15: /e schematic diagram of the friction between poly-
propylene fiber and soil-cement.
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Figure 16: Interface diagram of soil-cement reinforced with fibers.
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inclusion were increased by 20.94% and 68.97%,
respectively.

(3) /e stress-strain curve of soil-cement modified with
polypropylene fiber and fly ash can be divided into
compaction stage, linear rising stage, nonlinear
rising stage, and failure stage. /e transverse re-
inforcement of polypropylene fiber restrains the fiber
soil-cement deformation ability and improved the
failure mode of fiber soil-cement.
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To solve the difficult problems of failure of pretensioned bolt supports under high ground pressure and temperature, a new kind of
anchorage agent with excellent performance is developed. First, the selection and compounding of raw materials were conducted.
.e new anchorage agent was obtained by modifying the PET resin by mixing with a phenolic epoxy vinyl ester resin (FX-470
resin) and adding a KH-570 silane coupling agent. .en, the viscosity, thermal stability, compressive strength under different
temperatures, and anchorage capacity of the new anchorage agent were tested. Moreover, the best proportion ratio of anchorage
agent by mixing resin : coarse stone powder : fine stone powder : accelerator : curing agent : KH-570�100 : 275 : 275 :1 : 32.5 :1 is
obtained. .e test results showed that, with the addition of a KH-570 silane coupling agent, the viscosity decreased significantly,
thereby solving the difficult technical problems of pretensioned bolt supports in full-length anchorage support. Compared with
the conventional anchorage agent, the compressive strength of the new anchorage agent increased by 20.4, 82.5, 118.2, and 237.5%
at 10, 50, 80, and 110°C, respectively, and the anchorage capacity increased by 4.7, 8.7, 40.2, and 62.9% at 30, 50, 80, and 110°C,
respectively. Finally, the enhancement in compressive strength and heat-resistant mechanism are revealed through microanalysis.

1. Introduction

With the increase in mining depth and crustal stress every
year, the quantity of broken rock mass increases, which leads
to a series of problems such as difficulty in roadway
maintenance, cost increase, and safety issues [1, 2]. Full-
length anchorage support can maintain the roadways well
[3–5]. However, the emerging technology of full-length
anchorage support is not yet popular, and with an in-
crease in mining depth, the ground temperature increases,
and the anchoring force of the resin anchor becomes lower
than the theoretical value [6]; therefore, the anchoring safety
decreases.

Many scholars have studied the effect of full-length
anchor support and temperature on the anchoring force.
Zhou et al. studied the shear stress distribution and load

transfer at the interface of a full-length bonded bolt and
deduced the constitutive model of double exponential curve
and the exponential form of the load-displacement curve at
the top of the bolt. He established that load-displacement
distribution at the interface of the bolt and anchor could be a
solution [7]. In Nemcik’s study, the nonlinear bond-slip
constitutive model is combined with FLAC2D to simulate
the failure transmission law of a full-length anchored rock
under tension [8]. Hu reported a low-viscosity and high-
strength anchoring agent using fine stone powder as an
aggregate, increasing the amount of resin to improve the
consistency of the anchoring agent and compensating for the
decrease in resin strength due to a lack of coarse aggregates
by increasing the degree of polymerization of the resin [9].
Fan studied the feasibility of introducing a bisphenol A
structural reinforcement resin as an anchorage agent into an
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unsaturated polyester resin to induce high-temperature
stability [10]. Lin carried out optimization test and resin
simulation research on the shape and size of a full-length
anchor bolt and optimized the height, width, and spacing of
the cross-ribs of the bolt [11]. Zhang et al. simulated the resin
anchor-hold at different temperatures and obtained the
temperature around the drill hole can influence the resin
anchor-hold [12]. Hu used a combination of laboratory tests
and numerical simulation to study the effect of temperature
on the anchoring properties of resin anchors [13]. To solve
the problem of adaptability of the full-length anchorage
agent technology and ensure the strength of the anchoring
support in high ground temperatures, it is urgent to develop
a new type of heat-resistant, high-strength, and full-length
anchoring agent.

Based on the commonly used full-length anchoring
agent comprising unsaturated polyester resins as a binder,
the optimum raw materials were selected and samples were
prepared. .e new type of heat-resistant, high-strength, and
full-length anchoring agent was developed by mixing a
phenolic epoxy vinyl ester resin (FX-470) with modified PET
and adding a silane coupling agent (KH-570). Finally, the
physical and mechanical properties of the new anchorage
agent were tested.

2. Test

2.1. Test Materials

2.1.1. Resin. .e unsaturated polyester resins used in an
anchoring agent can be classified into the following types:
o-phthalate, phenylene, m-phthalate, and PET. According to
Hu and Wang [14], PET resin is widely used in the pro-
duction of mine-support materials because of its excellent
performance, inexpensiveness, and short gelling time. .e
liquid index of PET unsaturated polyester resin is shown in
Table 1.

In this study, polyblend modification was used to im-
prove the poor temperature resistance of the PET resin and
the blend system was solidified under the existing solidifying
system of unsaturated polyester resin. Vinyl ester resin
combines the advantages of unsaturated polyester resin and
epoxy resin. Its epoxy framework imparts excellent heat
resistance and corrosion resistance to the resin, which can be
solidified using the peroxide curing system [15]. .erefore, a
phenol epoxy vinyl ester resin was used to modify the PET
resin. .e chemical formula of the phenol epoxy vinyl ester
resin is shown in Figure 1, and the liquid index is shown in
Table 1.

2.1.2. Aggregate. .e aggregate in an anchorage agent sig-
nificantly affects the consistency, strength, and thermal
stability of the anchoring agent. In this study, river sand,
quartz sand, cement, and stone powder were chosen to carry
out the proportion test. It was found that river sand and
quartz sand fillers decrease the polymer strength and cause
fragmentation, while cement fillers rapidly increase the
viscosity of polymer and lower the thermal stability.
However, stone powder fillers imparted better strength and

viscosity to the anchorage agent. .e main components and
grain composition of stone powder are selected as shown in
Tables 2 and 3. Because wet aggregates can destroy the
bonding between the binder and aggregate and reduce the
strength of the anchoring agent, the aggregate must be dried
to 0.1% or less water content [16].

2.1.3. Curing Agent and Accelerator. As per the re-
quirements of the existing anchoring agent preparation
technology, the curing agent used in this study was a mixture
of benzoyl peroxide (BPO), calcium carbonate, and ethylene
glycol. .e content of BPO in the mixture was fixed at 6%,
and the amount of curing agent used in the experiment was
5% of the total weight of the anchoring agent cement. .e
accelerator used was N,N-dimethylaniline (DMA), and the
amount was 1% of the resin mass in the anchoring agent
cement.

2.1.4. Silane Coupling Agents. .e silane coupling agent is a
kind of organosilicon compound that contains both carbon
and silicon functional groups. It is an organic polymer
composite that plays the role of an auxiliary for reinforcing,
increasing the viscosity, compatibilizing, and imparting
moisture resistance. In this paper, the polymer is un-
saturated polyester and a silane coupling agent (KH-570) is
selected [17]. .e compatibility and reinforcement of this
silane coupling agent are mainly used to increase the amount
of stone powder in the anchoring cement and reduce the
consistency of anchoring cement. However, there is an ideal
amount of coupling agent to produce the ideal effect [17, 19].
.e amount of silane coupling agent (KH-570) in this test
ranges from 0.5 to 2% by weight of the resin.

2.2. Test Method. .e existing conventional full-length an-
choring agent is composed of the resin, stone powder, ac-
celerator, and curing agent. Its composition ratio is PET
resin/coarse stone powder/fine stone powder/accelerator/

Table 1: Liquid index of resin.

Type
Acid value Viscosity Heat distortion

temperature
(KOH
mg/g) (25°C, mPa·s) (°C)

PET 10–20 550–650 50–55
FX-470 6–18 300–500 165–170

C-O-CH2-CH2–CH2

CH2–CH2–CH2–O-C = CH2
R

O

O

R

CH2 n
CH2

CH2–CH2–CH2–O-C = CH2
RO

CH2

Figure 1: Phenol-aldehyde-epoxy-type vinyl ester resin.
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curing agent� 100 : 200 : 200 :1 : 25. In order to adapt to the
full-length anchorage construction technology and reduce
the pushing resistance of the anchor during construction,
the method of reducing the content of stone powder is
usually used to reduce the self-consistency of the anchoring
agent. On the other hand, with the increase in the amount of
resin, the compressive strength of the anchoring agent de-
creases after solidification. In addition, the heat resistance of
the PETresin in the anchoring agent is generally poor, and it
deteriorates with the increase in the amount of the resin.

In view of the existing problems of the conventional full-
length anchoring agent, FX-470 resin and silane coupling
agent KH-570 are introduced to improve the performance of
conventional anchoring agent. .e design and test scheme
are shown in Table 4. Based on the China coal industry
standard MTl46.1.2011 [20] and GB/T 2567.2008 [21], the
viscosity, thermal stability, compressive strength, and an-
chorage capacity of capsule resin are tested.

3. Experimental Analysis of Physical and
Mechanical Properties of Anchoring Agent

3.1.ViscosityTest. Full-length anchoring support technology
requires that the anchorage agent fills the whole anchor hole.
If the anchorage agent has a high viscosity, the anchorage
resistance will be large, which will lead to the anchorage of
the anchor not reaching the required depth and thus greatly
reducing the support..erefore, a reasonable viscosity of the
anchorage agent is necessary.

Test Method. .e hollow cone for determining the standard
consistency of cement and the circular mould for de-
termining the setting time of cement according to MT146.1-
2011 are used [20]. Record the sinking depth of the hollow
cone within 1min. .e experimental results are shown in
Figure 2.

As shown in Figure 2, A1 is a conventional full-length
anchoring agent..e proportion of stone powder in group B
and group C is increased, and KH-570 is added at the same
time. Compared to the viscosity of B1–B3 or B5–B7 in group
B, it can be concluded that when the ratio of resin to stone
powder is fixed, the consistency of the anchoring agent
decreases with the increase in the amount of KH-570. By
comparing B1 and B5 with the condition of the same amount
coupling agent, the higher the content of the stone powder,
the smaller is the consistency value; compared to the vis-
cosity of C1–C6 in group C, it can be concluded that with the

increase in the proportion of FX-470 resin in the mixed
resin, the consistency of the anchoring agent decreases
because FX-470 resin has a lower viscosity than PET resin;
therefore, with increasing FX-470 resin content with the
same ratio of resin to stone powder, the consistency de-
teriorates. By adjusting the amount of silane coupling agent
KH-570, the proportion of stone powder in the anchoring
agent can be increased while the consistency of the an-
chorage agent can be reduced at the same time. .e con-
sistency value of full-length anchoring agent should be
50–60mm..e test results show that B2, B6, B7, and C1–C4
in group B are suitable for full-length anchoring support.

3.2. (ermal Stability Test. As supporting material, the
storage period of the anchorage agent should not be less than
three months. .e thermal stability directly affects the
storage time of the anchoring agent at room temperature, so
it is an important index of anchoring agent performance.
.e test method is as follows [20]: the anchorage agent is
heated in a 101A-2 electric drying oven with forced con-
vection and maintained for 20 h at (80± 2)°C. After removal,
it is placed for 4 h at (22± 1)°C. .e consistency value of the
observed specimens, which is greater than 16mm, is normal.

Because the influence of the aggregate on the thermal
stability was considered and determined at the material
selection stage, the new anchoring agent is mainly used to
test the influence of FX-470 resin and KH-570 on the
thermal stability of anchorage agent. In this paper, B6, C3,
and C6 are selected to carry out the thermal stability test. As
shown in Table 5, the viscosity is greater than 16mm and the
thermal stability performance is qualified. It can be seen that
the introduction of FX-470 resin and KH-570 does not affect
the thermal stability of the anchoring agent.

3.3. Compressive Strength Test. In the full-length anchoring
support system, the anchoring agent acts as the bond be-
tween the bolt and the rock, and its own strength affects the
stability of the anchor. .e stability of the anchorage agent’s
strength under different temperatures is verified by per-
forming the compressive strength test. .e test method is as
follows: three 40mm cube blocks were prepared using a
standard mould, as shown in Figure 3. After curing at a
standard temperature for more than 24 h, the specimen was
placed in a 101A-2 electric drying oven with forced con-
vection. .e test blocks were heated at different tempera-
tures for more than 6 h to ensure that the temperatures

Table 3: Screening of stone powder particles.

10–50 mesh 50–100 mesh 100–150 mesh 150–200 mesh 200–325 mesh
Coarse stone powder (%) 95.1 2.53 1.83 0.48 0.06
Fine stone powder (%) 10.7 17.2 10.6 44.1 17.4

Table 2: Main composition of stone powder.

CaO (%) SiO2 (%) Al2O3 (%) MgO (%) Fe2O3 (%)
50.7 19.9 5.6 2.5 0.6
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inside and outside of the specimen were the same. .e
compressive strength was measured on a universal material
testing machine immediately after removing the specimen
from the oven so that the specimen temperature does not
change by more than 3°C. .e temperature of the test piece
was measured using an F8380 infrared thermometer. .e
test results are shown in Figures 4 and 5.

As shown in Figure 4, when the coupling agent KH-570
is added to the group B anchoring agent, the proportion of
stone powder becomes higher than that of conventional full-
length anchorage agent A1 and the compressive strength
significantly increases. Compared to the compressive
strength of B1–B4 or B5–B8, with the increase in the amount
of the silane coupling agent KH-570 in the anchoring agent,

the compressive strength increased slightly first at a rate of
3–4%..en, when the content of silane coupling agent reach
1.0% of the resin mass, the strength of the anchoring agent
did not increase. It can be seen that adding 0.5%–1.0%
coupling agent can improve the bonding between the resin
and stone powder in the anchoring agent, and the addition
of an excessive amount will not improve the compressive
strength of the anchoring agent. .erefore, adding an ap-
propriate coupling agent in the anchoring agent can not only
adjust the consistency of the cement and optimize the resin
ratio but also improve the compressive strength of the
anchoring agent itself.

From Figure 5, it can be concluded that the compressive
strength of A1 is 64.4MPa at 10°C..e compressive strength
decreases by 38.8% at 50°C, 57.3% at 80°C, and 76.7% at
110°C. It can be seen that the compressive strength of the A1
anchoring agent is strongly affected by temperature. .e B6
anchoring agent is based on A1 ratio to increase the pro-
portion of stone powder and adding KH-570 silane coupling

Table 5: .ermal stability test.

Type B6 C3 C6
Viscosity (80°C/16 h)mm 35 37 38

Table 4: Test proportion of new resin anchorage agent.

Type PET FX-470 Coarse stone powder Fine stone powder KH-570 Accelerator Curing agent
A1 100 0 200 200 0 1 25
B1 100 0 250 250 0.5 1 30
B2 100 0 250 250 1 1 30
B3 100 0 250 250 1.5 1 30
B4 100 0 250 250 2 1 30
B5 100 0 275 275 0.5 1 32.5
B6 100 0 275 275 1 1 32.5
B7 100 0 275 275 1.5 1 32.5
B8 100 0 275 275 2 1 32.5
C1 80 20 275 275 1 1 32.5
C2 70 30 275 275 1 1 32.5
C3 50 50 275 275 1 1 32.5
C4 30 70 275 275 1 1 32.5
C5 20 80 275 275 1 1 32.5
C6 0 100 275 275 1 1 32.5
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Figure 2: Variation in viscosity for different types of anchorage
agents.

Figure 3: Cube blocks.
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agent; thus, the consistency of B6 anchoring agent meets the
requirements of full-length anchoring and improves the
strength of the anchoring agent at room temperature.
However, due to the poor temperature resistance of the PET
resin, the performance of the B6 anchoring agent decreases
by 74.6% at 110°C. .e C6 anchoring agent is composed of
FX-470 resin instead of PET resin. .e strength of the an-
choring agent at room temperature is 67.5MPa, and its
performance remains unchanged up to 50°C and decreases
by 25.9% at 110°C. Samples C2–C4 are mixed modified resin
anchoring agents that comprise the FX-470 resin, and their
compressive strengths at room temperature are higher than
that of the conventional resin anchoring agent. Further, with
an increase in the proportion of FX-470 resin, the tem-
perature resistance of the anchoring agent gradually im-
proved. .e temperature resistance and compressive

strength of the C4 anchoring agent are excellent. .e
compressive strength at 10°C is 77.5MPa, which decreases
by 7.3% at 50°C, 22.6% at 80°C and 34.6% at 110°C. .e
compressive strength of C4 increases by 20.4, 82.5, 118.2,
and 237.5% over that of A1 at 10, 50, 80, and 110°C, re-
spectively. It can be seen that the temperature resistance of
the C4 anchoring agent greatly improved after the FX-470
resin was mixed and modified.

3.4. Anchorage Capacity Test. .e anchorage force is the
most intrinsic parameter to measure the bonding perfor-
mance of the anchorage agent. In this study, universal
material testing machine and temperature-controlled sili-
cone rubber heating belt are used to draw specimens at
different temperatures; the test specimens and setup are
shown in Figures 6 and 7, respectively. A steel pipe with an
outer diameter of 42mm, inner diameter of 30mm, and
length of 400mm and aMSGLW-355 bolt with a diameter of
22mm and 450mm length were selected for specimen
preparation. .e anchoring agent is used to seal one end of
the steel pipe, and the amount of the anchoring agent is
calculated so that the depth of the plug was 50mm. After the
plug was solidified, the anchor bolt was anchored into the
steel pipe with a hand-held pneumatic drill. .e anchoring
depth is 350mm. After solidification, the specimen is cured
at a standard temperature (22°C) for more than 24 h. .en,
the specimen is wrapped with a temperature-controlled
silicone rubber heating belt and heated for 2 h to ensure
that the temperatures inside and outside the specimen are
the same.

.e tests of viscosity, thermal stability, and compressive
strength show that the group C anchorage agents have a
good consistency and thermal stability, especially in a high-
temperature environment. Among group C specimens, the
comprehensive performance of C4 anchorage agent is
outstanding. .erefore, C4 type and A1 type anchorage
agents are selected to test the anchorage force at different
temperatures. .e experimental results are shown in
Figure 8.

As shown in Figure 8, A1 and C4 anchorage specimens
are pulled apart at 10°C, and their anchorage forces are
186 kN. Further, the anchorage forces of A1 are 172 kN,
161 kN, 117 kN, and 97 kN at 30°C, 50°C, 80°C, and 110°C,
respectively, while those of C4 are 180 kN, 175 kN, 164 kN,
and 158 kN at 30°C, 50°C, 80°C, and 110°C, respectively. .e
anchorage capacity of C4 was thus higher than that of A1 by
4.7, 8.7, 40.2, and 62.9% at 30°C, 50°C, 80°C, and 110°C,
respectively. Further, the difference in the anchorage ca-
pacity between C4 and A1 increases substantially with the
temperature. .erefore, C4 is a heat-resistant anchoring
agent with superior performance.

In summary, according to the results of tests for the
viscosity, thermal stability, compressive strength, and an-
choring force, it is concluded that C4 is a heat-resistant,
high-strength, and full-length anchoring agent. It has a
mixed resin/coarse stone powder/fine stone powder/
accelerator/curing agent/KH-570 resin ratio of 100 : 275 :
275 :1 : 32.5 :1, and the ratio of mixed resin is PET/FX-470
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resin� 30 : 70. .e new anchorage agent has excellent
thermal stability, suitable consistency, and high compressive
strength. .e compressive strength and anchorage force at a
high temperature are obviously superior to those of the
existing full-length anchoring agent.

4. Microscopic Test and Mechanism Analysis of
New Resin Anchorage Agent

Compared with the conventional full-length anchorage
agent, the C4 anchorage agent shows excellent performance
in physical and mechanical tests. .e reasons for this are
investigated by performing contact angle test and scanning
electron microscopy (SEM) imaging.

4.1. Test of Contact Angle between Resin and Stone Powder.
In this study, the contact angle between the PET resin and
stone powder was measured using a contact angle tester
(SL2000C, Corno Company). Figure 9(a) shows the contact
angle between the PET resin and stone powder, and
Figure 9(b) shows the contact angle between the stone powder
and the PET resin with 1% silane coupling agent KH-570
added into it. As can be seen, the contact angle decreases by
about 20° from 120.81° to 101.03° after the addition of KH-570,
and the wettability of the resin and stone powder improved
with the addition of the coupling agent. It is explained that
when KH-570 is added to the anchorage agent of groups B
and C, the proportion of stone powder is increased and the
viscosity of anchorage agent is decreased.

Bolt pullout system
Silocone rubber 

heating belt

Hydraulic control 
system

Software control 
system

Figure 7: Test system for testing anchoring force.
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Figure 6: Test pieces for testing anchoring force.
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4.2. SEM Analysis. In this study, SEM is performed to ob-
serve the internal fracture surface of the A1 and C4 an-
choring agents after the compressive strength tests. .e
images are shown in Figure 10.

Figure 10(a) shows a conventional A1 full-length an-
chorage agent. .e filling of fine particles and resin between
the coarse particles in the anchoring agent is not compact.
.e smooth surface of the coarse particles on the shear
fracture surface indicates that the resin and particles are not
closely bonded. Figure 10(b) shows the C4 anchoring agent,
and the resin is closely bound to fine stone powder and is
densely packed around coarse grains. .e shear fracture
surface is rough, and the resin is adsorbed tightly on the
surface of the stone powder particles.

4.3. Mechanism Analysis. .e wetting effect and chemical
bonding of KH-570 between resin and stone powder are
verified by performing contact angle measurement and SEM

imaging [22]. .e contact angle decreased, and the bonding
between the resin and stone powder increased with the
addition of the coupling agent. .e proportion of stone
powder in the anchorage agent increased while meeting the
viscosity requirement of full-length anchorage support
technology, which makes the new anchorage agent more
compact and improves its compressive strength.

FX-470 phenolic epoxy vinyl ester resin itself contains
unsaturated double bonds and a high-temperature-resistant
epoxy skeleton. Under the catalysis of curing agent free
radicals, the unsaturated double bonds break to form a solid
network with the PET resin. At the same time, the epoxy
skeleton itself is embedded in it, which enhances the heat
resistance of the anchorage agent after curing. .erefore, on
the basis of the original full-length anchorage agent ratio, the
heat-resistant full-length anchorage agent with the appro-
priate strength and consistency can be prepared by adding
KH-570 and FX-470 resins.

