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Abstract
Prestressed concrete members have gained popularity as an efficient and effective way of
designing a structural member with the best engineering and material properties. The method
of prestressing a structural concrete member has the capability of controlling increased service
loads with less depth over longer spans. However, deflections from over-loading or loading
over time give a disadvantage to the common steel reinforced concrete members by the effect
of corrosion as the structural concrete develop cracks. To prevent corrosion of a structural
concrete member, exchanging of steel reinforcement with Fiber Reinforcing Polymers (FRP)
has sparked engineering interest in recent years. Both prestressed and non-prestressed FRP
reinforcement can reduce tension in concrete. However, the performance of such structural
members under elevated temperatures is currently unknown. The knowledge and application
of this may lead to a cost effective, and practical consideration in fire safety design. In this
article, an analytical model is developed using flexural rigidity of a concrete T-beam with both
prestressed and non-prestressed FRP reinforcement to study the deflection behavior at
practical elevated temperatures. The model is compared with the finite element model (FEM)
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of a T-beam with both prestressed and non-prestressed reinforcement subjected to practical
elevated temperatures. In addition, comparison is also made with an indirect reference to the
real behavior of the material. The results of the analytical model correlated reasonably with
the FEM and the real behavior, and were within the accepted range of the American Concrete
Institute (ACI) specifications.
Keywords
FRP; concrete; elevated temperatures; deflections; prestress; non-prestressed

1. Introduction
Fiber Reinforcing Polymers (FRP) have exceptional performance in environments in which
exposure leads to corrosion. Eliminating and controlling corrosion of the reinforcement in a
structural concrete member increases the life serviceability and structural integrity of the member.
FRP reinforcement has the ability to maintain it homogeneous properties over time. This means
that a structural member will have the same engineering properties years later just as it was at initial
service. Another method of improving the performance of a structural member is eliminating
tension in the concrete by the application of prestressing and non- prestressed FRP reinforcement.
FRP tendons for prestressing applications are emerging as one of the most promising technologies
in the civil engineering industry [1]. Therefore, the combined technique of using FRP reinforcement
and reducing tension in a concrete structural member will result in increased serviceability and
durability over time.
FRPs are high-performance materials and offer a wide range of applications [1]. However, when
used in building applications, they need to conform to fire resistance rating stated in the building
codes [1]. When exposed to fire, FRP materials may suffer charring, melting, delamination, cracking
and deformation [2]. The epoxy resin in FRP loses stiffness and becomes soft when subjected to
elevated temperatures that exceed the glass transition temperature (Tg). The glass transition region
is the most significant practical region of FRP for design purposes. This is because the system
undergoes significant plastic deformations beyond the region resulting in structural collapse.
The polymer has significant changes in the ability to resist deformation and this has a direct
correlation to the material’s modulus of elasticity. Without protection from heat, a polymer matrix
may also ignite, emit smoke, and support flame spread [2]. The polymer matrix supports and
protects the fibers, transfers and distributes forces to the fibers, and disperses and maintains the
spacing of the fibers [2]. It is fair to say that FRP experiences mechanical changes that can cause an
increase in crack width and greater deflections at elevated temperatures. Therefore, deterioration
of mechanical properties of FRP with increasing temperature, along with associated changes in
member behavior, are important considerations [3].
Hawileeh et al. [4] modeled and studied a finite element model of a T-beam reinforced with steel
rebars and strengthened with insulated Carbon Fiber Reinforced Polymers (CFRPs) sheet exposed
to fire. Good agreement was found between the model and the measured results. Naser et al. [5]
studied T-beams exposed to fire, that were strengthened using CFRPs plates insulated with various
materials. Strong correlation between the predicted, experimental, and finite element results was
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found. Hawileeh [6] performed thermal stress finite element analysis of CFRP strengthened
concrete beam exposed to top surface fire to study the heat transfer mechanism within the
strengthened beam. It was found that heating the top surface minimizes the deflection at the midspan.
There are hardly any studies that have examined a structural concrete beam with pure CFRPs
reinforcement of both prestressed and non-prestressed reinforcement, and even less is known
about the impact of elevated temperatures. Deflection is defined as a characteristic of evaluating
structural serviceability of a FRP reinforced concrete member [7]. Therefore, this basic work
examines the deflection effects of a pure carbon FRP reinforcement with both prestressed and nonprestressed reinforcement in a T-beam at elevated temperatures.
2. Proposed Approach
2.1 Formulation of the Flexural Rigidity (EI)ΔT
The effective flexural rigidity of the composite member at elevated temperatures is carefully
develop-ped by a modulus of elasticity relationship in the reinforcement and concrete. The reason
for the use of this relationship is to establish a single material moment of inertia for the structure.
At elevated temperatures, each material in a composite member experiences a different
reduction in strength, depending on the temperature loading to the structure. This proposed
approach examines and incorporates the strength reductions into the flexural rigidity to determine
deflection. The effective flexural rigidity of the composite member at elevated temperatures is
determined by the following assumptions:
• The fiber composite was assumed to be unidirectional and the fibers to be continuous
and parallel [1]. Modulus of elasticity is uniform in the longitudinal direction of the tension
reinforcement at zero temperature strains.
• Perfect contact exists between carbon fibers and matrix. Delamination shall not occur with
the contact between the tension reinforcement and concrete.
• Strains experienced by the fibers, matrix and concrete are approximately equal [8].
• The strain diagram is linear for concrete members reinforced with FRP reinforcement.
• The normal stress in the non-prestressed and prestressed FRP is equal and in opposite
direction after decompression (prestressing application).
An approximation of the flexural rigidity for a concrete a T-beam with prestressed and nonprestressed fiber reinforcement polymers at glass transition temperatures (Tg) is shown in equation
(1), where (Ec@ΔT) is the temperature based modulus of elasticity of the concrete, and (Ie@ΔT) is the
temperature based effective moment of inertia of the structural composite member. The (Ec@ΔT)
can be calculated using equation (2).
(𝐸𝐼)∆𝑇 = 𝐸𝑐 @∆𝑇 𝐼𝑒@∆𝑇