CA_L = 120.92 CA_R = 120.71 CA_Avg = 120.81

(a)

CA_L = 101.07 CA_R = 101.00 CA_Avg = 101.03

(b)

Figure 9: Contact angle. (a) Without adding KH-570 and after adding. (b) 1% KH-570 into resin anchoring agent.
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5. Conclusions

(1) A new type of anchoring agent with heat resistance,
high strength, and full length has been successfully
developed. .e optimum ratio is mixed resin/coarse
stone powder/fine stone powder/accelerator/curing
agent/KH-570�100 : 275 : 275 :1 : 32.5 :1, and the
ratio of mixed resin is PET/FX-470� 30 : 70. .e
viscosity, thermal stability, compressive strength,
and anchorage force results prove that the new
anchorage agent has superior physical and me-
chanical properties, especially in high-temperature
environments compared with the conventional an-
chorage agent.

(2) Experiments show that adding the KH-570 coupling
agent in the new anchorage agent has an infiltration
effect, which can reduce the amount of resin in the
anchorage agent and the viscosity of the anchorage
agent. .is makes it more suitable for the full-length
anchorage support technology and improves the
compressive strength of the anchorage agent itself.
.e reason why the KH-570 coupling agent opti-
mizes the anchorage agent performance is in-
vestigated by performing contact angle measurement
and SEM imaging.

(3) .e results of compressive strength test and an-
chorage force test under different temperatures show
that the introduction of the FX-470 resin into the
new anchorage agent to modify the original PET
resin can greatly improve the thermomechanical
properties of the cured anchorage agent. .e com-
pressive strength of the new resin anchorage agent
increased by 20.4%, 82.5%, 118.2%, and 237.5% at
10°C, 50°C, 80°C, and 110°C, respectively, while the
anchorage strength increased by 4.7%, 8.7%, 40.2%,
and 62.9% at 30°C, 50°C, 8°C, and 110°C, respectively.
.e results show that the heat-resistant epoxy group
in the FX-470 resin molecule is embedded in the
polymer cured by the anchoring agent through the
interpolymer reaction between the mixed resins,
which improves the overall heat resistance of the
anchorage agent.
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In this study, Cu-SiCp/AZ91D composites were prepared with high-density pulse currents. 3e wettability between SiCp
and matrix during solidification was improved by coating 0.095-μm thick copper film on the surface of SiCp. By comparing
the composites prepared with/without pulse currents, the solidification structure and its formation mechanism of Cu-
SiCp/AZ91D composites were analyzed under different conditions. 3e Cu-SiCp/AZ91D composites prepared without
high-density pulse currents were mainly composed of α-Mg, β-Mg17Al12, and a small amount of Mg2Si phases, with coarse
grains and uneven structures. Under the action of high-density pulse currents, the structures of Cu-SiCp/AZ91D
composites were transformed into α-Mg and Mg2Si phases with refined grain, and the homogeneity of the structures was
improved significantly.

1. Introduction

Magnesium matrix composites are widely used in aerospace,
construction, marine, and mineral processing industries due
to their low density, good mechanical properties, and good
corrosion resistance [1–3]. However, the performance of
traditional magnesium alloys can no longer meet the needs of
social development, and people are committed to the prep-
aration of high-performance magnesium alloys. At present,
the commonly used preparation methods of magnesium
matrix composites include powder metallurgy, stirring cast-
ing, in situ synthesis, and melt infiltration methods [4–6].
After treatment, the reinforced particles are evenly distrib-
uted, and the properties of alloys are improved. However,
these preparation methods require strict pretreatment pro-
cedures, high manufacturing costs, and complex operation.
As a new technology, the treatment of alloy melt by using

high-density pulsed current has attracted the attention of
researchers, and some research results have been achieved.
Especially under the action of high-density pulsed current, it
can effectively inhibit the segregation of the second phase and
refine the solidification structure. At the same time, this
technology has the characteristics of in situ synthesis tech-
nology for some composite materials [7–9].

SiC particles are often used as reinforcing phase for
magnesium matrix composites. However, the surface ac-
tivity of micron and nano-SiC particles is easy to agglom-
erate, and the wettability of SiC particles is poor [10]. 3e
wettability can generally be improved by increasing the
surface energy of the reinforcing phase to lower the surface
tension of the melt. Preheat treatment of reinforcing par-
ticles, addition of appropriate elements to melt, surface
coating, and ultrasonic dispersion can be adopted. 3ere-
fore, the modification of the SiC surface is beneficial to
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promote the wettability of interface and the uniform dis-
tribution of reinforcing particles in the process of liquid
casting. At present, the volume fraction of SiC reinforcing
phase added by the full liquid stirring casting method is
5 vol.%∼10 vol.% [11]. In this paper, a new type of full liquid
treatment device under the condition of electric pulse is
used. SiC particles coated with copper film are added into the
AZ91D matrix as reinforcing phase to improve the wetta-
bility of the matrix and reinforcing phase. 3e Cu-SiCp/
AZ91D composites prepared under different conditions are
studied. 3e microstructures of AZ91D composites and the
strengthening mechanism are discussed, which provides a
new design concept and method for future research.

2. Experimental

Cu-SiCp/AZ91D composites contain 10 vol.% Cu-SiCp, in
which a layer of 0.095 μm copper film is deposited on the
surface of SiCp. 3e mass of Cu is 17.3% of that of Cu-SiCp.
3e sample size of AZ91D magnesium alloy is 16mm×

16mm× 30mm. 3e chemical composition of the AZ91D
alloy is shown in Table 1 [12].3emagnesium alloy was used
as the matrix in the experiment, and 10 μm SiC particles
were chosen as the reinforcer to prepare Cu-SiCp/AZ91D
composites.

Figure 1 shows the schematic diagram of the electric
pulse melting device used in this study. 3e preparation
process is described as follows. Firstly, magnesium alloy
samples were placed in the boron nitride crucible, and then,
SiCp was placed on the surface of magnesium alloys. 3e
pressure in the vacuum box was pumped to 2×10−4 Pa, and
then, argon gas was filled to the pressure of 50 kPa. 3en
turning on the high-frequency induction power supply, the
samples were heated to 700°C in the vacuum box, and all the
samples were melted in the crucible. 3en, the metal melt
was heated for 10min. Finally, the electric pulse was applied
to the metal melt for 5min. 3e electric pulse treatment
process of the metal melt was provided as follows. First, set
the pulse width 10 μs, the frequency is 30Hz, and start the
power, then read the required current peak on the oscil-
loscope by adjusting the voltage, and finally the heating
device was closed to start the cooling process in the furnace.
When the body was completely solidified, the pulse power
supply was turned off.

3e structure and composition of the samples were
analyzed by SS-550 Shimadzu scanning electronmicroscope,
Phoenix EDAX-2000 energy dispersive spectrometer, and
X-ray diffractometer (6000×).

3. Results and Discussion

3.1. XRD Analysis of Solidification Structures. XRD analysis
was carried out with the prepared magnesium matrix
composites (Figure 2). As shown in Figure 2, the Cu-SiCp/
AZ91D magnesium matrix composites prepared under
conventional conditions mainly consist of three phases:
α-Mg, β-Mg17Al12, and Mg2Si. 3e composites prepared
under pulse currents mainly consist of two phases: α-Mg and
Mg2Si, and the diffraction peaks of Mg2Si are enhanced.

3.2. SEM Analysis of Solidification Structures. In order to
further analyze the tissue changes, the samples were pho-
tographed at a high solution for elemental scanning. 3e
scanning results are listed in Table 2. 3e XRD spectrum of
Figure 2 and Table 2 indicated that the material was com-
posed of α-Mg phase (Spectrogram 1 and Spectrogram 4).
3e black skeletal dendrite is α-Mg17Al12 phase (Spectro-
gram 2). 3e new phase Mg2Si is formed on the dendrite of
β-Mg17Al12 (Spectrogram 3). 3e gray-white structure near
Mg2Si is composed of α-Mg and Al4C3 as well as less at-
tached Cu (Spectrogram 5).

Figure 3 shows high-resolution SEM photographs of
AZ91D magnesium alloy, Cu-SiCp/AZ91D magnesium
matrix composite, and Cu-SiCp/AZ91D composite in pulsed
electric fields. 3e AZ91D magnesium alloy is mainly
composed of gray-black α-Mg and dark-black skeletal eu-
tectic β-Mg17Al12 (Figure 3(a)). 3e phase of β-Mg17Al12
grows along the grain boundary. Figures 3(b) and 3(c) show
that the hard strengthening phase Mg2Si grows along the
β-phase after adding Cu-SiCp, and the Mg2Si phase replaces
the β-Mg17Al12 phase after applying pulsed electric fields.
3is is consistent with the bright white structure shown in
Figures 4(b) and 4(c), the formation of Mg2Si diffraction
peaks in Figure 2, and the disappearance of Mg17Al12 dif-
fraction peaks. 3e results show that Mg2Si precipitates as a
heterogeneous nucleation point at the grain boundary. SiC
and Mg17Al12 peaks were not observed in the XRD spectra
(Figure 2). It was inferred that the formation of Mg2Si was
ascribed to the reaction of SiCp and Al [6]:

3SiC + 4Al � Al4C3 + 3SiC (1)

Mg + 2Si � Mg2Si (2)

SiCp in the copper-SiCp was depleted, and Cu was
distributed among the dendrites. Formed Al4C3 was dis-
persed in the vicinity of Mg2Si [2]. Al4C3 was mixed with the
matrix α-Mg, thus changing the color from gray to gray-
white (red circle in Figure 3(c)), which was consistent with
Spectrogram 5 in Table 2. 3e color change in Figure 3(b)
was not obvious because SiCp was not mixed evenly, and the
content of Al4C3 was too small. As a heterogeneous nu-
cleation point, Al4C3 increased the nucleation rate and re-
fined grains [13, 14].

Copper-SiCp used in this study could effectively change
the wettability between particles and melt, but segregation of
copper-SiCp still occurred, and a large number of copper-
SiCp had not yet reacted with Al in the melt. Dendrites in the
structure were mainly composed of β-Mg17Al12 and Mg2Si
phases. Al4C3 had fewer heterogeneous nucleation points
and poor homogeneity, and the grain refinement effect was

Table 1: Chemical composition of AZ91D alloy.

ω (%)
Cu Al Zn Mn Si Mg
0.015 9 0.67 0.25 0.05 Bal.
Note: reproduced from Zhang et al. [12], under the Creative Commons
Attribution License/public domain.
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not observed (Figure 3(b)). When high-density pulse cur-
rents were applied, the Lorentz force was produced by the
metal melt under the action of electric fields [15], and the

first cyclotron force of the Lorentz force formed strong
convection together with the melt, thus resulting in the de-
creased temperature gradient, widened two-phase zone in the
melt. 3erefore, the segregation of Cu-SiCp was effectively
restrained, and Cu-SiCp was allowed to join the melt and
maintained in the uniformly mixing state. Due to the wetting
effect and the increase in the contact area, Cu-SiCp reacted
withMg17Al12 sufficiently, thus resulting in phase replacement
of β-Mg17Al12 phase by the vermicular Mg2Si (Figure 3(c)). In
addition, the formation of a large number of heterogeneous
nucleation points Al4C3 increased the nucleation rate, pro-
moted heterogeneous nucleation, obtained uniform struc-
tures, and further refined the grains [16] (Figure 4(c)).

In the magnesium alloy of AZ91D, α-Mg formed the
matrix, and the β-Mg17Al12 phase was distributed along the
crystal boundary with the large crystal grain. In the Cu-SiCp/
AZ91D composite material obtained under conventional
conditions, the tissue was mainly composed of three phases:
β-Mg17Al12, Mg2Si, and a small amount of Al4C3 phase.
Under pulsed electric fields, the composite material showed
the uniform structure, and the vermicular Mg2Si phase
replaced the β-Mg17Al12 phase. In the vicinity of the Mg2Si
phase, α-Mg was mixed with Al4C3 to form the gray-white
zone. When a high-density pulse current is applied, the
Lorentz force is generated in the melt under the electric field
[16], and the melt is strongly convected by the Lorentz force,
resulting in a decrease in the temperature gradient inside the
melt and a widening of the two-phase region. In this way, the
nucleation rate of Cu-SiCp/AZ91D increased, and crystal
grains were refined. After adding Cu-SiCp particles, the Al4C3
phase was not detected because the following hydrolysis
reaction occurred in the sampling preparation process [6]:

Al4C3 + 12H2O � 4Al(OH)3 + 3CH4↑ (3)

3.3. Refinement Mechanism of Solidification Structures.
Figure 3 shows the metallographic pictures of AZ91D
magnesium alloy, Cu-SiCp/AZ91D magnesium matrix

Table 2: AZ91D and Cu-SiCp/AZ91D magnesium matrix com-
posite element scanning atomic content table.

Elemental atomic
percentage C Mg Al Si Zn Cu

Spectrogram 1 — 90.97 8.27 — 0.76 —
Spectrogram 2 — 60.48 39.52 — —
Spectrogram 3 — 66.71 — 33.29 —
Spectrogram 4 — 93.78 5.68 — 0.54 —
Spectrogram 5 21.94 51.23 23.84 — — 2.99

Oscilloscope

Electric current pulse
generator access

Argon
Mo electrode

Metal melt
Customized

boron nitride
crucible

Vacuum box

Induction
heating coil

Infrared thermometry access

Induction heating coil
access

Vacuum
pump

Catheter

Gas valve

Figure 1: Schematic diagram of the electric pulse melting device.

Cu-SiCp/AZ91D

2θ (°)

α-Mg

Mg2Si
β-Mg17Al12

CP
S

30 40 50 60 70 80

Pulse currents + Cu-SiCp/AZ91D

Figure 2: XRD spectrum of Cu-SiCp/AZ91D magnesium matrix
composites.
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composite, and Cu-SiCp/AZ91D composite under pulsed
electric fields. As shown in Figure 4(a), AZ91D magnesium
alloy is composed of black matrix and gray reticulated

structure, and its grain size is relatively large. As shown in
Figure 3(b), after adding Cu-SiCp, a little bright white fine
structure occurs in the gray-white reticulated structure

Spectrogram 5

Spectrogram 4

Spectrogram 3

Spectrogram 2
Spectrogram 1

20μm

20μm 20μm

α-Mg(a)

(c)(b) α-Mg

α-Mg

Mg2Si

Mg2Si

β-Mg17Al12

β-Mg17Al12

α-Mg, Al4C3

Figure 3: High times SEM of AZ91D magnesium alloy and Cu-SiCp/AZ91D magnesium matrix composites: (a) AZ91D, (b) Cu-SiCp/
AZ91D, and (c) pulsed electric field+Cu-SiCp/AZ91D).

200μm 

(a)

200μm 

(b)

200μm 

(c)

Figure 4: Photos of AZ91D magnesium alloy and Cu-SiCp/AZ91D magnesium matrix composites: (a) AZ91D, (b) Cu-SiCp/AZ91D, and
(c) pulsed electric field +Cu-SiCp/AZ91D.

4 Advances in Materials Science and Engineering



(marked by the blue ellipse), and the grains near the bright
white structure are refined Cu-SiCp that can provide po-
tential nucleation points for the melt, thus increasing the
number of fine grains in the composites. 3e copper-SiCp
particles have the pinning effect on grain boundaries and
inhibit the grain growth [17]. As shown in Figure 4(c), after
applying pulsed electric fields and adding Cu-SiCp, all the
gray-white reticulated structures become the finer bright
white structures with dense dendrites and fine grains.

According to the theory of electromagnetic field dy-
namics, under the action of pulse currents, the particles and
the whole melt are affected by the changing electromagnetic
force.3is vibration will produce the following effects on the
aggregation of particles in the melt. Firstly, the vibration of
the electromagnetic force can break coagulated Cu-SiCp into
smaller particles, as shown in Figure 5(a). Secondly, under
the action of pulse currents, the SiC particles of different
sizes are also affected by inertial force, which results in the
relative motion between them. 3e effect of relative motion
also weakens the coagulation effect of Cu-SiCp, as shown in
Figure 5(b). Furthermore, under the action of pulsed electric
fields, the undercooling of the alloy melt increases, thus
leading to the increase in the viscosity of the alloy melt and
weakening the coagulation effect of Cu-SiCp particles
[10, 18].

In order to study the effect of pulse currents on the
nucleation rate of alloy melt, the nucleation rate of classical
nucleation theory [15] is expressed as follows:

N �
nKT

h
exp −

16πσ3slT
2
m

3L2
mΔT2KT

  · exp −
ΔGA

KT
 , (4)

where h is the Planck constant; n is the number of atoms per
unit volume; K is the Boltzmann constant; T is the absolute
temperature; SL is the surface free energy; Tm is the melting
point; ΔT � (ΔTm −T) is the undercooling of the alloy melt;
Lm is the latent heat of melting; ΔGA is the liquid atom
nucleation barrier. When the axisymmetric current
j
→

� j(r)ez
→passes through a cylindrical conductive melt, the

magnetic field B
→

� B(r)e0
→ is formed. Pulse currents usually

affect the undercooling of the alloy melt through the gen-
erated Joule heat and electromagnetic force. In addition,
when pulse currents are applied during the melt solidifi-
cation process, more solute atoms are stimulated to break
the energy barrier and enter the matrix due to the effect of

instantaneous discharge. At the same time, pulse currents
enhance the vibration of atoms deviating from the equi-
librium position, reduce the energy barrier, and change the
nucleation barrier. 3erefore, in the original nuclear rate
equation (1), ΔGA � (ΔG0 + ΔGE), where G0 is the ther-
modynamic barrier for the nucleation without applying an
external field and GE is the thermodynamic barrier for the
nucleation after applying an external field. 3en, we get

ΔGA � ΔG0 + ΔGE(  � ΔG0 + K1 · j2 · ξ2 · V,

ξ � σ0 − σn(  · σn − 2σ0( 
−1

.
(5)

Among them, K1 is a parameter related to materials; J is
the pulsed current density; σ0 is the conductivity of disor-
dered dielectrics; σn is the conductivity of nuclei; V is the
volume of nuclei; and K is the Boltzmann constant. For the
crystalline melt, if σn > σ0, then ξ > 0. 3erefore, it can be
concluded that the pulse currents reduce the nucleation
barrier in the alloy melt. 3e effect of pulse currents in-
creases the nucleation rate in the alloy melt, and the increase
in the nucleation rate leads to the grain refinement in the
alloy melt. When EPT is applied after heat preservation, the
pulse currents contact directly with the melt and the nu-
cleation growth stops, thus forming an equiaxed region,
which can effectively improve the nucleation rate of liquid
metal and semisolid metal and trigger the heterogeneous
nucleation mechanism [19]. Fine structures were obtained
during the rapid solidification because the increase in the
undercooling promoted the nucleation rate. 3e mechanism
of dendrite breakage induced by Loren magnetic force under
electric pulse treatment allowed the grain refinement
[16, 20].

4. Conclusion

Cu-SiCp/AZ91D composites prepared without high-density
pulse currents mainly consisted of three phases: α-Mg,
β-Mg17Al12, and Mg2Si. By applying high-density pulse
currents, the structures of Cu-SiCp/AZ91D composites were
transformed into the phases of α-Mg and Mg2Si.

Cu-SiCp/AZ91D composites were prepared by different
testing methods. 3e results showed that the Cu-SiCp/
AZ91D composites under high-density pulse currents had
uniform structures, and the grains were significantly refined.
3e nucleation barrier was reduced, and the nucleation rate

FF

(a)

F

F F

F

(b)

Figure 5: Particle condensation process under the influence of electromagnetic force.
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was effectively increased by applying high-density pulse
currents. 3erefore, the fine structure was obtained.

3e microstructures of Cu-SiCp/AZ91D composites
were transformed into α-Mg, Al4C3 and Mg2Si phases under
the action of high-density pulse currents. Al4C3 and Mg2Si
phases as heterogeneous nucleation points increased the
nucleation rate of the composites. 3e Al4C3 phase was not
detected in the obtained tissues due to the hydrolysis
reaction.
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.e current state of characterization techniques for the interface in carbon nanotube-reinforced polymer nanocomposites is
reviewed. Different types of interfaces that exist within the nanocomposites are summarized, and current efforts focused on
understanding the interfacial properties and interactions are reviewed. .e emerging trends in characterization techniques and
methodologies for the interface are presented, and their strengths and limitations are summarized..e intrinsic mechanism of the
interactions at the interface between the carbon nanotubes and the polymer matrix is discussed. Special attention is given to
research efforts focused on chemical functionalization of carbon nanotubes. .e benefits and disadvantages associated with
covalent and noncovalent functionalization methods are evaluated, respectively. Various techniques used to characterize the
properties of the interface are extensively reviewed. How themechanical and thermal properties of the nanocomposites depend on
the physical and chemical nature of the interface is also discussed. Better understanding and design of the interface at the atomic
level could become the forefront of research in the polymer community. Potential problems going to be solved are
finally highlighted.

1. Introduction

Since the discovery of carbon nanotubes and, in particular, the
realization of their unique performance [1–4], much effort has
been devoted to develop advanced nanocomposites with
carbon nanotubes as reinforcement [5–10]. Full un-
derstanding of the excellent behavior of carbon nanotube-
reinforced nanocomposites requires knowledge of the in-
teractions at the interface between the carbon nanotubes and
the matrix [11–16]..ere are no essential differences between
such a requirement and that for conventional fiber-reinforced
composites, but the characteristic length scale of the re-
inforcement varies from micrometer to nanometer. .e
fundamental challenge for applied research on carbon
nanotube-reinforced nanocomposites can be illustrated by the
electron microscope images shown in Figure 1, where mul-
tiwalled carbon nanotubes (decade nanometers in diameter)
are deposited on the surface of carbon fibers (a fewmicrons in

diameter) in yarn bundles (a few millimeters in diameter)
[17, 18]. .e variation in the characteristic length scale of the
reinforcement presents both new challenges and significant
advantages in the development of fabrication techniques for
carbon nanotube-reinforced nanocomposites [19–22] and the
development of characterization techniques for such nano-
composites [23–28]. .e nanometer scale of the re-
inforcement represents a significant challenge in the
fundamental research of mechanics, since the interfacial in-
teractions at the atomic-scale must be accounted for [29–32].

Various attempts have been made in recent years to
develop ceramic-matrix and metal-matrix nanocomposites
with carbon nanotubes as reinforcement [33–36], but much
more attention has been focused on the development of
carbon nanotube-reinforced polymer nanocomposites
[37–40]. .e outstanding physical and mechanical prop-
erties of this new form of carbon have led to significant
advances in the development of such nanocomposites for
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both functional and structural applications [41–44]. How-
ever, the potential of carbon nanotubes as reinforcement for
polymers has not yet been fully realized, especially in the
resulting mechanical properties [17, 20]. .e application of
carbon nanotube-reinforced polymer nanocomposites de-
pends strongly on how to effectively address the issues and
challenges associated with the fundamental properties of the
interface between the carbon nanotubes and the polymer
matrix [45, 46].

Increasing attention is focused on the properties of the
interface in carbon nanotube-reinforced polymer nano-
composites. From the point of view of micromechanics,
stress is transferred across such an interface [47, 48]. In
addition, the mechanical performance of the nano-
composites depends critically on both the stress transfer
across the interface and the shear strength of the interface
[49–52]. Furthermore, the thermal resistance of the interface
is the most critical factor influencing the thermal perfor-
mance of the nanocomposites [53–56]. Consequently,
knowledge of the properties of the interface becomes par-
ticularly essential to the development of carbon nanotube-
reinforced polymer nanocomposites. To unlock the full
potential of carbon nanotubes and to further improve the
overall performance of such nanocomposites, it is important
to understand the fundamental properties of the interface
[57–60].

Research on carbon nanotube-reinforced polymer
nanocomposites is an emerging area, which was first in-
troduced by Ajayan and coworkers [61, 62]. .eir work
certainly represents a significant milestone towards the
development of the nanocomposites and, together with
other early work [63, 64], clearly demonstrates that the
extraordinary properties inherent to carbon nanotubes can
be transferred into the polymermatrix efficiently. Since then,
the literature related to the nanocomposites is growing
explosively, always accompanied by scientific debates [65–
70]. Significant insights have been gained through

nanotechnology research, with over 20 papers each day
currently appearing in relation to carbon nanotube-
reinforced polymer nanocomposites alone, as shown in
Figure 2. One of the most interesting avenues of research
involves manipulation of the chemistry of carbon nanotubes
[71–74], which offers great opportunities for developing
multifunctional polymer nanocomposites with the ability to
tailor the properties of the interface [75, 76]. As yet, the
physical and chemical nature of the interface, along with its
influence on the bulk properties of carbon nanotube-
reinforced polymer nanocomposites, remains a poorly un-
derstood area of research.

Significant progress has been made in understanding the
nature of the interface in carbon nanotube-reinforced
polymer nanocomposites. Unfortunately, there are only
several review articles focused on the topic available in the
literature. Chen et al. [77] have provided an overview of the
current state of the properties of the interface in carbon
nanotube-reinforced polymer nanocomposites. However,
full understanding of the nature of the interface requires
knowledge of both interfacial properties and characteriza-
tion techniques [78]. Both complement each other naturally,
be short of one cannot, making it easier to understand the
nature of the interface. It is therefore of great significance to
provide a literature review about the characterization
techniques for the interface, in addition to interfacial
properties. .is review is devoted to characterization
techniques for the interface in carbon nanotube-reinforced
polymer nanocomposites. Particular emphasis is placed on
how to determine the properties of the interface at the
nanometer scale for such nanocomposites.

2. Techniques for Interface Characterization

Measurement and control of the strength of the interface are
important for developing carbon nanotube-reinforced poly-
mer nanocomposites with tailored interfacial structures and

Figure 1: Evolution of the characteristic length scale of reinforcement from millimeters to nanometers: (from upper left to lower right
corner) from woven fabric of yarn bundles, to an individual carbon fiber with multiwalled carbon nanotubes grown and entangled on its
surface, to such a carbon nanotube (adapted with permission from references [17, 18]; copyright 2005, Elsevier Ltd. and copyright 2002, AIP
Publishing LLC).
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properties [79, 80]. To fully realize the benefits of carbon
nanotubes and to further improve the overall performance of
the nanocomposites, it is essential to obtain accurate in-
formation about the microscopic structure and properties of
the interface [81, 82]. Electron microscope techniques such as
scanning electron microscopy [83, 84] and transmission
electron microscopy [85, 86] have been extensively used for
the general visual identification of carbon nanotube-
reinforced polymer nanocomposites. Additionally, optical
microscope techniques such as confocal laser scanning mi-
croscopy are effective in evaluating the quality of the dis-
persion of carbon nanotube in a polymer matrix [87–90].
However, the above microscope techniques are usually not
sufficient enough to characterize the properties of the in-
terface at the atomic level. High-resolution transmission
electron microscopy could achieve the atomic resolution and
is being used widely in the field of the nanocomposites to
provide more information about the microscopic structure of
the interface [91–94].

Atomic force microscopy [95, 96] and Raman spec-
troscopy [97, 98] have served to quantitatively characterize
the properties of the interface. Atomic force microscopymay
be the preferred technique for characterization of the in-
terface due to its advantages for high-precision and high-
sensitivity measurements [99, 100]. .is microscope tech-
nique can also serve as a means to elucidate the properties of
the interface in polymer nanocomposites [101, 102]. Two
particularly powerful approaches to characterize the prop-
erties of the interface are the pull-out method [103] and the
peeling method [104]. Attempts have also been made in
recent years to develop more convenient ways such as
Raman spectroscopy to directly assess the properties of the
interface [97, 98].

2.1. Atomic Force Microscopy. In developing carbon
nanotube-reinforced polymer nanocomposites, it is essential
to focus on the properties of the interface, as they determine
the efficiency of interfacial load transfer [41–44] and can
significantly influence the resulting mechanical performance

[1–4]..e strength of the interface can serve as a quantitative
indicator in evaluating the mechanical properties of the
nanocomposites. .is physical parameter is usually mea-
sured through individual carbon nanotube pull-out tests
using atomic force microscopy [99, 100]. Individual carbon
nanotube pull-out tests are ideal measurements to quanti-
tatively characterize the interfacial load transfer between
carbon nanotubes and the polymer matrix. Such experi-
ments involve the use of the probes of atomic force mi-
croscopy ex situ, or are carried out in situ within a chamber
of scanning electron microscopy. Based on such nano-pull-
out test technology, several nanomechanical methods are
being developed and tested for the nanocomposites
[58, 99, 103, 105–112]. For example, carbon nanotubes can
be bonded to the probe of an atomic force microscopy,
embedded in a polymer melt, and then pulled out from the
matrix after solidification [103, 105, 106], as shown in
Figure 3. Partially embedded carbon nanotubes were ob-
served on the fatigue fracture surface in a polymer matrix
and pulled out by a nanomanipulator [58, 99, 107].

Barber et al. [103, 105, 106] attached an individual
multiwalled carbon nanotube to the sharp tip of an atomic
force microscope. .e carbon nanotube was then pulled
from a polymer matrix, while the critical force necessary to
remove such a carbon nanotube was recorded by the atomic
force microscope. Shear strength of the interface [103] and
fracture energy for the interface [105] were predicted by
measuring the critical pull-out force and the carbon
nanotube embedment length. Poggi et al. [113, 114] mea-
sured the interfacial adhesion between specific functional
groups and the outer surface of an individual single-walled
carbon nanotube using a chemically modified chemical force
microscope, where the tip of the cantilever of an atomic force
microscope was chemically modified. .e interaction
characteristics of the interface were thenmeasured using this
chemical force microscopy [113, 114].

However, there are still some critical issues that need to
be addressed before performing such an individual carbon
nanotube pull-out test using atomic force microscopy [108].
Images may be limited by misalignment during the
cantilever-tip assembly load. Additionally, the intensity of
the force signal recorded by atomic force microscopy is
based on the assessment of cantilever stiffness as well as the
determination of cantilever deflection from low-resolution
scanning electron microscope images, both of which may
eventually lead to considerable errors [103, 105, 106]. Fi-
nally, the embedment depth of an individual carbon
nanotube cannot be controlled and measured easily using
this nano-pull-out test technology. To observe the embedded
portion of such a carbon nanotube after the process of a
nano-pull-out test, Nie et al. [101] developed a carbon
nanotube-polymer nanobridge structure in a polymer film,
as described below.

.e strength of the interface can serve as an indicator of
interfacial load transfer for the nanocomposites, as it can
greatly affect their effective mechanical performance.
Unfortunately, inevitable entanglement or kinks of carbon
nanotubes inside a polymer matrix would complicate the
characterization of the interface as probed andmeasured by
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Figure 2: Refereed journal articles published in English related to
carbon nanotube-reinforced polymer nanocomposites. Data col-
lected from Web of Science by the end of 2018.

Advances in Materials Science and Engineering 3



individual carbon nanotube pull-out tests. To observe an
embedded carbon nanotube before or during the process of
a nano-pull-out test, there is a need for a beam of electrons
with high energy in a transmission electronmicroscope or a
scanning electron microscope [115–118], which may
damage or cross-link the polymer matrix and the interface.
To address this issue, Nie et al. [101] developed a con-
trollable method to measure the strength of the interface
with the help of an individual nanobridge in a suspended
polymer film and proposed an effective way to evaluate the
efficiency of interfacial load transfer, as illustrated in
Figure 4. Such a microscopic structure is constructed on the
basis of the self-assembly of multiwalled carbon nanotubes
in liquid flow and the phase separation of polymer blends
and the ductile fracture of such blends after thermal and
chemical treatment, as shown in Figure 5(a). .e micro-
scopic structure of such a nanobridge can be characterized

by a nanomechanical method, by which the force applied to
the individual multiwalled carbon nanotube in a suspended
state in the transverse direction leads to the pull-out force
in the axial direction, as shown in Figures 5(b)–5(d). An
atomic force microscope is used to apply such transverse
force in a controlled way to the suspended carbon nanotube
to produce the force in the axial direction. Such axial force
can be applied to pull a segment of the embedded part of an
individual carbon nanotube out of a polymer matrix. .e
pull-out force in the axial direction can be obtained
through the control signal recorded by the deflection of the
cantilever. .e average strength of the interface formed by
an individual multiwalled carbon nanotube and a poly(-
methyl methacrylate) matrix is about 48MPa, measured by
using this method [101]. Such a controllable method can be
used to measure the strength of the interface for the
nanocomposites due to the ability to form an image of the

Scanning electron microscopy

Carbon
nanotube

Atomic force
microscopy probe

Piezoelectric
element

Polymer
Polymer

(a)
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microscopy tip

Polymer

(d)
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(e) (f )

Figure 3: Schematic diagram of an individual carbon nanotube pull-out experiment and scanning electron microscope images of one
representative individual carbon nanotube pull-out test: (a) a tip fixed to the cantilever of an atomic force microscope approaches the free
end of an individual carbon nanotube embedded within a polymer matrix in a controlled way, (b) such a free end has been attached to the tip
of the cantilever by means of electron beam-induced deposition of platinum, (c) the carbon nanotube has been pulled out from the polymer
matrix completely, and (d)–(f ) three scanning electronmicroscope images of the individual carbon nanotube pull-out test, corresponding to
the schematic diagrams illustrated in (a)–(c), respectively. .e lower right image in (f) is a zoom-in view of the carbon nanotube after being
pulled out. Each of the scale bars represents 500 nm (adapted with permission from reference [99]; copyright 2015, Elsevier Ltd).
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embedded portion of an individual carbon nanotube and to
the high-resolution imaging during the loading process
[101]. It is important to note that this technique is only
applicable to the polymers with the ability to form a phase
separation structure.

Atomic force microscopy also provides an efficient way
to gain insight into the adhesive mechanics of an individual
carbon nanotube peeled from a polymer matrix by means of
the peeling method described in the literature [104]. Strus
et al. [104] used such a method to attach an individual
multiwalled carbon nanotube to the peeling probe of an
atomic force microscope, as illustrated in Figure 6. .e
critical force required to peel the multiwalled carbon
nanotube off the surface of a polymer matrix was recorded,
and the fracture energy of the interface was then quanti-
tatively measured..ismethod has the ability tomeasure the

properties of the interface, but it is incapable of measuring
the interfacial energy per unit area [104].

2.2. RamanSpectroscopy. Raman spectroscopy can serve as a
powerful tool to characterize the properties of the interface
by utilizing the unique electronic and vibrational structure
of carbon nanotube-reinforced polymer nanocomposites
[119–130]. .is spectroscopic technique was found to be
more effective in revealing the level of disorder and defect
sites on the surface of carbon nanotubes [129, 130]. Raman
spectroscopy is one of the most effective techniques used to
analyze the microscopic mechanism of interfacial load
transfer for the nanocomposites [63]. .ere is a shift in
Raman frequency with the stress or strain applied to the
nanocomposites [131, 132]. If such a stress is transferred to

(a) (b)

Ft
Fa

(d)

(f)

(g)

(c)

(e)

Figure 4: (a and b) Schematic diagram of the pull-out process applied to an individual carbon nanotube suspended within a free-standing
polymer thin film using an atomic force microscope. Schematic diagram of the fabrication process of a suspended holey film as being formed
from a polymer blend: (c) a hydrophobic polymer thin film coated on the surface of a hydrophilic glass slide using a dip-coating method,
(d) release of such a film from the glass slide by water, (e and f) transfer of the film to a grid made of copper, and (g) hole-opening
using cyclohexane as a solvent and then using a heat treatment method (adapted with permission from reference [101]; copyright 2017,
Elsevier Ltd).
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the carbon nanotubes across the interface, the Raman peak
shifts by a few cm−1. .e shift in Raman frequency is linear
with the strain applied to the nanocomposites, and the slope
of the Raman shift-strain response curve is dependent on the

properties of the polymer matrix as well as the degree of
alignment of carbon nanotubes [133, 134].

Raman spectroscopy can provide information about the
elastic modulus of polymer-based nanocomposites, alignment

(a)
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(c)
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4 µm
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(d)

Figure 5: (a) Schematic diagram of the formation and evolution process of a nanobridge structure for an individual carbon nanotube-
polymer nanocomposite, (b) scanning electron microscope images of such a carbon nanotube suspended across a hole in a layer of the
polymer blend film made of poly(methyl methacrylate) and polystyrene using a self-assembly method (left) and the holes opened by using
thermal and solvent treatment techniques after adding a second layer of poly(methyl methacrylate) film (right), (c) transmission electron
microscope image of the nanobridge structure in a polymer film, and (d) atomic force microscope image of an individual, suspended carbon
nanotube with two ends embedded in a poly(methyl methacrylate) matrix (adapted with permission from reference [101]; copyright 2017,
Elsevier Ltd).
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and dispersion of carbon nanotubes, interfacial load transfer,
and interfacial interaction characteristics [135–140]. Such
interactions are usually reflected by a shift in Raman fre-
quency or a peak width change [91, 141]. However, there are
some disadvantages associated with this spectroscopic tech-
nique [135–140]. For example, since the diameter of the
Raman laser spot is much larger than that of an individual
carbon nanotube, the Raman signal is averaged over carbon
nanotubes in all directions [91, 141].

Earlier publications associated a shift in Raman frequency
to a lower frequency or to a higher frequency from the peak
about 2700 cm−1 with tensile strain and compressive strain in
a carbon nanotube-reinforced polymer nanocomposite
[64, 142]. Ruan et al. [143, 144] monitored load transfer across
the interface from an ultrahighmolecular weight polyethylene
matrix to multiwalled carbon nanotubes, with a shift in
Raman frequency at 2691 cm−1. .ey also suggested four
regimes of strain behavior, as outlined in Table 1. Another
work [145] related a shift in Raman frequency at 1594 cm−1
with the compressive strain in single-walled carbon nano-
tubes embedded in an epoxy matrix.

3. Interactions at the Interface

It is of great significance to understand the interactions at the
interface [146–149]. Knowledge of such interactions is nec-
essary to gain insight into the properties of the nano-
composites [146]. An optimum interfacial interaction is a
critical step in achieving the full potential of carbon nanotubes
[147], which has become a primary goal of this emerging area
of research [146–149].

Chemical functionalization of carbon nanotubes has
proved effective in improving the characteristics of interfacial
interactions and the performance of the resulting nano-
composites [150–153]. Chemical functionalization of carbon
nanotubes, such as wrapping of polymer around carbon
nanotubes [154], as illustrated schematically in Figure 7, or
introducing covalent interfacial bonding [155], has been
achieved. In general, covalent and noncovalent interfacial
interactions [156–159] are the two main chemical function-
alization methods.

3.1. Covalent Interactions. Covalent chemical functionali-
zation of carbon nanotubes involves the covalent attachment
of functional groups onto either the sidewalls or ends of
carbon nanotubes [160, 161]. .e open ends of carbon
nanotubes can be stabilized by hydroxide and carboxylic
acid groups, and the sidewalls of carbon nanotubes can be
chemically modified by reactive elements [42]. For example,
nitric acid treatment was reported to successfully oxidize the
surface of carbon nanotubes as detected by Fourier trans-
form infrared spectroscopy [162, 163]. Covalent chemical
functionalization of carbon nanotubes can also be accom-
plished through diazonium salts [164] or Diels–Alder re-
actions [165].

Recently, an extensive review of various covalent
functionalization methods of nanoparticles by means of
tailoring surface properties to improve their wettability and
compatibility with polymer matrices has been made by
Mosnáčková et al. [166]. Different methods of surface
modification by polymer chains have been described in

1 µm

(a)

1 µm

(b)

1 µm

(c)

Figure 6: Scanning electron microscopy images of the (a) bottom and (b) side of a peeling atomic force microscope probe with a length of
2.2 μm and of the (c) side of a peeling atomic force microscope probe with a length of 2.5 μm..e individual carbon nanotube used to attach
such probes is 10± 2 nm in inner diameter and 40± 6 nm in outer diameter, respectively (adapted with permission from reference [104];
copyright 2009, Elsevier Ltd).
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detail with some examples of functionalization of various
types of nanoparticles to obtain advanced properties of
polymer nanocomposites. Various polymerization mecha-
nisms have been discussed in detail. .e current state of
various grafting methods has also been summarized. .e
effect of introduced functional groups on the properties of
carbon nanotubes and polymer nanocomposites has recently
been reviewed by Wei et al. [167].

Covalent functionalization can enhance the interactions
at the interface effectively, making it possible to significantly
improve the performance of the resulting nanocomposites
[16, 42, 49]. Gojny et al. [168, 169] gave direct evidence of
significant interactions existed at the interface, as illustrated

in Figure 8. Amino acids were successfully used to modify
carbon nanotubes by heating the oxidized carbon nanotubes
with excess triethylenetetramine. .eir works clearly dem-
onstrated that a covalent bond was formed at the interface
through introducing functional groups [168, 169]. .e
chemically modified carbon nanotubes were completely
covered with an epoxy matrix, as indicated by the trans-
mission electron microscope images of functionalized car-
bon nanotubes in the polymer matrix in Figure 8. Upon the
expansion of the crack formed in the polymer matrix heated
by a beam of electrons from a transmission electron mi-
croscope, the outer layer of an individual, functionalized
multiwalled carbon nanotube was fractured and embedded

(a)

(b) (c)

Figure 7: Single-walled carbon nanotube wrapped by three poly(9,9-dioctylfluorenyl-2,7-diyl) chains with different geometries: (a) polymer
chains aligned to the axis of the carbon nanotube and (b) periodic helical conformation. .e polymer chains are represented by different
colors: red, blue, and yellow. (c) .e side chains of the polymer covered by the solvent system that contains enough toluene molecules. .e
toluene molecules are represented by light gray (adapted with permission from reference [154]; copyright 2011, American Chemical
Society).

Table 1: Shift in Raman frequency (2691 cm−1) as a function of the tensile strain applied to an ultrahigh molecular weight polyethylene
nanocomposite reinforced with multiwalled carbon nanotubes.

Regime∗ Tensile
strain Shift Interpretation

Regime (i): elastic region 0–1% Clear shift to a lower frequency Elastic response; tensile loading of
multiwalled carbon nanotubes

Regime (ii): viscoelastic and
plastic deformation occurs 1–10% Much less apparent shift to a lower

frequency Slip and stick at the interface

Regime (iii): strain hardening occurs 10–15% Somewhat more apparent
shift to a lower frequency

Multiwalled carbon nanotube knots
preventing further stretching of the chain

of the polymer; tensile loading of
multiwalled carbon nanotubes

Regime (iv): partial failure occurs in the
polymer matrix at the microscopic level

Larger than
15% Shift to a higher frequency

Elastic recovery from local failure
occurred in the polymer matrix;

compressive loading of multiwalled
carbon nanotubes

∗Four regimes of behavior are available for a shift in Raman frequency when different tensile strains are applied to an ultrahighmolecular weight polyethylene
nanocomposite reinforced with multiwalled carbon nanotubes. Interpretation of data is available in reference [143].
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in an epoxy matrix, as shown in Figure 8(d). In contrast, the
inner shells of the functionalized multiwalled carbon
nanotube, which were bounded together by the relatively
weak van der Waals forces between these shells, were pulled
out from the polymer matrix through a sword-in-sheath
mechanism [168, 169].

Covalent chemical functionalization has been proved to
be an effective way for improving the properties of the
interface [168, 169], such as the efficiency of interfacial load
transfer, making it possible to significantly improve the
properties of carbon nanotube-reinforced polymer nano-
composites [168, 169]. However, this functionalization
method would introduce structural defects into the surface
of carbon nanotubes, thus lowering their intrinsic properties
[170, 171]. As a consequence, there is often a tradeoff be-
tween the properties of carbon nanotubes and those of the
interface. In addition, covalent functionalization may cause
severe disruption of the electronic network and structure of
carbon nanotubes [170, 171], which may lead to decreased
performance of the final nanocomposites.