(1)

𝐸𝑐 @∆𝑇 = 𝑟𝐸𝑐

(2)

The variable (r) is a strength reduction factor that is based on the concrete behavior at elevated
temperatures. This reduction of elastic modulus with varying temperatures has been reported [913] and its application has been shown [1]. The modulus of elasticity of the concrete (Ec), is 𝐸𝑐 =
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4730√𝑓𝑐′ where fc’ is the 28-day compressive strength of the concrete. Next, the temperature based
effective moment of inertia (Ie@ΔT), is a function of the gross moment of inertia (Ig), and the cracked
cross section of the moment of inertia (transformed moment of inertia) (Icr)ΔT Each of these
moments of inertia has a different location for the neutral axis and controls the temperature strain
for the FRP tension reinforcement in the structure. The effective moment of inertia is also a function
of the cracking moment (Mcr)ΔT and action moment (Ma). This is shown in equation (3).
3

𝐼𝑒@∆𝑇

3

(𝑀𝑐𝑟 )∆𝑇
(𝑀𝑐𝑟 )∆𝑇
=[
] 𝐼𝑔 + [1 − [
] ] (𝐼𝑐𝑟 )∆𝑇
𝑀𝑎
𝑀𝑎

(3)

The transformed cross section (Icr)ΔT of the structure converts the material to one material by
converting the FRP reinforcement to concrete. Equation (4), shows the temperature based modular
ratio (ηcfrp@ΔT).
𝜂𝑐𝑓𝑟𝑝@∆𝑇 =

𝐸𝐶𝐹𝑅𝑃@∆𝑇
𝐸𝑐 @∆𝑇

(4)

Where, (ECFRP@ΔT) is developed by the rule of mixtures for the FRP reinforcement. It is known
that the elastic modulus of the fibers is not affected in the glass transition zone of the matrix [14].
This is because the fibers have a higher glass transition temperature then the matrix. Accordingly,
each elastic modulus is multiplied by their respective volume fractions and added together. The
combined modulus is shown in equation (5).
𝐸𝐶𝐹𝑅𝑃 @∆𝑇 = 𝐸𝑚@∆𝑇 𝑉𝑚 + 𝐸𝑓 𝑉𝑓

(5)

2.2 Validation
Equations (1) to (5) will later be used in the application and comparison of results section for
validation with the finite element analysis of a simply supported concrete T-beam with both
prestressed and non-prestressed FRP reinforcement to study the deflection behavior at elevated
temperatures.
3. FEM and Model Description
The failure of reinforced concrete structures, such as prestressed beams, under increasingly
monotonic static loading conditions are of interest to us. These failures have been studied using
discrete crack models [15-18] among many. Most of these approaches have the disadvantage of
being computationally expensive and in one of the approaches [19], the failure is dependent on the
geometry and the topology of the mesh. Remeshing and refinement can overcome this challenge;
however, these computations are also expensive. Mesh free methods have been proposed [20-24].
However, mesh free methods also tend to be computationally more expensive than FEM. Therefore,
in view of our financial constraints, a very simple first approach was under taken here. This can later
be used by other researchers to advance the knowledge. In addition, the following basic guidelines
were used for the FEM beam models: a) define constants, b) material properties, c) establish the FE
mesh, element numbers, and nodes, d) define real loading, boundary conditions, and constraints,
and e) identify the unknown quantities.
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Furthermore, modeling a reinforced concrete structure to produce an effective FEM model relies
on the knowledge and understanding of computations that the software will use to execute the
simulation. For reinforced concrete structures, not only cracking of concrete plays a significant role,
but also the interaction between concrete and the reinforcement [24]. One of the most significant
attributes of modeling a structure using the FEM modeling method is the understanding of how the
bond will be maintained between the concrete and FRP. In this model, temperature loading is
represented in the form of temperature strains and thermal expansion of the material. With an
assumption that perfect bond is still maintained in the structure. Using the concrete constitutive
model together with the bond model, the complicated behavior of a structure can be studied [24].
For our structure, the FEM model was solved by Ansys Workbench 17.2 for multiple elevated
temperature simulations with the import of the geometry and assembly of the member from
SolidWorks 16.0. The structure was designed to the geometry that is common to the civil
engineering industry of a T-shape with tension reinforcement. The T-shaped cross section is more
efficient, have a large moment of inertia compared to a rectangular cross section.
Figure 1 shows the loading of our structure. The loading is symmetric with respect to the midpoint length of the beam under simple support conditions. The uniform distributed load to the
structure was based on the ASCE code [25] and consisted of a dead load of 3.25 kN/m and live load
of 2.87 kN/m. A third point loading condition of 500 kN for the structural system was used to control
the deflection in the member. This third point condition was to avoid the elongation due to
temperature strains from expanding past the roller support condition.

Figure 1 Loading of the structure.
3.1 Modeling Using SolidWorks 16.0
The beam was configured in SolidWorks 16.0 with metric units to develop the T-shape of the
structure. Then, the cross section was extruded to create the length of the beam of 5.5 meters.
Next, the non-prestressed reinforcement was established was established by extruding the six holes
in the bottom of the beam. A hole was then created for the prestressed reinforcement with the
sweep feature of the software. Finally, a model of the tension reinforcement was created for the
assembly of the complete structure in the SolidWorks model. Cross section for the mid-span and
end-span are displayed in Figure 2.
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Figure 2 Concrete cross section of a T-beam with FRP reinforcement location.
Composite material selected for the tension reinforcement of the structure was Carbon Fiber
Reinforcing Polymer (CFRP). The non-prestressed reinforcement was 6 – C2 rebars with a diameter
of 16 mm. Prestressed tension reinforcement had a diameter of 26.89 mm. The concrete cover was
50 mm for the non-prestressed reinforcement, and at midspan the prestressed reinforcement had
105 mm of concrete cover. Note that for this structural system the prestressed reinforcement was
modeled as one area. Referencing from the bottom extreme concrete fiber the distance to the
neutral axis is 427 mm. The beam depth was 765 mm with the depth of the reinforcement at 665
mm. The design of the structure was to model a FRP reinforced T-beam that would reflect a good
result from the temperature based deflection. The effective prestress force was determined by
checking stresses in the concrete for a flexural member [26]. The critical stresses for this structure
were at the midspan, and not to exceed commonly used 35 MPa compressive stress of the concrete.
The compressive stress was based on service load conditions, and calculated by the following
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equation:
𝑓1 = −