3.2. Noncovalent Interactions. Alternatively, noncovalent
functionalization of carbon nanotubes can serve to improve
the properties of the interface. .is functionalization
method utilizes π − π interactions and van der Waals forces
by adsorption of polymers [172–175]. Noncovalent func-
tionalization of carbon nanotubes is particularly attractive,
since it does not deteriorate their intrinsic properties
[176–179]. .is functionalization method mainly involves
the polymer wrapping of carbon nanotubes. Wrapping is
typically denoted as the enveloping of the surface of carbon
nanotubes by polymers. .ree possible multihelical wrap-
ping conformations can be found in the work of O’Connell
et al. [175], as shown in Figure 9. Recent studies demon-
strated that single-walled carbon nanotubes can be wrapped
in a number of adsorbing polymers, such as biopolymers
such as DNA [180, 181], block copolymers [182, 183], and
semiconjugated polymers [184, 185].

Polymer wrapping of carbon nanotubes has proven to be
quite effective in improving the properties of the interface,
making it possible to greatly improve the properties of

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

(e)

Figure 8: Transmission electron microscope images of an individual, functionalized multiwalled carbon nanotube in an epoxy matrix.
(a) Chemically modified carbon nanotube covered by the polymer matrix completely, indicating improved interactions at the interface
through a covalent chemical functionalization method. (b and c) Fracture toughness improved by such carbon nanotubes through bridging
microcracks and pores in the polymer matrix. (d and e) Evidence of improved interactions at the interface through pull-out tests (adapted
with permission from references [168, 169]; copyrights 2003 and 2004, Elsevier Ltd).
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carbon nanotube-reinforced polymer nanocomposites
[186, 187]. For example, interfacial interactions can be
significantly improved by using conjugated polymers with a
specific molecular configuration [187]. Yang et al. [187]
utilized molecular dynamics to investigate the physical in-
teractions at the interface for different polymer matrices.
.eir modeling work suggested that polymers with a main
chain containing aromatic functionalities hold great promise
for the noncovalent binding of carbon nanotubes into the
structure of the nanocomposites, as shown in Figure 10,
since these aromatic rings are able to provide strong in-
teractions at the interface. Such polymers could serve as a
building block for amphiphilic copolymers not only to
enhance the interactions at the interface but also to improve
the mechanical performance of the resulting nano-
composites. Polymer wrapping of carbon nanotubes also
holds great promise for the manipulation and organization
of carbon nanotubes into ordered structures and even for
their noncovalent functionalization [187].

Unfortunately, the possible mechanisms underlying the
noncovalent interactions have not yet been fully understood
[146]. It has been found that wrapping of single-walled
carbon nanotubes by polymers is a general interfacial
phenomenon [175]. Furthermore, recent molecular dy-
namics studies suggested that such interactions depend
strongly on the specific structure of polymer matrices, and
the effect of polymer affinity and flexibility is important
[188–193]. For example, stiff-chain polymers tend to wrap
around single-walled carbon nanotubes in a more distinct
conformation than polymers with a high degree of flexibility
in the backbone structure [188, 189], as shown in Figure 11,
making it possible to improve the interfacial properties, such

as the intermolecular interaction energy at the interface, for
the resulting nanocomposites.

Noncovalent functionalization offers a number of ad-
vantages for improving the properties of the interface and
the performance of the resulting nanocomposites, without
affecting the intrinsic properties of carbon nanotubes
[194–197]. However, it is often difficult to achieve the
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Figure 10: Time evolution of the intermolecular interaction energy
at the interface between single-walled carbon nanotubes and dif-
ferent polymer matrices as well as between the two chains of the
same polymer during the wrapping procedure for polystyrene (PS),
poly(p-phenylenevinylene) (PPV), poly(m-phenylenevinylene-co-
2,5-dioctyloxy-p-phenylenevinylene) (PmPV), and poly(phenylacetylene)
(PPA) (adapted with permission from reference [187]; copyright
2005, American Chemical Society).

(a) (b)

(c)

Figure 9: .ree possible multihelical wrapping conformations of polyvinyl pyrrolidone around an individual single-walled carbon
nanotube. (a) A double helix and (b) a triple helix. (c) Backbone bond rotations can cause a sharp bend, which allows multiple parallel
wrapping strands to come from the same chain of the linear polymer. Low-backbone strain with high-surface area coverage is allowed for
multihelical wrapping (adapted with permission from reference [175]; copyright 2001, Elsevier Ltd).
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desirable strength of the interface so as to ensure the load
transfer across the interface with high efficiency for carbon
nanotube-reinforced nanocomposites [198–201].

4. Characterization of Interfacial
Mechanical Properties

.e nature of the interface is of particular importance to the
interfacial stress transfer and the consequent improvement
in the mechanical properties for the nanocomposites
[202, 203]. For example, good interfacial bonding is nec-
essary to ensure the load transfer across the interface with
high efficiency, which is a necessary condition for further
development of the nanocomposites with high mechanical
performance [204, 205]. Over the past few decades, it has
become increasingly clear that considerable modification of
the properties of the interface can be an effective way to
improve the overall mechanical performance for the
nanocomposites [206–209].

.e work of Wong et al. [204] has shown that the in-
terfacial shear stress measured for multiwalled carbon
nanotube-reinforced polymer nanocomposites is larger than
that measured for conventional microfiber-reinforced
composites by orders of magnitude. Furthermore, there
were no broken carbon nanotubes based on an analysis of
the interfacial morphology measured by both transmission
electron microscopy and scanning electron microscopy for
carbon nanotube-reinforced epoxy nanocomposites [204],
indicating that the load transfer across the interface was not
sufficient to fracture the multiwalled carbon nanotubes. In
contrast, recent experiments have demonstrated that the
failure of multiwalled carbon nanotube-reinforced polymer
nanocomposites appears to arise from mechanical fracture
of the polymer matrix and from the pull-out of such carbon
nanotubes from the polymer matrix [106, 210, 211].

Qian et al. [212] characterized the properties of the
polystyrene nanocomposites reinforced with multiwalled
carbon nanotubes to investigate the behavior of the load
transfer across the interface and deformation mechanisms of

Poly(acetylene)

Poly(aryleneethynylene)

Poly(propylene)

Poly(styrene)

Poly(ethylene oxide)

Poly(caprolactone)

Poly(ethylene teraphthalate)

Poly(pyrrole)

Poly(acrylonitrile)

Poly(methylmethacrylate)

Poly(lactide)

Nylon-6

Figure 11: Possible wrapping conformations obtained from a model used to illustrate potential interactions at the interface between single-
walled carbon nanotubes and different polymer matrices at the 3.2 ns time step in molecular dynamics simulations. .e polymers have
different degrees of flexibility in the structure of their respective backbone (adapted with permission from references [188, 189]; copyright
2010, American Chemical Society).
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the nanocomposites. Ex situmechanical tensile tests on films
of the nanocomposites shown that after adding 1.0% by
weight of carbon nanotubes, the tensile strength is improved
by about 25.0% and the elastic stiffness is increased by about
36–42%, indicating that there are considerable load transfer
across the interface and significant improvement in the
mechanical performance of the polymer. In this context, an
external load can be transferred from the polymer matrix to
carbon nanotubes effectively. Furthermore, in situ trans-
mission electron microscopy provided essential information
about the interfacial bonding and deformationmechanisms of
the nanocomposites described above, as illustrated in Fig-
ure 12. As for commercial carbon fiber-reinforced polymer
composites, a fracture of carbon nanotubes and crack bridging
by carbon nanotubes were observed during pull-out tests. In
contrast, multiwalled carbon nanotubes pulled out from the
polymer matrix, while less fracture was observed, as shown in
Figure 12. Furthermore, there are strong interactions at the
interface [212], as evidenced by the significant improvement
in the mechanical performance of the nanocomposites given
above. Qian et al. [212] also demonstrated that 10% by weight
of carbon fibers in the previous work of Tibbetts andMcHugh
[213] was required to achieve the same effectiveness of the
improvement in the elastic modulus of the nanocomposites
containing only 1.0% by weight of multiwalled carbon
nanotubes by utilizing short-fiber composite theory.

.e force required to pull an individual multiwalled
carbon nanotube out from a polyethylenebutene matrix
was measured by atomic force microscopy [103]. .e mean
interfacial shear strength of 47MPa was sufficiently high,
indicating that there exists covalent bonding at the in-
terface. Furthermore, the chain of the polymer close to the
interface behaved differently from its bulk. A sheathing
layer of a polymer on pulled out multiwalled carbon
nanotubes, i.e., an interfacial region, was imaged [107], as
shown in Figure 13, which gave direct evidence of sig-
nificant interfacial interactions. In addition, an additional
increase was observed in the diameter of the polymer
sheathing layer after chemical functionalization of carbon

nanotubes, possibly indicating chemical augmentation of
interfacial bonding. Chemically functionalized carbon
nanotubes could improve the interactions at the interface
[214, 215]. Orders of magnitude improvement in interfacial
shear strength would be required to achieve more efficient
reinforcement for the nanocomposites [216]. While opti-
mization of the interfacial properties for the mechanical
reinforcement is still poorly understood at the nanoscale,
the recent evidence available clearly suggests that chemical
functionalization can be effective for such reinforcement
[217], as shown in Figure 14, and this method appears to be
a major focus of improvement in the performance of the
nanocomposites.

Strong interfacial interactions are usually necessary to
ensure successful stress transfer across such an interface.
An effective strategy for the improvement in the in-
teractions at the interface is chemical functionalization by
which polymer chains are attached onto the surface of
carbon nanotubes. However, the unique mechanical per-
formance of carbon nanotubes is dependent on their
specific chemical structure [218, 219]. Covalent function-
alization would introduce internal stresses and atomic
defects into the surface of carbon nanotubes [220, 221],
thereby deteriorating their inherent mechanical properties.
On the other hand, noncovalent functionalization offers an
alternative strategy for regulating the properties of the
interface [222, 223]. Such a strategy does retain the intrinsic
properties of carbon nanotubes, but, unfortunately, in-
terfacial stress transfer might not be so effective in the
treatment for the nanocomposites. It is usually difficult for
this modification strategy to improve the interfacial
properties efficiently [224, 225], and considerable im-
provements remain to be exploited.

5. Characterization of Interfacial
Thermal Properties

.e thermal resistance of the interface, also known as
Kapitza resistance, plays an important role in determining

(a) (b)

Figure 12: In situ transmission electron microscopy images of crack nucleation and propagation induced by thermal stresses in a polystyrene
thin film reinforced withmultiwalled carbon nanotubes. (a) Such a crack propagates along relatively low density regions of carbon nanotubes or
along weak interfaces. (b).emultiwalled carbon nanotubes tend to align and bridge the crack wake, and subsequently to break and/or pull out
from the polymer matrix (adapted with permission from reference [212]; copyright 2000, American Institute of Physics).
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the thermal properties of the nanocomposites [226, 227].
.e interfacial thermal resistance has been investigated both
experimentally and theoretically [228–237]. .e recent re-
sults measured and predicted for the interfacial thermal
resistance of the nanocomposites are summarized in Table 2.
Such resistance is typically on the order of magnitude of
10−8m2·K/W.

Since transport of heat in carbon nanotube-reinforced
polymer nanocomposites is by way of elastic vibrations of
the lattice, heat transfer based on this mechanism is limited by
the elastic scattering of acoustic phonons at lattice defects
[238, 239]. As a consequence, the interfacial thermal resistance
is caused by the scattering of acoustic phonons across the
interface [238, 239]. It is therefore of great significance to gain
insight into such a thermal property for the nanocomposites,
making it possible to further improve their overall thermal

performance [53, 54]. To address issues associated with the
interfacial thermal resistance, it is usually necessary to use the
method of molecular dynamics simulations to understand the
interfacial thermal resistance and to evaluate the benefits and
disadvantages associated with new ways to reduce such re-
sistance [227, 229, 231].

Large thermal resistance at the interface has emerged as a
significant challenge, and such a technical issue has not been
addressed yet. Much effort has been devoted to estimate the
interfacial thermal resistance [227], as well as to evaluate the
effect of chemical functionalization and the role of interfacial
interactions [240, 241]. Unfortunately, the influence of in-
terfacial properties on the thermal conductivity of the
nanocomposites has not yet been fully understood.
Chemically functionalized multiwalled carbon nanotubes
were found to have the potential to realize carbon nanotube-

(a) (b) (c)

(d) (e) (f )

Figure 13: Direct evidence of multiple polymer sheathing layers in a polycarbonate nanocomposite reinforced with multiwalled carbon
nanotubes, confirmed by the nanomanipulation contact experiments carried out under a scanning electron microscope. (a) Initial contact
with an individual, protruding multiwalled carbon nanotube by a tip of the cantilever of an atomic force microscope. (b).e inner structure
of the nanocomposite has become detached partially from the outer polymer sheathing layer in the process of bending. (c) Such a structure is
clamped to a tip of the cantilever of an atomic force microscope by electron beam-induced deposition, and the outer polymer sheathing layer
balls up. (d) .e inner structure has been broken close to the fracture surface of the nanocomposite during tensile loading. (e) .e fracture
broken end of the coated multiwalled carbon nanotube provides clear evidence of a double polymer sheathing layer. (f ) Higher mag-
nification image of the fracture broken end of the coated multiwalled carbon nanotube (adapted with permission from reference [107];
Copyright 2003, American Chemical Society).
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reinforced polymer nanocomposites with improved thermal
properties because this type of carbon nanotubes can pro-
vide unique structure advantages [240, 241].

Covalent functionalization of carbon nanotubes have
proven to be very effective in improving the interfacial
thermal conductance for carbon nanotube-reinforced
polymer nanocomposites [242, 243], eventually leading to

their improved overall thermal performance [228]. For
example, a significant improvement in interfacial thermal
conductance was reported as large as one order of magnitude
for the nanocomposites by means of this chemical method
[229]. Molecular dynamics simulations can serve as a
powerful tool to explore the effect of covalent functionali-
zation of carbon nanotubes on the thermal properties of the

Carbon nanotube-epoxy-polyol nanocompositeEpoxy-polyol composite

Carbon nanotube-epoxy nanocompositeEpoxy

(a)

(b)

Figure 14: (a) Morphology of the quasistatically fractured surfaces characterized by a scanning electron microscope for neat epoxy and
chemicallymodified epoxy composites. (b)Morphology of the quasistatic fracture surface characterized by a scanning electronmicroscope for an
epoxy-polyol hybrid nanocomposite reinforced with multiwalled carbon nanotubes, illustrating a bridging phenomenon as well as the pull-out
process of multiwalled carbon nanotubes from the polymer matrix (adapted with permission from reference [217]; copyright 2014, Elsevier Ltd).
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resulting nanocomposites [229, 231], as particularly well
illustrated in Figure 15. Covalent functionalization can
significantly improve the overall thermal performance for
carbon nanotube-reinforced polymer nanocomposites due

to a great increase in the thermal conductance of the in-
terface [229, 231]. However, excessive chemical function-
alization will damage the intrinsic thermal properties of
carbon nanotubes [244–247].

Gra�ing density of 0.01352 Å–2, 20 chains, (6, 6) single-walled
carbon nanotube

(a) (b)

Heat out

Heat in

(c)

Figure 15: (a) An individual single-walled carbon nanotube with short end-grafted chains. (b) Schematic diagram of an individual single-
walled carbon nanotube functionalized with crosslinker diethylenetoluenediamine and embedded in an epoxy matrix. Carbon nanotubes
are rendered in cyan. .e color scheme for the functionalized diethylenetoluenediamine molecule (red: hydrogen and carbon atoms
contained in methyl groups, yellow: nitrogen atoms, and blue: carbon atoms contained in benzene rings. (c) Schematic diagram of a single-
walled carbon nanotube-epoxy nanocomposite with different interfacial thicknesses. .e nanocomposite exists in an epoxy environment,
with the carbon nanotube as heat source and the interfacial region close to the polymer matrix as heat sink (adapted with permission from
references [229, 231]; copyright 2006, Elsevier Ltd. Copyright 2012, TMS.

Table 2: .ermal resistance of the interface in carbon nanotube-reinforced polymer nanocomposites.

Nanocomposites Interfacial thermal resistance Method Reference
Carbon nanotube-octane 3.3×10−8m2·K/W Simulation [226]
Carbon nanotube-octane 4.0×10−8m2·K/W Simulation [227]
Carbon nanotube-EVA∗ (0.2–9.6)× 10−8m2·K/W Simulation [229]
Carbon nanotube-epoxy (0.24–2.6)× 10−8m2·K/W Experimental [230]
Carbon nanotube-epoxy (0.77–2.5)× 10−8m2·K/W Simulation [231]
Carbon nanotube-polyimide 1.58×10−8m2·K/W .eoretical [232]
∗EVA: poly(ethylene vinyl acetate).
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6. Concluding Remarks

Characterization is a fundamental process in the field of
materials science, without which no scientific understanding
of engineering materials could be ascertained. Character-
ization of the interface in carbon nanotube-reinforced
polymer nanocomposites has been reviewed. Special em-
phasis is placed on how to determine the properties of the
interface at the nanometer scale.

Tremendous research efforts are ongoing to characterize
the properties of the interface in the polymer community.
.e state of research on the chemical functionalization of
carbon nanotubes has been presented, followed by con-
siderable details given over to the mechanical and thermal
properties being pursued or envisioned in this emerging
area. Various emerging characterization techniques used to
determine the microscopic structure and properties of the
interface are summarized.

New characterization techniques and methodologies are
constantly emerging. In particular, the advent of atomic
force microscopy in recent decades has revolutionized the
field of carbon nanotube-reinforced polymer nano-
composites, allowing the imaging and analysis of the
structures of the interface on much smaller scales than was
previously possible, resulting in a significant increase in the
level of understanding as to why different carbon nanotube-
polymer interfaces show different bulk properties and be-
haviors. Atomic force microscopy can be combined with a
variety of optical microscopy and spectroscopy techniques,
thus further expanding its applicability.

Progress towards carbon nanotube-reinforced polymer
nanocomposites will require continued development of
characterization techniques, providing potential for tailoring
the properties of the interface. .e characteristic scale of the
carbon nanotube reinforcement presents significant chal-
lenges to the development of methods for characterizing the
properties of the interface. To address the issues associated
with interfacial properties, it will be essential to understand
the critical nature of the interface, develop accurate
nanomechanics-based models, elucidate the interactions at
the interface, and acquire knowledge of the relationship
between nanocomposite properties and interfacial optimi-
zation, aiming at improving the performance of the nano-
composites effectively.

Carbon nanotubes pose both tremendous opportunities
and significant new challenges for the development of
fundamentally new polymer-based nanocomposites. Un-
derstanding the essence of the nanometer-scale re-
inforcement mechanism for the nanocomposites certainly
warrants further experimental and theoretical research.
Multidisciplinary research efforts will be required to bridge
the gap in the existing knowledge between technological
developments and fundamental understanding. .ere has
never been a more exciting time to be involved in the field
with new fundamental discoveries to be made regularly. It is
hoped that this review would contribute to the development
of this emerging area in some small way and would stimulate
new research enthusiasm to enrich the content of an in-
creasingly exciting discipline.
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A. Jukić, “Influence of carbon nanotubes functionalization
on the mechanical properties of polymethacrylate

nanocomposites,” Colloids and Surfaces A: Physicochemical
and Engineering Aspects, vol. 510, pp. 169–175, 2016.

[154] J. Gao, M. A. Loi, E. J. F. de Carvalho, and M. C. dos Santos,
“Selective wrapping and supramolecular structures of
polyfluorene-carbon nanotube hybrids,” ACS Nano, vol. 5,
no. 5, pp. 3993–3999, 2011.

[155] L. Wang, Y. Tan, X. Wang, T. Xu, C. Xiao, and Z. Qi,
“Mechanical and fracture properties of hyperbranched
polymer covalent functionalized multiwalled carbon
nanotube-reinforced epoxy composites,” Chemical Physics
Letters, vol. 706, pp. 31–39, 2018.

[156] C. Min, D. Liu, Z. He, S. Li, K. Zhang, and Y. Huang,
“Preparation of novel polyimide nanocomposites with high
mechanical and tribological performance using covalent
modified carbon nanotubes via Friedel-Crafts reaction,”
Polymer, vol. 150, pp. 223–231, 2018.

[157] T. Tsafack, J. M. Alred, K. E. Wise, B. Jensen, E. Siochi, and
B. I. Yakobson, “Exploring the interface between single-
walled carbon nanotubes and epoxy resin,” Carbon,
vol. 105, pp. 600–606, 2016.

[158] A. A. B. Davijani, H. Chang, H. C. Liu, J. Luo, and S. Kumar,
“Stress transfer in nanocomposites enabled by poly(methyl
methacrylate) wrapping of carbon nanotubes,” Polymer,
vol. 130, pp. 191–198, 2017.

[159] Y.-Q. Huang, Y.-Y. Zhong, R. Zhang et al., “Tuning the
backbones and side chains of cationic meta-linked poly(-
phenylene ethynylene)s: different conformational modes,
tunable light emission, and helical wrapping of multi-walled
carbon nanotubes,” Polymer, vol. 102, pp. 143–152, 2016.

[160] Y. Li, D. Yang, A. Adronov, Y. Gao, X. Luo, and H. Li,
“Covalent functionalization of single-walled carbon nano-
tubes with thermoresponsive core cross-linked polymeric
micelles,” Macromolecules, vol. 45, no. 11, pp. 4698–4706,
2012.

[161] K. M. Lee, L. Li, and L. Dai, “Asymmetric end-
functionalization of multi-walled carbon nanotubes,” Jour-
nal of the American Chemical Society, vol. 127, no. 12,
pp. 4122-4123, 2005.

[162] C. Bergeret, J. Cousseau, V. Fernandez, J.-Y. Mevellec, and
S. Lefrant, “Spectroscopic evidence of carbon nanotubes’
metallic character loss induced by covalent functionalization
via nitric acid purification,” Journal of Physical Chemistry C,
vol. 112, no. 42, pp. 16411–16416, 2008.

[163] K. S. Lee, M. Park, J. M. Ko, and J.-D. Kim, “Electrochemical
properties of multi-walled carbon nanotubes treated with
nitric acid for a supercapacitor electrode,” Colloids and
Surfaces A: Physicochemical and Engineering Aspects,
vol. 506, pp. 664–669, 2016.

[164] J. Ramirez, M. L. Mayo, S. Kilina, and S. Tretiak, “Electronic
structure and optical spectra of semiconducting carbon
nanotubes functionalized by diazonium salts,” Chemical
Physics, vol. 413, pp. 89–101, 2013.