𝑃𝑒
𝑒𝑐1
𝑀𝑇
(1 − 2 ) −
𝐴𝐶
𝑟𝑔
𝑆1

(6)

Where, Pe is the effective prestress force, Ac is cross section area, 𝑒 is the eccentricity, c1 is the depth
of the compression, 𝑟𝑔2 is the radius of gyration, MT is the total moment, and S1 is the compression
section modulus.
Therefore,
(120)(103 )
(327)(332.81)
(900.57)(1000)(1000)
𝑓1 = −
(1 −
)
−
(66.756)(103 )
(27.17)(106 )
135500
= −32.58 𝑀𝑃𝑎 < 35 𝑀𝑃𝑎
For this compressive stress evaluation, the effective prestress force was developed to not overreinforce the structure. Whereas a large prestress force might cause the beam to have an increase
in stiffness. Commonly used prestressing to the system was 150 kN for the initial prestressing force.
Therefore, the effective prestressing force from the industry standard was taken as 80% of initial
prestressing. The beam had a max eccentricity at midspan of 327 mm, and to eliminate eccentricity
at the end span the effective prestress force was applied at the neutral axis. A parabolic
reinforcement profile was established with the prestressing force applied at 16°. This angle allowed
the prestress force to be directly in line with the CFRP tendon at the end spans. The eccentricity
varied throughout the profile of the T-shaped cross section. The reinforcement profile for the Tbeam as well as the effective prestressing force is illustrated in Figure 3.

Figure 3 Reinforcement profile of the FRP reinforced concrete T- beam structure.
4. ANSYS Workbench FEM Modeling
The structure was imported into ANSYS 17.2 and the engineering data was assigned to the
structure. Table 1 [5] shows the engineering data. For practical design purposes, in this initial study,
material properties were approximated at elevated temperatures, based on the suggestion of open
literature [3, 9]. The import of the geometry is shown in Figure 4.
Table 1 Material properties.
Material Properties

Concrete

CFRP
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Young's Modulus
(kN/mm2)

27.9

396

Poisson's Ratio (v)

0.18

0.27

Coefficient of Thermal
Expansion (C-1)

1.4×10-5

3.0×10-5

Density (kg/m3)

2300

1540

Figure 4 Geometry import into Ansys 17.2.
To develop the finite element model, the software was configured to several settings in a static
structure application that would produce the results needed for this study. First, the structural
system was set up to bond the reinforcement to concrete. Second, support conditions for a simply
supported structure were positioned at each end of the beam. At the bottom edge of the beam, a
pin connection was modeled by fixing that edge and allowing for rotation about the X-axis of the
structure. At the other bottom edge of the beam, a roller connection was modeled using the
displacement setting. Displacements at that edge was configured to only allow displacement in the
Z-axis.
The other axes were set to zero. This was to control displacement in the X or Y-Axis of the system.
Before, inserting forces to the structure a new coordinate system was established from the global
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coordinate system to allow for the prestressing force to be applied. This new coordinate system had
an origin at each end of the CFRP prestressing tendon/cable and was rotated from the global
coordinate system by 16 degrees. Finally, forces were applied to the structure as shown in Figure 5.
The Figure 5 shows software configuring a mesh for the entire structural system. The meshing was
limited in this study due to the academic use of this software. Meshing statistics for this structure
include 8,963 elements and 16,173 nodes. The three-dimensional mesh was generated on the
surface of the structure. A balance between accuracy and computing time was taken into account
for our mesh size. Thermal SOLID70 element was converted to SOLID65 structural element for
concrete material. Link33 element was converted to structural element LINK8 for CFRPs material.
Thermal problems are generally non-linear in nature. In this initial study, a default convergence
criterion was used. The beam was structurally analyzed with simply supported end conditions.