[165] C. M. Q. Le, X. T. Cao, Y. T. Jeong, and K. T. Lim, “Covalent
functionalization of multi-walled carbon nanotubes with
imidazolium-based poly(ionic liquid)s by Diels-Alder “click”
reaction,” Journal of Industrial and Engineering Chemistry,
vol. 64, pp. 337–343, 2018.
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Fiber reinforced polymer (FRP) composites have been suggested as corrosion-resistant alternatives to traditional steel re-
inforcement in concrete structures. Within this family of composites, glass fiber reinforced polymers (GFRPs) have been gaining
momentum as the primary selection of FRP for construction applications. Despite being advantageous, its wide adoption by the
industry has been hindered due to the degradation of its performance in severe environmental conditions. As such, significant
studies have been carried out to assess the mechanical properties of GFRP bars subject to different conditioning schemes.
However, the inconsistencies and wide variations of results called for more in-depth microstructure evaluation. Accordingly, this
paper presents a critical review of existing research on the microstructure of GFRP reinforcing bars exposed to various con-
ditioning regimes. .e review analysis revealed that sustained load limits set by codes and standards were satisfactory for
nonaggressive environment conditions but should be updated to include different conditioning regimes. It was also found that
conditioning in alkaline solutions was more severe than concrete and mortars, where test specimens experienced irreversible
chemical degradation, more hydroxyl group formation, and more intense degradation to the microstructure. .e progression of
hydrolysis was reported correlatively through an increase in hydroxyl groups and a decrease in the glass transition temperature.
While moisture uptake was the primary instigator of hydrolysis, restricting it to 1.6% could limit the reduction in tensile strength
to 15%. Further, the paper identifies research gaps in the existing knowledge and highlights directions for future research.

1. Introduction

Reinforced concrete structures are designed with certain life
expectancy under normal service conditions. However, ex-
posure to severe environments may reduce the design service
life due to unanticipated durability problems, including
corrosion of steel reinforcement. .e corrosion of steel
reinforcing bars causes cracking and spalling of concrete,
creating major reductions in performance and a significant
increase in cost for rehabilitation. In fact, Koch [1] reported
that 3-4% of each nation’s gross domestic product is dedicated
to corrosion-related expenditures. As a form of corrosion
management, glass fiber reinforced polymer (GFRP) rein-
forcing bars have been proposed as a replacement to steel
equivalents..is alternative reinforcement is characterized by
its light weight, high strength-to-weight ratio, and corrosion

resistance [2–4]. However, conflicting results on the degra-
dation of its properties upon exposure to alkaline or acidic
solution, moisture/water, and elevated temperatures have
been a major setback in its adoption by the construction
industry [2–4].

For the last few years, extensive research has been carried
out to investigate the durability performance of GFRP re-
inforcement exposed to different environmental conditions.
Research findings have identified the major contributors to
deterioration of GFRP as moisture uptake, alkaline envi-
ronment, and temperature. Moisture penetrates the matrix
by the flow of solution into the microgaps between polymer
chains and capillary transport through fiber/matrix in-
terfacial microcracks and in microcracks formed during
manufacturing [5]. As a result, the matrix exhibits plasti-
cisation, leading to a reduction in strength and glass
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transition temperature. On the other hand, alkaline solu-
tions break the bond between the oxygen and carbon atoms
in the molecular chain of the GFRP matrix. .is breakage
creates microcracks and fractures in the matrix structure,
leading to more moisture uptake and a significant reduction
in strength. Further, to expedite investigative work con-
ducted on GFRP reinforcing bars, higher temperatures have
been employed. Vijay and GangaRao [6] reported that an
increase in the conditioning temperature led to an expo-
nential amplification in the actual age. Nevertheless, it
should be noted that the elevated temperatures employed in
most work may have affected the physical properties of the
bars by increasing the coefficient of thermal expansion [7]
and, thus, may have altered the behavior of the GFRP bars,
rendering the results, in some cases, unrealistic.

With the majority of past work characterizing the du-
rability performance of GFRP bars, several researchers have
reviewed and summarized these publications to highlight the
gaps in existing knowledge and propose future direction of
research. In contrast, much fewer and more recent in-
vestigations have correlated the degradation in GFRP to
changes in the microstructure. Yet, there is no such review
and summary of these in-depth investigations. Accordingly,
this paper aims to present an overview of recent studies
examining the effect of conditioning on the microstructure
of GFRP reinforcing bars. Research findings obtained help to
shed light on the morphological and microstructure changes
in GFRP bars subject to different exposure conditions using
various microstructure characterization techniques, in-
cluding differential scanning calorimetry (DSC), thermog-
ravimetric analysis (TGA), Fourier transform infrared
spectroscopy (FTIR), and scanning electron microscopy
(SEM). A correlation among these microstructural evalua-
tion techniques is reported..e influence of moisture uptake
on the microstructure of conditioned GFRP bars is also
evaluated.

2. Taxonomy

GFRP reinforcing bars are made of glass fibers impregnated
with an organic resin or matrix. Typical diameters range
between 8 and 20mm with smooth surfaces for smaller sizes
and ribbed and/or sand-coated surfaces for larger coun-
terparts. GFRP reinforcement falls within the family of FRP
composites..e taxonomy on the studies of FRP composites
is presented in Figure 1..ey can be classified based on their
fiber type, resin type, and application. Different combina-
tions of fibers and resins have been employed in the pro-
duction of FRPs, of which composites made with glass fibers
and vinylester are the most common. Also, FRPs have been
used across many industries, including aerospace, auto-
motive, sports, musical, and construction. In the latter in-
dustry, they have been employed in new and existing
buildings as internal and external reinforcing bars and for
repair, strengthening, and retrofitting purposes. .e liter-
ature has especially focused on the ability of FRPs to replace
steel as the main reinforcement in concrete structures [8–
15]. However, before being widely adopted by the con-
struction industry, their durability performance was

rigorously investigated. Accordingly, GFRP reinforcing bars
have been conditioned in various media, including acidic
and alkaline solutions, concrete, tap water, and seawater.
Elevated temperatures were also employed during condi-
tioning to accelerate the degradation process. Further, the
validity of the environmental reduction factors and creep
rupture stress limits adopted by the current international
guidelines and standards were assessed by applying a sus-
tained load to GFRP bars exposed to severe environments.
Such specimens were examined for performance retention
by measuring the tensile properties after conditioning.
Correlations between the properties and microstructural
changes were evaluated using DSC, TGA, SEM, FTIR, and
moisture uptake.

3. GFRP Reinforcing Bars

.e properties of GFRP reinforcing bars and conditions to
which they are exposed are primary factors affecting their
performance and microstructure. As such, a comprehensive
review of the literature on the physical and mechanical
properties and conditioning of GFRP bars is presented in the
sections below. It should be noted that the literature
reviewed in this paper focuses on examining the micro-
structure characteristics of GFRP bars exposed to different
conditioning regimes.

3.1. Physical Properties. Prior to conducting any experi-
mental testing on GFRP reinforcing bars, their physical
properties were determined. Various tests, shown in Table 1,
were typically carried out to measure the diameter, void
content, fiber content, moisture uptake, glass transition
temperature, and thermal expansion coefficient. Physical
properties reported in past studies are summarized in Ta-
ble 2. .e most commonly used glass and matrix materials
were E-glass and vinylester, with 90 and 74% of the con-
ducted research having used this fiber and matrix, re-
spectively, as shown in Figure 2. Epoxy, on the other hand,
has been only recently employed as the resin of GFRP
reinforcing bars, with 14% of published work having ex-
plored its combination with E-glass [8, 10, 11, 23, 41, 42].
.e diameter has also been varied between 8 and 44.5mm,
with the majority being approximately 12mm. Yet, Ben-
mokrane, et al. [24] concluded that the bar diameter had
limited influence on the physical and mechanical properties
of GFRP reinforcing bars. Furthermore, very limited work
reported the thermal expansion coefficients, as it was not
typically measured by researchers, but provided by the
manufacturer [8, 13, 14, 24–27]. In contrast, the moisture
uptake has been essential in characterizing the performance
and assessing its retention capacity. It ranged between 0.01
and 1.59%, by mass, for unconditioned/control specimens.
.e fiber content was measured by volume and mass.
However, the latter was more commonly reported with the
availability of standardized test procedures (ASTM D3171
and ASTM E1868). Measured values ranged between 70 and
83%. .e volumetric fiber content, on the other hand, was
mainly provided by the manufacturer and could only be
determined at the initial stages of production.
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3.2. Mechanical Properties. .e performance of GFRP
reinforcing bars is typically characterized by its ability to
retain its mechanical properties. For this reason, as-received
and unconditioned specimens were tested for various per-
formance indicators, as summarized in Table 3, including
tensile and flexural strength, strain, and modulus. Shear
strength was also reported in relevant work. Experimental

results of a number of studies are shown in Table 4. Over
90% of the studies focused on tensile properties, with values
of tensile strength, modulus, and strain in the range of
432–1321MPa, 31–65GPa, and 1–3%, respectively. Given
the large database of results for the former two properties, it
was possible to develop a relation between them. Figure 3
presents a correlation between tensile modulus (Et) and

Fiber-reinforced polymer

Fibers

Aramid fibers Carbon fibers Glass fibers Wood fibers Basalt fibers

Resins

Polyester Epoxy Polyamide Vinylester Polypropylene

Applications

Aerospace Automotive Construction and structures Sports Musical

Civil engineering

Repair Reinforcing bars Strengthen/retrofit

Conditioning

Duration Medium Temperature

Surrounding media

Acidic solution Alkaline solution Concrete Tap water Seawater

Loading

Sustained loading Creep No load

Experimental testing

Tensile property retention DSC and TGA SEM FTIR Moisture uptake

Figure 1: Taxonomy on the studies of fiber reinforced polymer composites.
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square root of tensile strength (
��
ft


) of GFRP bars. A linear

trend line, in the form of Equation (1) could provide a
prediction of tensile modulus from the strength with rea-
sonable accuracy. On the other hand, flexural and shear
properties were recorded on few occasions, mainly in re-
search work related to bending and shear testing. Yet, the
available data have shown a linear relationship between
flexural (fr) and tensile strength (ft), as shown in Figure 4 and
Equation (2). .is linear relation provides a reasonably
accurate prediction of the former from the latter without the

need for experimental testing. It is also worth noting that
tensile properties of unconditioned GFRP samples made
with epoxy as the matrix material seem to be, on average,
14% higher than those of vinylester counterparts. Addi-
tionally, a correlation was made between the physical and
mechanical properties of GFRP specimens made with
E-glass and vinylester. From Figure 5, it is clear that the
tensile strength and modulus are generally proportional to
the fiber content, up to a maximum value of 83%, by mass.
Similarly, Micelli and Nanni [44] reported that GFRP bars

Table 1: Summary of standardized testing for physical properties.

Property (unit) Standardized test Reference
Diameter (mm) ACI 440.3R & ASTM D7205 [3, 16]
Void content (%) ASTM D3171 & ASTM D2734 [17, 18]
Fiber content, by mass (%) ASTM D3171 & ASTM E1868 [17, 19]
Moisture uptake (%) ASTM D570 [20]
Glass transition temperature (°C) ASTM E1356 [21]
.ermal expansion coefficient (/°C) ASTM E831 [22]

Table 2: Physical properties of GFRP reinforcing bars.

Reference Glass material Matrix
material

Diameter
(mm)

Long. thermal
expansion

coef.
(x 10−6/°C)

Trans. thermal
expansion

coef.
(x 10−6/°C)

Moisture
absorption

(%)

Fiber content
(%, by
volume)

Fiber
content
(%, by
mass)

[7] E-glass Vinylester 9.5 — — 0.1 — 74.5

[8] E-glass
Vinylester
polyester
epoxy

12 — 17.7–20.8 0.23–1.15 — 78.8–83.9

[9] Short Glass E-glass Vinylester 15.0–20.0 — — — — 83
[10] E-glass Epoxy 8.0–9.0 — — 0.1 — 75.5–78.3
[11] E-glass Epoxy 8.0–9.0 — — 0.10 — 75–78

[12]
E-glass E-glass 366

Advantex 366 Advantex
712

Polyester
vinylester 9.3–12.0 — — 0.01–0.05 — —

[13] E-glass Vinylester 19.0 6.1 23.5 0.48 65.4 74.5
[14] E-glass Vinylester 12.7 5.5 29.5 0.38 60.3 77.9
[15] E-glass Vinylester 9.5 — — — 65 —

[23] E-glass
Vinylester
polyester
epoxy

12 — — 0.23–1.15 — 78.8–83.9

[24] E-glass Vinylester 9.5–25.4 — 20.5–22.0 0.02–0.15 80.9–83.0 —
[25] E-glass Vinylester 12.7 6.7 27.2 0.62 64.3 81.5
[26] E-glass Vinylester 12.7 5.5 29.5 0.38 — 77.9

[27] E-glass Vinylester
polyester 25.4–44.5 6.9–7.8 21.0–27.1 0.05–1.59 — 79.6–81.5

[28] E-glass Vinylester 8.0 — — — — —
[29] E-glass Vinylester 9 — — — 70 —
[30] E-glass Vinylester 12 — — — — 83
[31] E-glass Epoxy 14 — — 0.01 — —
[32] E-glass Vinylester 12 — — — — 83
[33] E-glass Vinylester 9.5 — — — — —
[34] E-glass Vinylester 12.7 — — 0.37 — 81.5
[35] E-glass Vinylester 9.5–16.0 — — — 75 —
[36] E-glass Vinylester 12.7 — — — — 69.1–73.3
[37] E-glass Vinylester 12 — — — — 83
[38] E-glass Vinylester — — — — — —
[39] E-glass Vinylester 10 — — 0.4 — —
[40] E-glass Vinylester — — — — — —
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with lower fiber content may experience inferior mechanical
performance.

Et � 1.67
��

ft



, (1)

fr � 1.28ft. (2)

3.3. Conditioning. .e durability performance of GFRP
reinforcing bars exposed to different environmental con-
ditions has been evaluated using accelerated aging tests.
Four main exposure parameters were investigated: sur-
rounding medium, conditioning duration, conditioning
temperature, and presence of a sustained load. Table 5
summarizes the exposure conditions employed by various
studies on the microstructure of GFRP bars. It should be
noted that only one study reviewed in this work, assessing
the microstructure, has investigated the effect of acidic
solutions on the performance of GFRP. Seawater exposure
has also received little attention, although it is critical to
assess the properties and microstructure of GFRP bars for
employment in offshore structures and bridge decks in
coastal cities and seaports [10, 11, 42]. According to
Figure 6(a), alkaline and water solutions have been utilized
in 39 and 25% of the studies shown herein. It seems that the

ease of preparing such media renders them most favour-
able among researchers, especially that the former is
proposed to simulate concrete alkalinity and behavior.
Concrete, on the other hand, has been used by 23% of
presented research, even though it better represents real-
life scenarios.

.e duration of conditioning has been widely altered in
research studies and ranged between 0.02 and 7200 days.
Figure 6(b) shows that 28, 18, 10, 23, and 21% of studies have
conditioned GFRP bars for a maximum of 0–90, 91 to 180,
181 to 240, 241 to 365, and more than 365 days, respectively.
Clearly, the majority of research has focused on examining
the effects of early age and prolonged conditioning.

.e conditioning temperature has been pivotal in ac-
celerating aging of GFRP specimens. Work by Vijay and
GangaRao [6] highlighted the relationship between actual
age in calendar days at Morgantown, WV, and chamber
conditioning days in the form of Equation (3), where T is
the temperature in °F. It is worth noting that in their ex-
periments, they [6] placed the specimens in a weathering
chamber, i.e., a controlled temperature environment, and in
alkaline solutions. Effectively, an increase in chamber
conditioning temperature (T) led to an amplification in the
actual age. .us, the conditioning temperature has been
altered within and among different studies. In general, they
have ranged between 20°C and 90°C, with the exceptions of
[25, 32], which investigated the performance of GFRP bars
subject to freezing and elevated temperatures. Based on
Equation (3), such conditioning temperatures (20°C–90°C)
could accelerate the aging by at least four times when
specimens are conditioned in alkaline solutions. For in-
stance, alkaline conditioning for 30 days in a chamber at
50°C is equivalent to an actual age of 2660 days (approx.
7 years) at Morgantown, WV. Yet, this equation may not be
applicable to specimens encased in concrete or conditioned
in regimes other than alkaline solutions. Figure 6(c) high-
lights the distribution of conditioning temperatures, with
77% of studies utilizing conditioning temperatures above
50°C. Nevertheless, it should be noted that such tempera-
tures may affect the physical properties of the bars by in-
creasing the coefficient of thermal expansion [7] and, thus,

90.3%

6.5% 3.2%

E-glass
Advantex
Short glass

(a)

Vinylester
Epoxy
Polyester

74.3%

14.3%

11.4%

(b)

Figure 2: Percentage distribution of GFRP components. (a) Glass fiber material. (b) Matrix material.

Table 3: Summary of standardized testing for mechanical
properties.

Mechanical property
(unit) Standardized test Reference

Tensile strength (MPa) ACI 440.3R & ASTM
D7205 [3, 16]

Tensile strain (%) ACI 440.3R & ASTM
D7205 [3, 16]

Tensile modulus (MPa) ACI 440.3R & ASTM
D7205 [3, 16]

Flexural strength (MPa) ASTM D4476 [43]
Flexural strain (%) ASTM D4476 [43]
Flexural modulus (MPa) ASTM D4476 [43]
Shear strength (MPa) ACI 440.3R [3]
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may alter the behavior of the GFRP bars, rendering un-
realistic results.

Age in calendar days
Chamber conditioning days

� 0.098e
0.0558T

. (3)

3.4. Loading. .e degradation of GFRP reinforcing bars
could be intensified in the presence of a sustained load
during conditioning [53–55]. ACI 440.1R [2] limits the
tensile stress in GFRP under service conditions to 14% of the
ultimate tensile strength (UTS), considering the strength
reduction factor for environmental exposure. Higher stress
levels caused a shift in the degradation mechanism of GFRP
from being affected by the rate of diffusion of alkaline

solutions to being controlled by solution transport through
resin cracks [56]. Nevertheless, it can be noted from
Figure 6(d) that only 27% of investigated microstructure
studies applied a sustained load to GFRP bars, with values
ranging from 0 to 80% UTS. .e objectives of these works,
nonetheless, were different. While some researchers applied
sustained loads within the limits specified by codes and
standards [2, 4, 57–60], others explored the possibility of
increasing this allowable limit [11, 12, 28, 33–35, 52]. Some
of these latter studies concluded that the limits recom-
mended by codes and standards were conservative for
specific reinforcing bars and conditions. In fact, elevated
temperatures could accelerate the degradation induced by
conditioning. As a result, the limits were found to be

Table 4: Mechanical properties of unconditioned GFRP reinforcing bars.

Reference Tensile strength
(MPa)

Tensile modulus
(GPa)

Tensile
strain (%)

Flexural strength
(MPa)

Flexural modulus
(GPa)

Flexural
strain (%)

Shear
strength (MPa)

[7] 653 38.5 — 888 — — —
[8] — — — 1150–1573 56.9–663.3 2.02–2.54 250–270
[9] 1105–1184 62.6–64.7 1.71–1.89 — — — —
[10] 816–1321 52–53 — — — — —
[11] 816–1321 52–53 — — — — —
[12] 612–958.3 31.6–51.8 — — — — —
[13] 728 47.6 1.53 — — — —
[14] 786 46.3 1.7 1005 46.8 2.15 212
[15] 644.7 53.4 1.2 — — — —
[23] 1015–1220 — — — — — —
[24] 1237.4–1315.3 60.0–62.5 2.1–2.3 1406.3–1757.5 — — —
[25] 788 47.2 1.7 1095 52.6 2.15 185
[26] 786 46.3 1.7 — — — —
[27] — — — 759–1324 49.3–54.1 — 151–197
[28] 821 44.4 1.84 — — — —
[29] 1200 42.9 2.8 — — — —
[30] 1478 60.4 2.45 — — — —
[31] 714.6 55 1.62 — — — —
[32] 1478 60.4 2.45 — — — —
[33] 700 40.8 — — — — —
[34] 854 43.0 — — — — —
[35] 580–658 40–42 1.4–1.6 — — — —
[36] 660.6–692.8 38.5–42.7 — — — — 36.9–42.3
[37] 432–1478 41.9–60.4 1.04–2.45 — — — —
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Figure 3: Relationship between tensile modulus and strength of
GFRP bars.
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GFRP bars.

6 Advances in Materials Science and Engineering



0

200

400

600

800

1000

1200

1400

1600

0 20 40 60 80 100

Te
ns

ile
 st

re
ng

th
 (M

Pa
)

Fiber content (%, by mass)

(a)

0 20 40 60 80 100
Fiber content (%, by mass)

0

10

20

30

40

50

60

70

Te
ns

ile
 m

od
ul

us
 (G

Pa
)

(b)

Figure 5: Correlation between fiber content and mechanical properties. (a) Tensile strength. (b) Tensile modulus.

Table 5: Summary of conditioning regimes in studies investigating the microstructure of GFRP reinforcing bars.

Reference
Surrounding media Conditioning Loading

Alkaline Concrete Water Seawater Acidic Duration (days) Temperature (°C) Yes (%, UTS1) No
[7] x 40 to 120 23 to 80 x
[8] x 41.7 to 208.3 60 x
[9] x x 30 to 60 −30 to 60 x
[10] x x 150 to 450 20 to 60 x
[11] x x 150 to 450 20 to 60 25
[12] x X Up to 1445 – 20–65
[13] x 60 to 180 23 to 50 x
[14] x x 60 to 240 23 to 50 x
[15] x 100 to 660 40 x
[23] x 41.67 to 208.33 22 to 60 x
[42] x 90 to 365 23 to 65 x
[24] x 90 60 x
[25] x 0.0208 to 0.1285 −100 to 325 x
[26] x x 60 to 365 23 to 70 x
[27] x 30 to 180 23 to 60 x
[28] x 30 to 270 23 0–25
[29] x x x x 28 to 50 60 to 80 x
[30] x x x 180 to 540 23 to 50 x
[31] x 30 to 720 60 x
[32] x 0.0417 to 0.125 100 to 300 x
[33] x x x 90 to 730 60 20 & x2

[34] x x 60 to 240 23 to 50 20–80
[35] x x 30 to 120 20 to 73 19–29
[36] x x x 30 to 132 −25 to 80 x
[37] x x x 180 to 540 23 to 50 x
[38] x2 1825 to 2920 −24 to 30 x2

[39] x 30 to 365 23 to 75 x
[40] x x 54.2 22 to 90 x
[44] x x 21 to 42 −18 to 49 x
[45] x x 15 to 60 60 x
[46] x x 42 to 365 20 to 60 15
[47] x 30 to 270 20 to 60 10–15
[48] x 30 to 180 60 x
[49] x 41.7 60 x
[50] x 20 to 120 20 to 70 x
[51] x x 41.7 20 to 70 x
[52] x x x 90 to 730 60 20 & x1
1Ultimate tensile strength. 2Natural weathering conditions.
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inappropriate and required revision through further re-
search data.