Figure 5 Forces and FEM meshing applied to the structure.
5. FEM Analysis
The epoxy-carbon FRP system is classified as a thermoset since the matrix for the FRP is
developed from an epoxy. In the glass transition region of the temperature range, the epoxy matrix
has a reduction in mechanical properties mostly influencing the effective elastic modulus of the FRP
system [14]. The temperature range for this study was correspondent with the glass transition range
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of 150-200℃. For design purposes, it is recommended, that maximum temperatures must be less
than the glass transition zone [8]. Also, for design a control, temperature must be established, this
is where, zero temperature strains can occur. In the FEM model, the temperature set for zero
temperatures strain conditions was 22℃.
With all load stages acting on the structure, the FEM model was solved for deflection in the Ydirection. In order to evaluate worst practical scenario, a mid-range glass transition temperature of
175℃ was applied to the entire structure. The structure yielded a deflection of 8.52 mm. Figure 6
illustrates the simulation of the deflected structure.

Figure 6 Deflected structural system.
6. Application and Comparison of Results
In order to determine the deflection behavior of a concrete T-beam subjected to structural and
temperature loading the flexural rigidity must be established for the structure. The flexural rigidity
is composed of a temperature based modulus of elasticity and moment of inertia. This flexural
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rigidity (EI) of the structure is reduced with the effects of temperature loading in the FRP. These
considerations were developed earlier in equations (1) through (5).
For this application, the deflections are considered to have all load stages applied to the structure
simultaneously. These loads are inclusive of all transverse loads and elevated temperature
conditions. The moment of inertia is dependent on the amount of cracking that takes places in the
member. Therefore, the neutral axis moves up decreasing the depth of the compression in the
concrete. The member preforms as an under-reinforced member. When the concrete cracks, the
tension carried by the concrete between the cracks will tend to stiffen the member [26]. However,
at elevated temperature the FRP will elongate as the epoxy matrix loses stiffness.
In the glass transition region (150-200℃) of the epoxy matrix the stiffness is reduced. However,
this reduction in stiffness still allows for load transfer from fiber to fiber throughout the FRP tension
reinforcement. An example with annotation to calculate the deflection of a concrete T-beam with
prestressed and non-prestressed carbon fiber reinforcement polymers at elevated temperatures is
presented in the following discussion:
A simply supported T-beam with a length of 5500 mm and a depth of 765 mm reinforced with
CFRP tension reinforcement is used. The beam is loaded with two loads of 500 kN offset 1833.3 mm
from each support end of the beam. A uniform distributed dead load of 3.25 kN/m and live load of
2.87 kN/m is also acting on the beam. The CFRP tension reinforcement is made up of both
prestressed and non-prestressed reinforcement.
For the non-prestressed reinforcement, six – C2 CFRP rebar are used and a CFRP cable in the
shape of a parabola with a diameter of 26.89 mm is used for prestressed reinforcement. Figure 1
above shows the basic loading of the structure. All tension reinforcement is perfectly bonded to the
concrete and fully braced. A commonly used fiber volume fraction of CFRP between 65-75% is used
[15]. The modulus of elasticity of the matrix (Em) and fibers (Ef) are respectively 3.5 kN/mm2 and
550 kN/mm2. The elastic modulus of the CFRP is 396 kN/mm2 and strength of the concrete, fc’ = 35
kN/mm2. The modulus of elasticity for the concrete is calculated as:
𝐸𝑐 = 4730 √𝑓𝑐′ = 4730 √35 = 27.9 𝑘N/𝑚𝑚2
First, the effective moment of inertia (Ie@ΔT) is established based on the function of the gross
moment of inertia of the cross section (Ig), and the cracked moment of inertia (Icr)ΔT. Each of these
moment of inertia controls the temperature behavior of the FRP tension reinforcement in the Tbeam structure. The effective moment of inertia is also a function of the cracking moment (Mcr)ΔT
and action moment (Ma). This is calculated using equation (3). Where, the limit for the effective
moment of inertia is between the gross moment of inertia and the cracked moment of inertia as
noted in the American Concrete Institute Code [27],
𝐼𝑔 > 𝐼𝑒 > 𝐼𝑐𝑟
We can use superposition of the structure to determine the maximum action moment (Ma) at
the mid-span of the structure.
𝑀𝑎 = − 𝑃𝑒 𝑒 +