3.5. Reduction Factors. .e effects of service time, relative
humidity, and temperature are incorporated into an envi-
ronmental reduction factor for GFRP bars used as internal
reinforcement in concrete structures. ACI 440.1R [2] relates
the design (f∗fu) and guaranteed tensile strength (ffu) using
the proposed reduction factors (CE). .e relationship is
shown as Eq. (4). .e reduction factors for environmental
conditions, shown in Table 6, ranged between 0.3 and 1.0.
Lower values were associated with higher relative humidity,
service time, and temperature, while a reduction factor of 1
was typically attributed to less severe conditioning [61].
Another load reduction factor was introduced by several
researchers and codes to account for the presence of a
sustained load [2, 4, 58–60]. Its value ranged between 0.2 and
1.0, with more recent codes suggesting lower reduction
factors. .is is associated to the wide variations of results
reported and somewhat concerning impact of accelerated
aging, even though extensive research has been conducted in
this area. .e combined effect of both factors has also been
noted, as shown in the last column of Table 6, to vary be-
tween 0.13 and 0.50.

ffu � CE · f
∗
fu. (4)

4. Microstructure Evaluation Methods

Microstructural characterization was employed to evaluate
changes to GFRP reinforcing bars after conditioning and
provide explanations to the degradation in mechanical
properties. Of the many procedures available, TGA, SEM,
FTIR, and DSC have been the most commonly used. Table 7
summarizes the types of microstructure tests conducted in
each of the studies presented herein. While moisture uptake
is not a typical microstructure evaluation method, it has
been proven pivotal in understanding the causes of degra-
dation in the properties of GFRP specimens [10]. Clearly,

SEM has been the most utilized of all tests. In fact, it has been
employed in 92% of the studies reviewed, while DSC, FTIR,
and moisture uptake have been used in only 40–43%, as
shown in Figure 7. .is is mainly due to SEM being able to
highlight and identify morphological changes due to con-
ditioning, which are typically characterized by matrix
degradation, interfacial deterioration, and/or fiber etching.
TGA, on the other hand, has been used in 5% of the studies
reviewed herein. Its primary use was to determine the
thermal degradation of the polymer matrix [12, 25]. Nev-
ertheless, it is worth noting that the majority of researchers
have resorted to more than one microstructure test to
confirm experimental results and findings. It should also be
noted that the results reported hereafter for conditioned
samples are associated to the most severe conditioning
scheme utilized in each study.

4.1. Moisture Uptake. Moisture penetrates into a composite
material by the flow of solution into the microgaps between
polymer chains, capillary transport through fiber/matrix
interfacial microcracks, and in microcracks formed during
manufacturing [5]..e diffusion process mainly depends on
the type of matrix and surrounding environment. It can be
measured as per the procedure of ASTM D570 [20]. Typical
moisture absorption/uptake tests involve weighing samples
before and after immersion. However, the hydrolysis re-
action that may have occurred during conditioning could
cause mass dissolution and, thus, affect the results. To ac-
count for this mass loss, samples are oven-dried for 24 hours
at 100°C. .is oven-dried mass would then be used to find
the moisture uptake:

moisture uptake(%, bymass)

�
(conditionedmass− oven driedmass)

(initialmass)
× 100.

(5)

Figure 8 is a typical moisture uptake curve that presents
the increase in mass over conditioning time. Clearly, the
diffusion rate of moisture is different for temperatures below

Alkaline solution
Concrete
Water
Seawater
Acidic solution

36.9%

23.1%

24.6%

13.8% 1.5%

(a)

0 to 90
91 to 180
181 to 240
241 to 365
>365

28.2%

17.9%
10.3%

23.1%

20.5%

(b)

20 to 30
31 to 40
41 to 50
51 to 60
>60

2.6% 2.6%
17.9%

38.5%

38.5%

(c)

Yes
No

27.0%

73.0%

(d)

Figure 6: Percentage distribution of conditioning parameters. (a) Surrounding media. (b) Maximum conditioning duration (days).
(c) Maximum conditioning temperature (°C). (d) Presence of sustained loading.
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and above 60°C. At temperatures of 60°C and below, the
majority of the uptake occurs within the first 30 days of
immersion. At higher temperatures, the uptake increases at a
steady rate up to 50 days. Robert, et al. [7] explained that
such behavior is owed to the amplification of thermo-
mechanical degradation mechanisms at a temperature of
80°C. Further, the moisture uptakes for conditioned and
unconditioned GFRP reinforcing bars tested in the past

literature are summarized in Table 8. .ese values corre-
spond to the most severe conditioning regime employed in
each study. Results for conditioned samples ranged between
0.06 and 5.1, with vinylester-GFRP presenting the widest
variations. Past researchers have discussed several factors
that affected the uptake, namely, presence of a sustained
load, void content, pH of conditioning medium, condi-
tioning duration, and conditioning temperature
[8–11, 24, 30, 32, 35, 38, 47, 56, 64, 65]. Each factor will be
discussed in the sections below.

Table 7: Summary of microstructure tests conducted on GFRP
reinforcing bars.

Reference
Microstructure tests

Moisture uptake TGA SEM FTIR DSC
[7] x
[8] x x x x
[9] x x x
[10] x x x
[11] x x x x
[12] x x x
[13] x
[14] x x x
[23] x x x
[42] x x
[24] x x
[25] x x x
[26] x x x
[27] x x x
[28] x
[29] x
[30] x
[31] x x x x
[32] x
[33] x
[34] x x x x
[35] x x x
[36] x
[37] x
[38] x x x
[39] x x x
[40] x x
[44] x
[45] x
[46] x x
[47] x
[48] x x x
[49] x
[50] x
[51] x

Table 6: Summary of reduction factors for GFRP reinforcing bars.

Reference Country Year
Reduction factor

Environmental Creep/sustained load Combined
ACI 440.1R [2] USA 2015 0.7–0.8 0.2 0.14–0.16
FIB [4] UK 1999 0.72 0.3 0.216
Ali, et al. [23] Canada 2018 0.75–1.00 — —
JSCE [57] Japan 1997 0.77 — —
CSA S6 [58] Canada 2006 0.55 0.25 0.1375
NS 3473 [59] Norway 1998 0.5 0.80–1.00 0.40–0.50
CSA S806 [60] Canada 2012 0.75 0.3 0.225
Huang and Aboutaha [61] USA 2010 0.31–1.00 — —
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Figure 7: Percentage distribution of microstructure tests across
investigated past research.
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.e effect of sustained load can be noted by comparing
the results of [10, 11]. .e only difference between these two
researches is the addition of a sustained load of 25% UTS in
[11]. Results, presented in Table 8, show that even with an
average 26% shorter conditioning durations, the uptake was,
on average, 68% higher. It is thus obvious that the addition of
a sustained load can aggravate the moisture uptake.

Recent work by El-Hassan, et al. [10] compared two
types of GFRP bars under similar exposure conditions. .e
void contents were measured as 0.10 and 0.23%..e authors
reported higher moisture uptake in the latter GFRP bar with
higher void content. However, with limited information on
the void content or fiber content in the existing literature, it
is difficult to create a general conclusion. Further work
would be needed to investigate the effect of void content on
performance retention and microstructure changes.

To simulate severe environments, researchers have uti-
lized alkaline solutions with different pH. Values of pH
ranged between 12 and 13.6. A recent study by D’Antino,
et al. [66] reported that higher pH resulted in less tensile
strength retention. Yet, immersion in simulated concrete
pore (alkaline) solution is not a proper reproduction of real-
life concrete. .e main difference is the degree of contact of
alkaline solution with the GFRP reinforcing bars. In the
former case, the surface of the bar is entirely coated by the
solution, resulting in maximum contact area, while in the
latter case, alkaline solutions remain in the concrete pores,
causing limited contact with the imbedded GFRP bar. In the
case of moist concrete, representing underwater concrete,
the degree of contact is intermediary between the dry
concrete and wet alkaline solution.

Conditioning temperature and duration have been widely
investigated. Figure 8 shows the effect of each of these
conditions on the moisture uptake. It is clear that higher
temperatures and longer exposure durations resulted in more
uptake. Yet, it is worth noting that the former was the more
influential factor of the two, thus, causing a more exacerbated
degradation phenomenon. Robert, et al. [7] concluded that a
thermomechanical degradation mechanism would occur at

an elevated temperature of 80°C, owing to higher solution
diffusion in a more porous resin matrix. Nevertheless, such
conditioning temperature does not correspond to service life
conditions of GFRP bars, justifying the maximum aging
temperature recommended by ACI 440.3 [3] and CSA S806
[60] being 60°C.

ACI 440.6 [62] and CSA S807 [63] propose durability
limits in the form of maximum allowable moisture/water
uptake. .ese limits are 1 and 0.75%, by mass, respectively,
regardless of the exposure conditions. Table 8 shows the
comparison of conditioned GFRP reinforcing bars with each
limit. It is clear that more than half of the bars tested were
not classified of high durability, based on moisture uptake.
In fact, Figure 9 shows that 56 and 62% of bars, tested under
the worst conditions in each study, failed to fall within the
high durability limits of ACI 440.6 [62] and CSA S807 [63],
respectively. In general, samples conditioned in alkaline
solution at temperatures beyond 50°C were deemed un-
acceptable [8, 23, 27, 39, 46]. GFRP bars imbedded in
concrete resulted in uptakes within the acceptable range,
except for El-Hassan, et al. [11], where a sustained load of
25% UTS was applied, which is higher than the maximum
allowable load recommended by ACI 440.1R [2]. A general
comparison between alkaline and concrete conditioned
GFRPs shows higher uptake in the former case and lower
degree of satisfactoriness by the codes. .erefore, it should
be noted that the moisture uptake of GFRP bars fell within
the acceptable limits if conditioned in concrete and for
shorter durations, lower temperatures, and/or without a
sustained load. Nevertheless, in real-life scenarios, where
GFRP bars are imbedded in concrete, it is possible to limit
the moisture uptake by creating an impermeable concrete.
.is can be achieved by adding supplementary cementitious
materials, as fly ash, ground granulated blast furnace slag,
silica fume, or others.

4.2. TG Analysis. TG analysis was employed in the past
literature to assess the decomposition of the polymer matrix

Table 8: Results of moisture uptake of GFRP reinforcing bars.

Reference
Unconditioned Conditioned Within high durability limits

Uptake (%) Medium Temperature (°C) Time (days) Sustained load Uptake (%) ACI 440.6 [62] CSA S807 [63]
[7] 0.10 Water 80 58 1.80 Not Acceptable Not Acceptable
[8] 0.23–1.15 Alkaline 50 21 0.25–1.36 Not Acceptable Not Acceptable
[9] 0.00 Concrete 50 Saturation 0.44 Acceptable Acceptable
[10] 0.10 Concrete 60 450 1.23–1.50 Not Acceptable Not Acceptable
[11] 0.10 Concrete 60 288 & 372 x 1.95–2.54 Not Acceptable Not Acceptable
[12] 0.05 Concrete 60 48.2 x 0.50 Acceptable Acceptable
[23] 0.23–1.15 Alkaline 60 208.3 0.25–1.36 Not Acceptable Not Acceptable
[42] 0.00 Seawater 65 365 5.10 Not Acceptable Not Acceptable
[24] 0.02–0.15 Water 23 Saturation 0.20 Acceptable Acceptable
[27] 0.05–1.59 Alkaline 50 21 0.06–1.63 Not Acceptable Not Acceptable
[32] 0.01 Alkaline 60 720 0.74 Acceptable Not Acceptable
[35] 0.37 Concrete 50 30 x 0.57 Acceptable Acceptable
[40] 0.40 Alkaline 50 94 1.20 Not Acceptable Not Acceptable
[44] 0.00 Alkaline 22 16.67 0.55 Acceptable Acceptable
[46] 0.00 Alkaline 60 360.4 x 1.10 Not Acceptable Not Acceptable
[48] 0.01 Alkaline 60 176 0.38 Acceptable Acceptable
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under heat exposure. ASTM E1868 [19] was used to examine
the change in mass as a function of temperature (20°C–
800°C) and evaluate the thermal stability of the matrix. A
typical mass variation curve as a function of temperature
measured by TGA is shown in Figure 10. It is clear that a
major mass loss of 18% occurred in the range of 300°C–
450°C. .is is attributed to the thermal degradation of the
polymer matrix, as the molecular chains broke, leading to
microcrack formation at the fiber/matrix interface and
matrix itself. Such mass loss also indicates a critical loss of
mechanical properties due to an irreversible degradation
mechanism.

4.3. FTIR Analysis. A number of past studies explored the
degradation mechanism of GFRP reinforcing bars using
FTIR analysis. Samples were placed in an FTIR spectrometer
and analysed from 400 to 4000 cm−1 in transmittance or
absorbance mode. Figure 11 shows typical FTIR spectra for
conditioned and unconditioned samples. Five zones could
be identified: 900–1200, 1400–1600, 1600–1800, 2800–3100,
and 3200–3600 cm−1. .ese spectral zones are, respectively,
attributed to O–H bending, C–O stretching, C�O stretching,
C–H stretching, and O–H stretching. .e past literature
studies have identified and reported these peaks, as shown in
Table 9. It is clear that most conducted research has focused
on the O–H and C–H stretching bonds. .is is owed to the
ability to evaluate the hydrolysis reaction by measuring the
peak in the OH band, which increases due to hydrolysis and
relating it to the constant peak of CH. As such, the relative
quantity of hydroxyl groups is characterized by the ratio of
maximum peaks of OH-to-CH [13, 14, 27, 34]. Table 10
presents the OH-to-CH ratio of conditioned and control
specimens of numerous studies. It should be noted that the
reported ratio for conditioned samples is a result of the most
severe conditioning scheme utilized in each study. .is is a
typical approach adopted by several researchers [8, 9, 13,
14, 24, 26, 31, 34]. .e ratio for control GFRP bars ranged
between 0.21 and 2.60, while that of conditioned counter-
parts was between 0.25 and 14.30. With such wide variations
in the degradation, i.e., OH-to-CH ratio, the percentage
increase was calculated and reported in Table 10. It ranged
between 0 and 450%. .us, to provide a more conclusive
interpretation of the results, a more isolated investigation is
performed. GFRP bars made with epoxy and vinylester are
separated and each correlated to its associated moisture

uptake. Results of Figure 12(a) show that the higher the
moisture uptake, the higher the OH/CH increase due to
conditioning of epoxy-GFRP bars. .ese test samples were
all conditioned at 60°C, but for different durations. In fact,
the left marker (0.74% moisture uptake increase) was
conditioned in alkaline solution for up to 720 days, but did
not show any increase in OH/CH ratio, indicating no
degradation due to hydrolysis reaction [31]. .is shows that
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>ACI 440.6 limits

(a)

37.5%

62.5%

<CSA S807 limits
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Figure 9: Percentage of GFRPs within acceptable durability limits. (a) ACI 440.6. (b) CSA S807.
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Table 9: Summary of FTIR wavelengths detected in conditioned GFRP reinforcing bars.

Reference
Wavelength (cm−1)

O–H stretch C�O stretch C–H stretch C–O stretch O–H bend
[8] 3200–3650 — 2800–3000 — —
[9] 3300–3600 1600–1800 2800–3100 1400–1600 900–1100
[10] 3200–3600 — 2800–3000 — —
[11] 3200–3600 — 2800–3000 — —
[13] 3300–3600 — 2800–3100 — —
[14] 3300–3600 — 2800–3000 — —
[23] 3200–3650 — 2800–3000 — —
[24] 3300–3600 1600–1800 2800–3100 1400–1600 900–1200
[26] 3200–3500 — 2800–3000 — —
[27] 3300–3600 — 2850–3100 — —
[31] 3400 — 3026 — —
[34] 3200–3400 — 2800–3100 — —
[35] 3430 — 2900 — —
[38] 3430 — 2900 — —
[39] 3540 — 2900 — —
[40] 3334 1557 2900 1420 1019

Table 10: Results of OH/CH ratios in control and conditioned GFRP reinforcing bars.

Reference Resin type
Conditioning OH/CH

Medium Temperature (°C) Time (days) Sustained load Control Conditioned % Increase
[8] Polyester Alkaline 60 208.3 2.6 & 1.6 14.3 & 3.5 450 & 118.8
[9] Vinylester Concrete 50 60 No change —
[10] Epoxy Concrete 60 450 0.59 & 1.07 1.15 & 1.24 94.9 & 15.9
[11] Epoxy Concrete 60 288 & 372 x 0.59 & 1.07 1.27 & 1.27 115.3 & 18.7
[13] Vinylester Water 50 180 0.45 0.51 13.3
[14] Vinylester Concrete 50 240 0.21 0.25 19.0
[23] Polyester Alkaline 60 208.3 2.6 & 1.6 14.3 & 3.5 450 & 118.8
[24] Vinylester Water 23 90 No change —
[26] Vinylester Alkaline 70 365 No change —
[27] Vinylester polyester Alkaline 60 180 0.49 & 0.48 0.54 & 0.87 22.7 & 81.3
[31] Epoxy Alkaline 60 720 No change —
[34] Vinylester Concrete 50 30 x 0.51 0.53 3.9
[35] Vinylester Alkaline 73 120 x 1.05 1.45 & 1.30 38.1 & 23.8
[38] Vinylester Concrete 30 2920 x No change —
[39] Vinylester Alkaline 50 365 1.05 1.18 12.4
[40] Vinylester Alkaline 22 16.67 No change —
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Figure 12: Correlation between OH/CH increase (%) and moisture uptake due to conditioning (%). (a) GFRP with epoxy matrix. (b) GFRP
with vinylester matrix.
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the degradation only initiated after 1% moisture uptake.
Further increase in uptake up to 2% did not cause significant
impact on the change in OH/CH ratio, after which it dra-
matically increased up to 115%. .us, it can be concluded
that epoxy-GFRP bars could experience limited degradation
if the moisture uptake is maintained below 2%, by mass.

Figure 12(b) presents a relation between OH/CH percent
increase and moisture uptake in conditioned GFRP bars
made with vinylester matrix. .e OH/CH increase remained
below 20%, indicating a lower degree of hydrolysis reaction,
when the moisture uptake was below 1.5%. Beyond 1.5%,
degradation was much more significant due to conditioning,
with OH/CH increasing by up to 95% compared to the
control samples. In comparison and based on the studies
revised in this paper, GFRP bars made with vinylester resin
have been found to be more generally susceptible to hy-
drolysis than their epoxy counterparts.

.e effect of the initial tensile strength of unconditioned
GFRP bars on their resistance to degradation was in-
vestigated in [10, 11]. In these studies, two different types of
GFRP bars with dissimilar tensile strengths were compared.
FTIR analysis results of [10], presented in Table 10, show that
the GFRP bar with lower void content had an increase in
OH/CH ratio of 15.9% compared to 94.9% for the sample
with the higher void content. Obviously, as the void content
increased, the hydrolysis reaction progressed, leading to
higher OH/CH ratios. .e degradation was further in-
tensified upon the application of a sustained load, as shown
in the results of [11].

4.4. DSC Analysis. .e thermal behavior and characteristics
of conditioned and control GFRP samples is analysed using
DSC. .e main properties obtained from DSC are glass
transition temperature (Tg), curing process, melting tem-
perature, crystallinity, relaxation, and thermal stability [25].
Of these properties, glass transition temperature is the most
reported in the past literatures. It is determined by performing
two scans, each from 20°C to 250°C, in accordance with
ASTM E1356 [21]. .e first scan compares the Tg of the
conditioned and control samples. A reduction in Tg is in-
dicative ofmatrix plasticization..e second scan identifies the
degradationmechanism, whereby a similar Tg for conditioned
and control samples indicates a reversible plasticizing effect,
while a lower Tg for the former signifies an irreversible
chemical degradation. Figure 13 illustrates typical DSC curves
for alkaline-conditioned and unconditioned GFRP rein-
forcing bars. .e step shown in the range of 90°C–110°C is
used to find the Tg. While it appeared to be an endothermic or
melting peak, there was no melting involved in this work [31].
In fact, the authors associated this peak to “the thermal stress
relaxation phenomenon of polymer chains of the GFRP rebar
during long-term ageing”.

Furthermore, a summary of Tg temperatures and cure
ratio of various studies is presented in Table 11. .ese
temperatures are results of the GFRP samples subject to the
most severe conditioning scheme utilized in each study. It is
clear that most studies experienced some decrease in the Tg
of the first scan, ranging from 0 to 46%. .is wide variation

in results is owed to the different curing regimes, fiber
content, matrix type, and presence of sustained loading,
which all contribute to lowering the Tg and the deterioration
of the GFRP bars. However, it is possible to isolate some
values by selecting GFRP bars made with epoxy matrix and
correlating them to other parameters. Figure 14 shows that
higher changes in OH/CH ratios led to more intense re-
ductions in the Tg. .is shows a clear correlation between
results of FTIR and DSC, signifying the progression of a
hydrolysis reaction. In other terms, the factors that affect the
OH/CH ratios have a similar effect on the Tg.

In the second scan, studies that employed concrete as the
conditioning medium did not note any change in the Tg
between conditioned and control samples [10, 11, 14, 34, 38].
On the other hand, specimens conditioned in alkaline so-
lutions and water showed some signs of irreversible chemical
degradation, with the former conditioning scheme being
more detrimental [25, 27, 42]. .is provides evidence to the
severity of conditioning in alkaline solutions, rendering
results somewhat unrealistic and unreliable.