(𝑊𝐷 + 𝑊𝐿 )ℓ2 𝑃𝐿 ℓ
+
8
3
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(6.12)(5.5)2
= − (120)(. 327) +
+
8
(500)(5.5)
3
𝑀𝑎 = 900.57 𝑘𝑁 − 𝑚
A 2% reduction in the compressive strength of the concrete generally achieves a temperature
based cracking moment for the structure [26]. This reduction in compressive strength is for
temperatures less than 200℃ [26]. We can then establish the temperature based modulus of
rupture (fr). Then, (fr) = 0. 7 √(. 98𝑓𝑐′ ) = 0.7[0.98*35]0.5 = 4.10 N/mm2. This temperature based
modulus of rupture will account for the moment, when the tension in the concrete causes the
development of cracks on the tension side (yt) of the structure. The cracking moment (Mcr)ΔT is given
by the equation:
(Mcr )∆T =

fr Ig
𝑦t

(7)

The T-shape of the cross section requires the location of the centroid to determine the distance
from the neutral axis to extreme tension fiber of the cross section. Taking the bottom of the cross
section shown in Figure 7 as reference for calculations, we have:

Figure 7 Gross cross section of the concrete T-beam at mid-span.
Σ(𝑦 ′ 𝐴)
𝑦𝑡 =
Σ𝐴
𝑦𝑡 =

4,000,000 + 18,161,250 + 36,400,000
40000 + 43500 + 52000
𝑦𝑡 = 432.16 𝑚𝑚

For the gross moment of inertia (Ig), the application of the parallel axis theorem about the centroid
will be applied using the equation:
𝐼𝑔 = 𝛴(𝐼0 + 𝐴𝑑2 )

Page 12/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101002

Where, (I0) is the moment of inertia with respect to this axis, (A) is the area with respect to the
neutral axis, and (d) is the distance from the local centroid of the area to the neutral axis. Therefore,
1
(200)(2003 ) + (200)(200)(432.18 − 100)2
12
+

1
(100)(4353 ) + (100)(435)(432.1 − 417.5)2
12

+

1
(400)(1303 ) + (400)(130)(700 − 432.18)2
12
𝐼𝑔 = 9,045,456,461 𝑚𝑚4

Substituting the values for the modulus of rupture, gross area moment of inertia, and distance of
the tension side of the T-beam (yt) into equation (7):
(𝑀𝑐𝑟 )∆𝑇 =

(4.10 )( 9045456461)
432.16

= 85.82 𝑘𝑁 − 𝑚
Next, the cracked moment of inertia is calculated for the section considering a temperature of
175℃. The cracked section represents the concrete after tension stress have exceeded the modulus
of rupture for the concrete. This calculation is dependent on the geometry of the transformed area
of the cross section. The CFRP is converted to concrete with the use of the modular ratio in equation
(4).
Generally, the stress-strain curve for concrete subjected to elevated temperatures exhibits a
linear response followed by a parabolic response till peak stress, and then a quick descending
portion to failure [11]. Accordingly, reduction in the relative elastic modulus of concrete also occurs
at these temperatures [12, 13]. There is less than 10% decrease in the modulus of elasticity of the
concrete. This approximate decrease is for a temperature range of 0-200℃. Using equation (2), the
concrete modulus of elasticity is approximately reduced by 5% for a temperature of 175℃.
Therefore,
𝐸𝑐 @∆𝑇 = 𝑟𝐸𝑐 = (. 95)(27.9)
= 26.5 𝑘𝑁/𝑚𝑚2
For the CFRP, it is known that the storage (elastic) modulus for the matrix is developed from a
Dynamic Mechanical Analysis (DMA). Changes in the storage modulus behavior reflect changes in
the polymer matrix and/or the fiber/matrix interface. This is because the carbon fiber modulus does
not change in the temperature region studied [14]. At approximately 170-176℃ range, the matrix
fails to transfer loads between fibers [14]. The tensile strength of unidirectional composites depends
strongly on the fiber–matrix adhesion and the ability of the matrix to transfer stresses from highly
stressed fibers to other fibers [14]. Accordingly, only the reduction in the modulus of elasticity of
the matrix is considered. Using equation (5), and the DMA analysis [14], the strength of the matrix
is reduced by 42% of the original strength of 3.5 kN/mm2.
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Therefore,
𝐸𝑚@∆𝑇 = (. 58)(3.5) 2.03 kN⁄mm2 ; and
𝐸𝐶𝐹𝑅𝑃 @∆𝑇 = 𝐸𝑚@∆𝑇 𝑉𝑚 + 𝐸𝑓 𝑉𝑓
= (. 28)(2.03) + (. 72)(550) = 396 kN⁄mm2
The temperature based modular ratio is determined by substituting the values for ECFRP@ΔT and
Ec@ΔT into equation (4).
Therefore,
𝜂𝑐𝑓𝑟𝑝@∆𝑇 =