Additionally, the cure ratio is shown in Table 11. It is the
ratio of the Tg of the first to second scan for the control
samples. Other than [13, 14, 34], which are conducted by the
same authors and probably using the same GFRP bars, the
reported cure ratios were above 95%. Lower values signify
that the samples were not fully cured and that postcuring
occurred during the second scan.

4.5. SEM Analysis. SEM was employed to evaluate the mi-
crostructure and morphological changes to the GFRP
reinforcing bars after conditioning. .e fiber-matrix in-
terface is considered one of the most vulnerable areas in
GFRP reinforcing bars. It is merely a few microns thick and
plays a critical role in transfer of the load between fiber and
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Figure 13: Differential scanning calorimetry curve for conditioned
and control GFRP bars (adapted from [31]).
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matrix [67]. In the presence of moisture and alkalis, the bond
between fiber andmatrix is weakened, causing damage to the
interface itself and the GFRP as a whole.

Micrographs typically highlight different damages or
deteriorations that may be induced by conditioning, in-
cluding matrix degradation, fiber/material interface degra-
dation, microcrack formation, and fiber etching and
leaching. Table 12 shows a summary of deteriorations that
have been identified in different studies using SEM. Clearly,
matrix degradation, fiber/matrix interfacial degradation, and
microcrack formation are interlinked, as they are reported
simultaneously in multiple studies; they are denoted col-
lectively hereafter as damage A. Fiber etching and leaching,
on the other hand, is designated as damage B. Of the lit-
erature reviewed in this work, 58, 15, and 27% reported
damage A, damage B, and no damage, respectively, as shown
in Figure 15..is demonstrates that the matrix and the fiber/
matrix interface are indeed the most vulnerable components
of GFRP reinforcing bars, with much lesser deterioration of
the fiber.

Figure 16(a) shows a micrograph from past work that
identified damage A in a conditioned GFRP reinforcing bar
[10]. Samples in this study were placed in seawater-
contaminated concrete for 15months at 60°C. Clearly, the
fiber/matrix interface weakened to the extent that fiber
delamination occurred. .is is primarily owed to the pro-
gression of hydrolysis reaction.

Fiber etching and leaching were only noticed in research
work that examined the durability performance of GFRP
reinforcing bars made with E-glass/vinylester and condi-
tioned in alkaline environment; they are represented as
damage B. Figure 16(b) presents a micrograph of a GFRP bar
that suffered damage B [28] with circumferential damage to
the fiber. In this work, GFRP samples were conditioned in an
alkaline solution under a 25% UTS sustained load. .e
severity of the testing conditions resulted in all samples
failing within 20 days of conditioning. No tensile strength
could be retained at that point. .e degree of deterioration
was too harsh that it caused matrix degradation, fiber/matrix
interfacial debonding, microcrack formation, and fiber
damage simultaneously.

In some of the reviewed studies, no damage or de-
terioration was noticed..ough some degradation may have
been reported in the microstructure study, the mechanical
properties of GFRP reinforcing bars were not significantly
affected. It is thus critical for researchers to correlate the
tensile strength, moisture uptake, OH/CH ratio, and SEM
micrographs in a distinct study to provide a better un-
derstanding of the effect of the microstructure on the me-
chanical properties. Yet, while the scope of this work is to
focus on microstructure characteristics of GFRP bars ex-
posed to different conditioning regimes, a correlation based
on the reviewed studies has been developed. For this matter,
results from [10, 11, 13, 14, 27, 35] are employed. It is worth
noting the GFRP samples were conditioned differently in
these studies. .e SEM micrographs of Figures 17(a)–17(f )
show little to no cracks at the fiber/matrix interface, in-
dicating limited degradation. .e GFRPs of [10, 11, 27] are

Table 11: Results of Tg temperatures and cure ratio in control and conditioned GFRP reinforcing bars.

Reference
Tg

Cure ratio (%)1st scan (°C) 2nd scan (°C)
Control Conditioned Decrease (%) Control Conditioned Decrease (%)

[8] 93, 113, 126 98, 100, 112 5.4, 11.5, 11.1 — — — 98–100
[9] 145 140 3.4 — — — —
[10] 101 & 125 95 & 90 5.9 & 28 106 & 125 105 & 126 0.0 95.3 & 100
[11] 101 & 125 90 & 90 10.9 & 28 106 & 125 105 & 125 — 95.3 & 100
[13] 110 103 6.4 129 128 0.8 85.3
[14] 105 104 1.0 134 129 3.7 78.4
[42] 116 62 46.6 120 83 30.8 96.7
[24] 105–125 — — 105–125 — — 100.0
[25] 112 67 40.2 113 68 39.8 99.1
[26] 116 117 — 117 118 — 99.1
[27] 123, 124, 90 122, 123, 84 0, 0, 6.6 124, 123, 90 123, 122, 85 0, 0, 5.5 100
[31] 105 96 8.6 — — — —
[34] 112 95 15.2 131 130 0.8 85.5
[35] 114 105 7.9 120 120 0.0 95.0
[38] 124 120 3.2 125 120 4.0 99.2
[48] 115–125 112–124 2.4–2.6 — — — —
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Figure 14: Percent increase of Tg of the first scan as a function of
percent increase of OH/CH after conditioning of epoxy-GFRP bars.
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associated with moisture uptakes of 1.20, 1.95, and 1.63%,
respectively. .e respective increases in OH/CH ratios of
[10, 11, 13, 14, 27, 35] are 15.9, 18.5, 13.3, 19.0, 22.7, and

3.9%. .e strength retention of these samples was 85, 73, 93,
84, 100, and 84%, respectively. Yet, samples in [11, 35] were
conditioned under sustained loads. Accordingly, it is pos-
sible to accept an increase in moisture uptake and OH/CH
ratio up to a threshold of 1.6 and 18%, respectively, while
anticipating up to 15% reduction in tensile strength.

5. Conclusions and Remarks

In this paper, studies examining the microstructure of GFRP
reinforcing bars exposed to different environmental con-
ditions and sustained loading were reviewed. Experimental
results and findings were collected from past literature,
analysed, and compared to provide conclusive remarks on
the effect of conditioning on the microstructure of GFRP
reinforcing bars. Based on the conducted analysis, the fol-
lowing conclusions can be drawn:

(i) Mechanical properties from the past literature
were used to provide correlation equations for
unconditioned GFRP bars. Tensile strength and
modulus of as-received GFRP bars were correlated
in a linear equation. .ese relationships could

Table 12: Summary of deteriorations identified by SEM in conditioned GFRP reinforcing bars.

Reference
Deterioration/Damages

Matrix degradation Fiber/matrix interface damage Microcracks Fiber etching and leaching
[8] x x x
[9] No deterioration reported
[10] x x x
[11] x x x
[12] x x x
[13] No deterioration reported
[14] No deterioration reported
[15] x x x x
[23] x x x
[42] x x
[24] No deterioration reported
[25] x x x
[26] No deterioration reported
[27] x x x
[28] x x x x
[29] x x x
[30] x x x
[31] No deterioration reported
[32] x x x
[33] x x x
[34] No deterioration reported
[35] x x x
[36] x x x x
[37] x x x
[38] No deterioration reported
[39] x x x
[44] x x x
[45] x x x
[46] x x x x
[47] x x x
[49] x x x
[50] x x x x
[51] No deterioration reported

57.6%

15.2%

27.3%

Damage A
Damage B
No damage

Figure 15: Distribution of damage/deterioration in conditioned
GFRP reinforcing bars.
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(a) (b)

Figure 16: Micrograph of conditioned GFRP reinforcing bar. (a) Damage A (adapted from [10]). (b) Damage B (adapted from [28]).

(a) (b)

(c) (d)

(e) (f )

Figure 17: Micrograph of conditioned GFRP reinforcing bar with no damage. (a) Adapted from [10]. (b) Adapted from [11]. (c) Adapted
from [13]. (d) Adapted from [14]. (e) Adapted from [27]. (f ) Adapted from [35].
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provide reasonably accurate prediction of the
tensile modulus from the tensile strength.

(ii) Only 14% of reviewed studies investigated the
performance and microstructure of GFRP bars
made with E-glass and epoxy. On average, the
tensile properties of such unconditioned bars
seemed to be 14% superior to those of vinylester
counterparts. Discrepancies in the testing pro-
cedures did not allow for a direct microstructure
comparison between the two types. Further testing
is needed prior to the adoption of these GFRP
reinforcing bars.

(iii) In themajority of reviewed studies, GFRP specimens
were conditioned in alkaline andwater solutions due
to the ease of the experimental setup. Concrete was
only employed in 23% of the studies. Conditioning
durations varied greatly, with 0–90 and more than
365days being most commonly used.

(iv) .e application of a sustained load to GFRP
reinforcing bars during conditioning was adopted
in 28% of the studies reviewed. Research studies
that exceeded the limits stated by codes and
standards concluded that the set limits were only
valid for specific nonaggressive environment
conditions. In fact, elevated temperatures pro-
moted the degradation mechanism. More research
is needed to update these limits to include different
conditioning regimes.

(v) Higher temperature, prolonged conditioning,
presence of a sustained load, and conditioning in
alkaline solution caused an increase in moisture
uptake. Most uptake values extracted from the
literature exceeded the limits set by ACI 440.6 [62]
and CSA S807 [63]. Only specimens that were
conditioned in concrete at low temperatures, for
short durations, and/or without a sustained load
were within the acceptable moisture uptake du-
rability limits. .is raises a concern to the ag-
gressiveness of the conditioning utilized in the
literature.

(vi) A correlation was developed between the pro-
gression of hydrolysis (OH/CH increase) and the
decrease in Tg (%). Within an increase of 20% OH/
CH, the Tg decreased by only 10%. However,
greater surges in OH/CH caused much more
dramatic reductions in the glass transition tem-
perature. Nevertheless, limiting the moisture up-
take could control the increase in hydroxyl groups.

(vii) Conditioning in alkaline solution was found to be
too severe and did not accurately represent real-life
scenarios. Specimens conditioned in alkaline so-
lutions experienced irreversible chemical degra-
dation, more hydroxyl group formation, and more
intense degradation to the microstructure.

(viii) Four types of damages were reported in condi-
tioned GFRP bars: matrix degradation, fiber deg-
radation, fiber/matrix interface degradation, and

microcrack formation. Most of concrete-encased
GFRP specimens did not experience excessive
degradation, as opposed to alkaline conditioning
that severely damaged the GFRP.

(ix) .e increase in moisture uptake and OH/CH ratio
and formation of microcracks does not necessarily
have a severe effect on the mechanical perfor-
mance. In fact, it is possible to allow an increase in
moisture uptake and OH/CH ratio up to 1.6 and
18%, respectively, while anticipating up to 15%
reductions in tensile strength.

.e conclusions presented above were based on the past
literature reviewed in this work. Further studies are needed
to fill the research gaps before GFRP reinforcing bars could
be widely adopted by the construction industry. .e fol-
lowing are suggestions for future research direction:

(i) A standard testing procedure for GFRP reinforcing
bars capable of providing consistent and reliable
results that represents real-life scenarios

(ii) Comparative performance and microstructure
evaluation of GFRP reinforcing bars in concrete
and subjected to different environment conditions
and levels of sustained load

(iii) Microstructure characterization of GFRP bars ex-
posed to acidic solution

(iv) .e effect of void content on performance retention
and microstructure changes of GFRP reinforcing
bars

(v) Performance and microstructure comparison be-
tween GFRP bars made with different resin,
i.e., epoxy and vinylester, subject to the same
conditioning schemes

(vi) Performance and microstructure comparison be-
tween concrete-encased GFRP specimens exposed
to elevated temperatures with an applied sustained
load and actual in-service specimens

(vii) GFRP reinforcing bars in concretes made with
different supplementary cementitious materials to
limit the moisture uptake
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In the present study, the development of strength in different calcium aluminate cement (CAC) mixture mortars with granulated
ground blast-furnace slag (GGBS) was investigated. /e substitution of GGBS levels was 0, 20, 40, and 60% weight of binder, of
which the CAC used in this study naturally contained C2AS clinker as a secondary phase. To activate a hydraulic nature of the
phase, in addition to the mineral additive, all specimens were cured at 35± 2°C for the first 24 hours and then stored in a 95%
humidity chamber at 25± 2°C. /e penetration resistance of fresh mortar was measured immediately after pouring, and the
mortar compressive strength was monitored for 365 days. Simultaneously, to evaluate the hydration kinetics at early ages, in terms
of heat evolution, the calorimetric analysis was performed at the isothermal condition (35°C) for 24 hours./e hydration behavior
in the long term was characterized by X-ray diffraction, which was supported by microscopic observation using scanning electron
microscopy with energy dispersive spectroscopy. Furthermore, an examination of the pore structure was accompanied to quantify
the porosity. As a result, it was found that an increase in the GGBS content in the mixture resulted in an increased setting time, as
well as total heat evolved for 24 hours in normalized calorimetry curves. In addition, the strength development of mortar showed a
continuous increased value up to 365 days, accounting 43.8–57.5MPa for the mixtures, due to a formation of stratlingite, which
was identified at the pastes cured for 365 days using chemical and microscopic analysis. However, GGBS replacement did not
affect on the pore size distribution in the cement matrix, except for total intrusion volume.

1. Introduction

Calcium aluminate cement (CAC), mainly consisting of
monocalcium aluminate (CA), has been used in the con-
struction industry since the late 19th and early 20th centuries
after patented in 1908 by J. Bied [1–3]. Although it was
initially developed to enhance the resistance to aggrieve ions
(sulfates and chlorides), as an alternative to Portland cement,
a rapid strength development at early ages (within 24 hours)
led to its application to military facilities in World War I,
resulting in production of the various of types of CAC [1–3].
Nowadays, the use of CAC in specific fields is involved in a
wide range, including as a fire-resistant material in re-
fractory application [4–6], a high resistance against chemical
degradations in the industrial floor and wastewater appli-
cation [7–9], rapid setting and hardening grout in tunnel
lining [1], and resistance to abrasion in hydraulic dam
spillway [7]. In addition, ability in gaining the strength

rapidly, even at lower temperatures below 0°C, makes it
possible to cold weather concreting [10]. Recently, there is an
increasing interest in the use of CAC with expansive agents
as a repair material [11, 12].

Despite high performance, a structural use of CAC in
construction has been faced with a critical problem, a loss of
strength due to the conversion process; metastable hydration
products (CAH10 and C2AH8) are thermodynamically
transformed into stable ones (C3AH6 and AH3), depending
on curing regimes and ages, as follows [1,10,13–16]:

3CAH10⟶ C3AH6 + 2AH3 + 18H (1)

3C2AH10⟶ 2C3AH6 + AH3 + 9H (2)

/e cubic phases of C3AH6 and AH3 have the higher
density in CAC hydration; therefore, the space filled by low-
density hexagonal phases of CAH10 and C2AH8, which
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produces a high early strength, would be decreased after the
conversion process, resulting in a sudden reduction in the
strength [1, 13]. Many previous studies [17–20] reported that
long-term properties of CAC concrete exhibited a decreased
strength, compared to the strength at early ages. It has been
attempted to take some precautions for avoiding/eliminating
the transformation of metastable hydrates using chemical
and mineral admixtures, to overcome this anxiety about
instability to the properties over time. Falzone et al. [21]
recently investigated the conversion bypassing effect of
calcium nitrate added in CAC paste, on the basis of the
thermodynamic selectivity mechanism, but most of the
studies have focused on the substitution of siliceous mate-
rials in the CAC-based binder system [22–31].

Midgley and Rao [22] raised an influence of strätlingite
on mechanical properties of high alumina cement (HAC)
and suggested that the possible formation of C2ASH8 hy-
drate would compensate a reduced compressive strength
after conversion at the normal temperature (20°C). It was
confirmed by Majumdar and coworkers [23, 24] that the
formation of C2ASH8 hydrate improved the strength de-
velopment for two types of commercial CAC (Ciment Fondu
and Secar 71), replaced by GGBS in 50% weight of binder, at
20 and 40°C. Moreover, the authors investigated the
properties of CAC with various pozzolanic materials, such as
natural pozzolan and metakaolin, and concluded that
substitution of siliceous materials in CAC enhanced the
strength development and sulfate resistance depending on
types of binder and their replacement ratio, which could
impose the different levels of silica in the solution [25]. /e
ability of silicate ions in generating the strätlingite in the
CAC-based binary system, consisting of fly ash or silica
fume, was also reported in the previous studies [26–30]. In
addition, Gosselin et al. [28] carried out the observation of
microstructural development of CAC, containing C2AS
clinker as the secondary phase, and demonstrated that
higher curing temperatures (above 38°C) for the first 24
hours imposed the formation of C2ASH8 hydrates, even at
early ages, which in turn resulted in the densification of the
matrix.

However, most of the studies [22–25] focused on the
transformation of the metastable hydrates into C2ASH8 in
the presence of reactive silicates using Ciment Fondu,
consisting of the CA clinker as a main hydraulic phase.
Otherwise, only hydration behavior was revealed using
cement paste made with CAC containing the C2AS clinker,
which could produce the strätlingite directly [26–30]. In this
study, therefore, to evaluate the influence of GGBS re-
placement on mechanical properties in the mortar of CAC-
GGBS mixtures, the development of strength was in-
vestigated by setting time and compressive strength. /e
strength for mortars of CAC-GGBS mixtures cured at a
given regime was monitored for 365 days. Simultaneously,
isothermal calorimetry and X-ray diffraction analysis were
performed to identify the hydration behavior, particularly
for a formation of strätlingite and its influence on mitigation
in the conversion reaction, at early and long-term age, of
which the morphology of the phase was inspected by
scanning electron microscopy. Furthermore, the pore

distribution was examined by the volume of mercury in-
truded into a specimen to verify a modification of the pore
structure, arising from the substitution of GGBS in CAC.
/e CAC containing 52.0% of Al2O3 content in the cement
was used, of which the C2AS phase naturally occurred.

2. Experimental Works

To evaluate the influence of a formation of calcium alu-
minates hydrate containing silicates (i.e., strätlingite,
C2ASH8) in the hydration process on the fundamental
properties for CAC mortar, three levels of replacement in
GGBS (20, 40, and 60% by weight of cement) were used in
this study. /e oxide composition of the binders determined
by X-ray fluorescence (XRF) and mix proportions for the
specimens are given in Tables 1 and 2, respectively, and also
XRD curves of the materials are shown in Figure 1. All
specimens for the experiments were manufactured without
any admixtures to avoid the influence of the chemical effect
on the CAC matrix and were kept at 0.4 of a total W/C.
Based on the facts that CAC could achieve 80 percent of
ultimate strength within 24 hours due to rapid hydration
[1–3] and accelerate the formation of the C2ASH8 hydrate in
the pozzolan blends system at above 30°C of the curing
temperature [32], the specimens were cured in a humidity
chamber (RH 95%) at 35± 2°C for 24 hours and after that
was stored in the chamber at 25± 2°C to simulate the
moderate situation for 364 days. As the elevated tempera-
tures during evaporation of a free water from pores in the
matrix (i.e., hydration stopping method) could encourage
the transformation of hexagonal phases into cubic ones, the
samples were immersed in isopropanol for 7 days in a low-
temperature chamber (below 0°C), which was subsequently
placed in a vacuum desiccator to remove the residual solvent
and/or water from the sample before measurement.

2.1. Measurement of Heat Evolution. Isothermal calorimetry
is a useful technique to study the kinetics of the hydration
process, of which the heat flow is directly measured and
monitored for a specified duration under controlled con-
ditions. Approximately 10 g of the premixed dry powder at
the given proportions (Table 2) was placed in an admix glass
ampoule and set up within the calorimeter. /en, a distilled
water equivalent to 0.4 of total water to binder ratio was
injected from the syringe system and continuously stirred
during test duration. /e rate of heat evolution at the iso-
thermal condition (35°C) was measured and recorded for 24
hours using a TAM air 3-channel calorimeter and ther-
mostat (TA Instruments). Total heat evolution of the sample
was calculated by integration of the rate curve for a given
time. After obtaining the calorimetric results, it was nor-
malized by mass of CAC content to determine an influence
of CAC solely on the rate of heat evolution and its cumu-
lative one at a given W/B.

2.2. Testing of Strength. A fresh mortar with a proportion of
1.00 : 0.40 : 2.45 for the cement : water : sand was mixed and
then placed in a prism mold (100×100× 400mm) to
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determine the penetration resistance with time, which was
subsequently measured using a series of standard needles
(Ø4.52, 6.4, 9.1, 14.3, 20.2, and 28.6mm) at various time
intervals [33]. /e test was performed in a room chamber at
35± 2°C, RH 95%. After obtaining the relation between
penetration resistance and time, which was fitted by a
suitable function (usually, exponential one), the setting time
was determined by assuming that the initial and final sets
were defined as time taken to reach at 3.4 and 27.5MPa
against penetration resistance, respectively.

To monitor development of compressive strength,
mortar specimens were fabricated in a cubic mold
(50× 50× 50mm) with the equal mix proportion to the
penetration resistance test. After casting, the mortar spec-
imens were precured in the 95% RH humidity chamber at
35± 2°C for 24 hours and then demolded. In turn, the
specimens were stored in the chamber at 25± 2°C for 364
days. /e compressive strength for mortar specimens was
measured at various ages (1, 7, 28, 98, 180, and 365 days)./e
replication of each mix for the compressive strength of
mortar was six, and their average value was taken in plotting
the variation at a given age.

2.3. Identification of Hydration Products. To observe the for-
mation of hydration products with time, the paste specimens
were fabricated into a thin mold (10× 50× 50mm), which
would impose less potential to transform metastable hy-
drates (CAH10 and C2AH8) into stable ones (C3AH6 and
AH3) arising from self-heating at early hydration. All pastes
were kept at 0.4 of W/B. After curing for 1, 98, and 365 days

through the identical procedure to the mortar specimen for
compressive strength, the specimens adapted the hydration
stopping method and then crushed/ground to obtain the
dust sample, which in turn was sieved with a 75 μm sieve.
/en, the powder sample was stored in a vacuum desiccator
to avoid the carbonation reaction before measurement. /e
XRD test was carried out with the D/MAX-2500 diffrac-
tometer (Rigaku Corp.) using Cu Kα1 radiation with a
wavelength of 1.54 Å. /e scan range was from 5 to 45° of 2θ
at a scan rate of 4°min./e presence of hydration products in
the XRD curve was confirmed using Jade 9.5 software with
PDF-2 database from International Center for Diffraction
Data (ICDD).

2.4. Examination of Pore Structure. To check an influence of
GGBS replacement on the pore structure of the matrix in the
blends system at a given age, mercury intrusion porosimetry
(MIP) was performed using the identical mortar specimens
for compressive strength. After 365 days of curing, the
mortars were crushed into a piece of about 1 cm3, followed
by removal of the residual water using the alcohol-based
solvent under low temperature. /en, the specimens were
stored in a vacuum desiccator to remove/evaporate the free
water totally, before testing. /e equipment used in this
study was Autopore IV 9500 (Micromeritics Instrument
Corp.) with two devices, of which a low pressure of mercury
was applied up to 0.2MPa using nitrogen gas to measure
large porosity, and then the pressure was progressively in-
creased to 227.5MPa for a small one. A contact angle and a
surface tension of mercury were assumed 130° and
485×10−3 N/m, respectively. /e pore diameter, which was
calculated by the Washburn equation at a given pressure
(Equation (3)), was plotted in the cumulative and log dif-
ferential intrusion curve, respectively:

d �
−4 c cos θ

P
, (3)

where d is the pore diameter (m), c is the surface tension of
mercury (N/m), θ is the contact angle of the mercury with
the sample (°), and P is the applied pressure (MPa).

2.5. Microscopic Observation of Morphology. Scanning
electron microscopic (SEM) analysis is widely used for the
inspection of the morphology of phases, and simultaneously,
the elemental examination for the phases can be possible
using the energy dispersive spectroscopy (EDS) method./e
paste of CAC-GGBS mixtures, identical to the XRD test, was
crushed into a piece of 1-2 cm2, which subsequently was
immersed in an isopropanol solvent for 7 days in a cooling
chamber at below 0°C. /is procedure was able to remove
the free water within the specimen, preserving the hydration
products unchanged during hydration stopping treatment.
After stored in a vacuum desiccator to evaporate the residual
water/solvent on the surface for 2 days, the sample was
placed/fixed into the metallic plate and coated in platinum.
/e microscopic observations were performed by FE-SEM
using S-4800 (Hitachi) with instrumental parameters, which
were an accelerating voltage of 15 kV, the working distance

Table 2: Mix proportions for experimental works.

Abbreviation
Weight ratio

Experiments
CAC GGBS Water Sand

Paste

CAC 100 1.00 0.00

0.4 —
Calorimetry

XRD
SEM/EDS

CAC 80 0.80 0.20
CAC 60 0.60 0.40
CAC 40 0.40 0.60

Mortar

CAC 100 1.00 0.00

0.4 2.45

Setting time
Compressive
strength
MIP

CAC 80 0.80 0.20
CAC 60 0.60 0.40
CAC 40 0.40 0.60

Table 1: Chemical composition of binders used in this study.

Oxides (%) CAC GGBS
CaO 38.83 47.18
Al2O3 52.03 13.13
SiO2 5.02 29.70
Fe2O3 0.86 0.64
SO3 0.09 2.30
MgO 0.42 4.55
K2O 0.68 0.53
Na2O 0.17 0.22
MnO 0.03 0.29
Ignition loss 0.53 1.29
Fineness (cm2/g) 5,150 5,420
Density (g/cm3) 3.03 2.93
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of 11–13mm, and magnification of ×10,000, in conjunction
with the EDS analyzer for chemical analysis. /e mea-
surements at each sample were carried out 30 times, and
each spectrum was collected until exposure time reached
1,000 counts in the intensity.

3. Results and Discussion

3.1. Evolution of Hydration Heat. /e heat flow and its cu-
mulative curves for the mixtures of CAC and GGBS at 35°C of
the isothermal condition for 24 hours, of which the cement
was partially substituted by GGBS (0, 20, 40, and 60%), are
shown in Figure 2. It is evident that replacement of GGBS was
crucial for all CAC-GGBS blends in the kinetics of hydration;
an increase of GGBS content in the binder system resulted in a
decrease in the total amount of heat released for 24 hours. For
example, CAC 100 ranked the highest value of 334.1 J/g in
cumulative heat evolution for 24 hours, while CAC 80, 60, and
40 indicated 283.6, 252.9, and 179.1 J/g, respectively. How-
ever, the first peak for the rate of heat evolution, during which
concentration of Ca2+ and Al(OH)4

− ions would be achieved
a maximum level in the solution [10], showed a marginal
difference between CAC-GGBS mixtures. In fact, early hy-
dration of CAC may be affected by the insufficiency of
available water, space, and reactant. Gosselin et al. [28] in-
vestigated the hydration behavior of CAC at isothermal
temperatures of 20, 38, and 70°C using calorimetry and XRD
analysis and revealed that the primary reactive phase (i.e., CA)
still existed after reaching the main peak in the calorimetry
curve, except for the case of 70°C. From the experiment works
by Ideker [34], moreover, it was found that chemical
shrinkage of CAC (mentioned as GCX) showed a convergent
trend under isothermal conditions (20 and 38°C), before
which the variation of water in the plastic vial approached to a
maximum level relevant to the massive precipitation of

hydrates. /ese results mean that a surplus of water in the
matrix would be available after the initial hydration process.
Based on these observations, it may be assumed that CAC
hydration at the initial periods is dominated by available space
in the matrix and, furthermore, conjectured that replacement
of GGBS with CAC allows further hydration at a given age.
/is hypothesis was supported by previous studies [29, 32]
that the CAC blends system replaced by lower density binder
exhibited more exothermic reaction, compared to the CAC
alone. /is phenomenon ensured that the calorimetry curve
in the present work was normalized to CAC content, as
shown in Figure 3. /e transformed curves for heat flow
showed a dependency of GGBS replacement on the initial
reaction of CAC-GGBS mixture, of which the increase of the
GGBS content in the system resulted in an increase in the rate
of heat evolution within 2 hours. In addition, the cumulative
heat curve was increased with the increase in substitution of
GGBS in the mixture, of which CAC 40 produced the highest
value of 447.8 J/g for the total heat released for 24 hours.

3.2. Phase Composition. /e hydration products for the
paste of CAC-GGBS mixtures at a given curing regime were
investigated by the X-ray diffraction method with curing
ages, as shown in Figure 4. An identification of the phases
was carried out based on crystallographic data from ICDD.
/e XRD curves in CAC paste were affected by the presence
of GGBS in the mixture. /e hexagonal phase of C2AH8 was
dominantly formed at 1 day, regardless of mixture types, but
C3AH6 and AH3 were detected at only the case of CAC 100.
In the long-term hydration, it was clearly shown that the
transformation of C2AH8 into cubic phases (i.e., C3AH6 and
AH3) is restricted by the substitution of GGBS in CAC. At 28
days of curing, CAC 100 showed a large increase in the peak
intensity for C3AH6 and AH3 hydrates, resulting in a
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Figure 1: XRD curves of raw materials used in this study: (a) CAC; (b) GGBS.
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disappearance of C2AH8, which means the metastable
hydrates fully converted. In contrast, the binary system of
CAC and GGBS indicated a vanished C2AH8 hydrate but
simultaneously a formation of C2ASH8 hydrate,
depending on GGBS content in the CAC. In fact, CAC
containing higher SiO2 content (4-5%) naturally possesses
the amount of the C2AS phase, which has low hydraulic
properties at normal temperatures (below 20°C) [29].
However, it was observed by Gosselin [32] that hydration

of C2AS in the assemblage C2AH8 and C3AH6
(i.e., specimens cured at 38 and 70°C) resulted in the
precipitation of C2ASH8 hydrate, even at early ages.
Moreover, in the presence of pozzolanic materials (GGBS,
PFA, and SF) in the CAC mixture, the formation of
C2ASH8 hydrate can be accelerated due to a release of
reactive silica into the solution, which in turn reacted with
calcium aluminates hydrates in accordance to following
equations [27]:
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Figure 2: Calorimetric curves for CAC-GGBSmixtures with 0.4 ofW/B ratio at an isothermal of 35°C for 24 hours: (a) rate of heat evolution;
(b) cumulative heat evolution.
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2CAH10 ⟶
S C2ASH8 + AH3 + 9H (4)

C2AH8 ⟶
S C2ASH8 (5)

/is reaction could be controlled by the amounts of silicate
ions in the solution (i.e., dissolution behavior of the siliceous
materials). As an increased GGBS content is more probable of
producing the silicate ions in the hydration process, the for-
mation of C2ASH8 hydrate would be promoted at a given
condition. However, the increased GGBS content would

accompany a decrease in the content of hydraulic phases in the
binder system, and simultaneously, the large amounts of
unreacted GGBS in thematrix may prevent further hydration in
the long-term hydration, blocking the CAC particles to contact
with water, thereby resulting in a low strength of CAC. /is
phenomenon will be discussed in the next section.

3.3. Development of Strength. /e curves for the resistance
against penetration of fresh CAC-GGBS blended mortars
with time are given in Figure 5, of which the initial and final
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Figure 4: XRD curves for paste of CAC-GGBS mixtures at 0.4 of W/B with time: (a) CAC 100; (b) CAC 80; (c) CAC 60; (d) CAC 40.
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set times were obtained from the best-fitted curve as the
exponential function (y � aebx). It was shown that the
setting time was dependent on the replacement ratio of
GGBS; an increase in the GGBS content in the binder system
resulted in an increase in the time for the initial and final
sets, respectively, except for the case of CAC 80. For ex-
ample, CAC 100 showed a rapid setting, of which the time to
reach the initial and final sets was accounted for 185 and
230min, respectively, while CAC 40 indicated 133min and
204min, respectively. It is notable that CAC 40 ranked the
highest value for the setting time (188 and 240min. for the
initial and final sets, respectively). As the hydration process
in the CAC is governed by the concentration of Ca2+ and
Al(OH)4

− ions in solution, the amount of the hydraulic
phases and its solubility could be influenced on the setting
and hardening of the matrix at an early age [32, 34].
Moreover, the substitution of cement by supplementary
cementitious materials, such as GGBS and PFA, would
encourage the hydraulic reaction in the blends system,
producing more space and water for hydration [32]. It was
confirmed by isothermal calorimetry analysis in this study
that the curve for total heat released for 24 hours, which was
normalized to CAC content, showed the remarkably highest
value, compared to the case of CAC 100. In fact, as the GGBS
has a lower density than CAC, the increase of GGBS content
in the CAC-GGBS system results in an increase in the average
volume at the given mass, thereby providing more available
space for hydration. Also, relative content of water for CAC
particles (i.e., W/C ratio) increases with the higher content of
GGBS in the binary system. Consequently, reactive grains
(i.e., CA clinker) in the cement would be more probable for
reacting with water to form CAC hydration products in the
early hydration. However, there was a marginal influence of
GGBS replacement on setting time for the case of CAC 80.

/e compressive strength for CAC mortars with the
different replacement ratios of GGBS was measured at 1–365
days, as shown in Figure 6. It was seen that the strength for
CAC mortars partially substituted by GGBS performed a
lower strength at the early ages but continuously increased at
a given curing regime for all ages, showing no reduction in
the strength. For example, the compressive strength for
CAC-GGBS blends at 1 day was 31.6, 23.3, and 18.6 for CAC
80, 60, and 40, respectively. In particular, CAC 60 showed a
remarkable high final strength, reaching beyond 57.5MPa at
365 days, of which the value is superior to the strength for
specimen made with CAC 100%, while CAC 80 and 40 were
accounted for 49.4 and 43.8MPa, respectively. In fact, CAC
specimens usually produce the sudden loss of the strength in
the hydration period depending on environmental condi-
tions, presumably due to the conversion process, of which
hexagonal phases of CAH10 and C2AH8 formed at normal
temperatures would be imposed the transformation into
cubic ones (C3AH6 and AH3) [17–20]. /is phenomenon
was observed in this study that the strength for CAC 100
rapidly increased up to 7 days then faced a marginal decrease
from 40.8MPa at 7 days to 38.9MPa at 28 days, which in
turn reincreased with time (45.8MPa at 365 days), pre-
sumably due to a further reaction of the remained grains
with a released water from the conversion reaction./e CAC
used in this study has calcium aluminates containing sili-
cates (gehlenite; C2AS), as the secondary phase, which could
be reacted with water to form stratlingite (C2ASH8) in the
long term. It was reported that an increase in curing tem-
perature for the first 24 hours resulted in an increase in the
hydration degree of C2AS and the amount of C2AH8 hydrate
at above 38°C [28]. In the previous studies [30–32], more-
over, it was stated that addition of a siliceous binder to CAC
produced a steady development of the strength over time,
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which is presumably due to the formation of C2ASH8. In
particular, the initially formed C2AH8 hydrate would favor
the reaction with silicates released from the binder [29].
However, CAC 40 possessed a marginal CA and C2AS for
hydration, thereby exhibiting a steadily increasing strength,
but the lower values at all ages. It may imply that re-
placement content of GGBS in the CAC-GGBS system
should be determined, considering the requirement for on
site.

3.4. Modification of Pore Distribution. /e pore distribution
of mortar in the binary binder system of CAC and GGBS at
365 days was determined by MIP to investigate the influence
of GGBS replacement on the pore structure in the CAC
matrix, as given in Figure 7. /e MIP curves were rendered
by the incremental intrusion and their cumulative volume
with different sizes./e total pore volumewas affected by the
GGBS content in CAC; an increase in the replacement ratio
of GGBS resulted in a decrease in the total intruded content
of mercury into the specimen, except for CAC 40, of which
the value was accounted for 0.145, 0.140, and 0.131mL/g for
CAC 100, 80, and 70, respectively. As seen in Figure 4, CAC
100 showed the overall transformation of C2AH8 phase into
C3AH6 and AH3 ones over time. It may be attributed to a
higher density of cubic phases, increasing the distance be-
tween the hydrates and thus the porous matrix in themortar.
Moreover, an increased porosity of the matrix may decrease
the development of the strength during hydration periods.
In fact, CAC 100 showed the sudden decrease in the strength
at 28 days, as seen in Figure 6, which in turn reincreased up
to 365 days of curing presumably due to a further reaction
with a surplus of water from the conversion reaction. In the
presence of GGBS in mixture, in contrast, the conversion

reaction (equation (2)) was prevented by the transformation
of the C2AH8 phase into C2ASH8 through the hydration
duration, of which the stable hydrate is similar to unstable
hydrate in density (1.937 and 1.950 for C2ASH8 and C2AH8,
respectively) [35, 36]. /is change of composition in the
matrix would produce the densified pore structure and thus
a decrease in the porosity at the total. Despite modification
of the matrix in the CAC-GGBS mixture, the higher ratio of
GGBS replacement imposed an increased total intrusion
volume (0.149mL/g) presumably due to deficiency of hy-
draulic phases, as already mentioned. However, there was no
particular relation in the intrusion volume at a given realm,
which was in the range below 0.05 and 0.05–10 and above
10 μm for small capillaries, large capillaries, and voids,
respectively.

3.5. Variation of Stoichiometric Composition. /e surfaces of
the fragment for cement paste of CAC-GGBSmixtures cured
at 365 days were investigated using SEM analysis, as shown
in Figure 8. A presence of strätlingite was obviously detected
at all samples, of which the hydrates had the morphology of
hexagonal plates, sometimes a thin flaky plate, and in ad-
dition, the phase seemed to be more accommodated in the
matrix at pastes substituted by GGBS. To compare atomic
ratios (Ca/Al and Si/Al) at the C2ASH phase in the paste of
the binary mixtures, EDS analysis was simultaneously
performed, measuring the 30 spots for each sample. It was
clearly shown that an increase of GGBS content in the
mixture resulted in an increase in the ratio of Si/Al and a
decrease in Ca/Al ratio, of which an ideal ratio in the
C2ASH8 phase is 0.5 and 1.0 for Si/Al and Ca/Al, re-
spectively. It may be attributed to the increased GGBS
content, from which the large amounts of silicate ions would
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Figure 7: MIP results, rendered by incremental and cumulative intrusion volume with pore diameter, for mortar of CAC-GGBS mixtures:
(a) CAC 100; (b) CAC 80; (c) CAC 60; (d) CAC 40.
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be released into the pore solution during long-term hy-
dration. As already mentioned in Section 3.3, the formation
of strätlingite is affected by the amounts of dissolved silica
from the siliceous materials. In addition, the stoichiometric
structure is dependent on the surrounding chemical com-
position supplied from the grains in the solution [10, 37]. As
a higher content of pozzolanic materials in a mixture
produces more silicates into the solution, a probable to form
silica-rich strätlingite would be increased. /us, CAC 40
produced the highest ratio of Si/Al in the C2ASH8 phase,
while the lower Si/Al ratio (0.42± 0.10) was observed at the
paste made with CAC solely. However, there was no further
experimentation supporting the differences of atomic ratios
between CAC-GGBS mixture.

4. Conclusions

In this study, an influence of additive material containing
silica on fundamental properties of CAC was investigated by
development of strength, which was supported by further
experimental work including hydration behavior at initial
and long-term duration using isothermal calorimetry and
X-ray diffraction analysis and an examination of the pores
structure from mercury intrusion porosimetry. Microscopic
observation for the morphology of strätlingite was per-
formed by scanning electron microscopy, together with
energy dispersive spectroscopy. /e GGBS was replaced as
binder with 0, 20, 40, and 60% by weight of the mass. Details
derived from the present study are given as follows:

(1) An increase in the GGBS content in themixture, kept
at 0.4 of W/B, resulted in an increase in the rate of
heat evolved within 0–2 hours, in addition to the
total heat released for 24 hours, in isothermal cal-
orimetry normalized to CAC content. /is may be
supposed to available space in the matrix at early
ages, arising from a lower density of the binary
system with the increase of GGBS content.

(2) Setting time, in terms of initial and final sets, was
decreased with the increase of GGBS content, due to
large amounts of water and space for hydration at the

early ages, except for the case of CAC 80. All CAC-
GGBS mixed mortars exhibited a gradual develop-
ment of strength with time, ranging from 43.8–
57.5MPa at 365 days, while the specimen made with
CAC solely gained the strength rapidly at the early
ages (40.8MPa at 7 days), which subsequently faced
to a sudden reduction due to conversion and then
reincreased up to 45.8MPa at 365 days.

(3) /e continuous increase in the strength for mixtures
of CAC-GGBS was supported by XRD curves,
showing a decrease in the peak intensity for the
C2AH8 phase and simultaneously an increase in that
for stratlingite with time. It may imply that the
presence of GGBS prevents the conversion reaction
to stable hydrates from metastable ones. However,
C2AH8 in CAC 100 was fully transformed into
C3AH6 and AH3 after 28 days of curing at a given
curing regime.

(4) Amodification of the pore structure, in terms of total
porosity, was clearly shown that the increase of
GGBS replacement ratio resulted in a decrease in the
total intrusion volume of mercury at 365 days, except
for the case of CAC 40, which may be attributed to a
marginal CAC particle in the long-term hydration.

(5) /e formation of strätlingite in the paste cured at 365
days was confirmed by microscopic observation
using SEM at all CAC-GGBS mixtures. /e stoi-
chiometric composition of the phase was in the range
of 0.42–0.56 and 1.01–1.22 for atomic ratio of Si/Al
and Ca/Al, irrespective of GGBS content in the
mixtures.
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[17] D. C. Teychenné, “Long-term research into the characteristics
of high alumina cement concrete,” Magazine of Concrete
Research, vol. 27, no. 91, pp. 78–102, 1975.

[18] R. J. Collins and W. Gutt, “Research on long-term properties
of high alumina cement concrete,” Magazine of Concrete
Research, vol. 40, no. 145, pp. 195–208, 1988.

[19] K. Y. Ann, T.-S. Kim, J. H. Kim, and S.-H. Kim, “/e re-
sistance of high alumina cement against corrosion of steel in
concrete,” Construction and Building Materials, vol. 24, no. 8,
pp. 1502–1510, 2010.

[20] M. P. Adams and J. H. Ideker, “Influence of aggregate type on
conversion and strength in calcium aluminate cement con-
crete,” Cement and Concrete Research, vol. 100, pp. 284–296,
2017.

[21] G. Falzone, M. Balonis, and G. Sant, “X-AFm stabilization as a
mechanism of bypassing conversion phenomena in calcium
aluminate cements,” Cement and Concrete Research, vol. 72,
pp. 54–68, 2015.

[22] H. G. Midgley and P. B. Rao, “Formation of stratlingite,
2CaO.SiO2.Al2O3.8H2O, in relation to the hydration of high
alumina cement,” Cement and Concrete Research, vol. 8, no. 2,
pp. 169–172, 1978.

[23] A. J. Majumdar, R. N. Edmonds, and B. Singh, “Hydration of
secar 71 aluminous cement in presence of granulated blast
furnace slag,” Cement and Concrete Research, vol. 20, no. 1,
pp. 7–14, 1990.

[24] A. J. Majumdar, B. Singh, and R. N. Edmonds, “Hydration of
mixtures of ‘Ciment Fondu’ aluminous cement and granu-
lated blast furnace slag,” Cement and Concrete Research,
vol. 20, no. 2, pp. 197–208, 1990.

[25] A. J. Majumdar and B. Singh, “Properties of some blended
high-alumina cements,” Cement and Concrete Research,
vol. 22, no. 6, pp. 1101–1114, 1992.

[26] M. Collepardi, S. Monosi, and P. Piccioli, “/e influence of
pozzolanic materials on the mechanical stability of aluminous
cement,” Cement and Concrete Research, vol. 25, no. 5,
pp. 961–968, 1995.

[27] J. Ding, Y. Fu, and J. J. Beaudoin, “Strätlingite formation in
high alumina cement - silica fume systems: significance of
sodium ions,” Cement and Concrete Research, vol. 25, no. 6,
pp. 1311–1319, 1995.

[28] C. Gosselin, E. Gallucci, and K. Scrivener, “Influence of self
heating and Li2SO4 addition on the microstructural devel-
opment of calcium aluminate cement,” Cement and Concrete
Research, vol. 40, no. 10, pp. 1555–1570, 2010.

[29] B. Pacewska, M. Nowacka, and M. Aleknevičius, “In-
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