𝐸𝐶𝐹𝑅𝑃@∆𝑇
396000
=
= 14.94
𝐸𝑐 @∆𝑇
26500

It is assumed that the neutral axis for the cracked cross section of the structure will be in the
web and not in the compression flange as shown in Figure 8.

Figure 8 Cracked cross section of the concrete T-beam at mid-span.
The cracked moment of inertia (Icr)ΔT is determined by the application of the first moment of
inertia. The tension side of the beam will be setting equal to the compression side of the cross
section to find the location of the neutral axis at a distance (x) away from the bottom of the
compression flange. The total tension reinforcement area at mid-span is:
𝜋
𝜋
(16)2 ) + (26.89)2 = 1774.27 𝑚𝑚2
4
4

𝐴𝑐𝑓𝑟𝑝 = 6 (
Therefore,

𝜂𝑐𝑓𝑟𝑝@∆𝑇 𝐴𝑐𝑓𝑟𝑝 = 26,507.59 𝑚𝑚2
Solving for the location of the neutral axis yields:
(400)(130) (𝑥 +

130
𝑥
) + (𝑥)(100) ( ) = 26,507.59 (660 − (130 + 𝑥))
2
2
𝑥 = 125.82 𝑚𝑚
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Total depth of compression region of the cross section from the top of the compression flange is
255.82 mm, and the total depth of the tension from the centroid of the CFRP reinforcement to the
neutral axis is 404.18 mm.
The moment of inertia for the cracked section (Icr)ΔT can now be calculated as:
1
130 2
3
(400)(130 ) + (400)(130) (125.82 +
)
12
2
1
125.82 2
3)
(100)(125.82
)
+
+ (100)(125.82) (
12
2
+ (26,507.59)(404.18)2 .
Therefore,
(𝐼𝑐𝑟 )∆𝑇 = 6,363,384,270 𝑚𝑚4
Using the values from above, we calculate the effective moment of inertia (Ie@ΔT) using equation
(3):
85.82 3
[
] 9,045,456,461
900.97
85.82 3
+ [1 − [
] ] 6,363,384,270
900.97
Therefore,
𝐼𝑒@∆𝑇 = 6,365,702,225 𝑚𝑚4
Finally, the flexural rigidity (EI)ΔT can be established for the structure at a temperature of 175℃.
Substitution into equation (1) provides:
(𝐸𝐼)∆𝑇 = 𝐸𝑐 @∆𝑇 𝐼𝑒@∆𝑇
(𝐸𝐼)∆𝑇 = (26,500) (6,365,702,225)
(𝐸𝐼)∆𝑇 = (1.69)(1014 ) 𝑁 − 𝑚𝑚2
Superposition will now be used to determine the deflection.
5𝑃𝑒 𝑒ℓ2
𝑃𝐿 ℓ3
5(𝑊𝐷 + 𝑊𝐿 )ℓ4
∆𝑇 = −
+
+
48(𝐸𝐼)∆𝑇 46(𝐸𝐼)∆𝑇
384(𝐸𝐼)∆𝑇
(5)(120000)(327)(5500)2
∆𝑇 = −
(48)(1.69)(1014 )
+

(500000)(5500)3
(46)(1.69)(1014 )
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(5)(6120)(5.5)4 (1000)3
+
(384)(1.69)(1014 )
∆ 𝑇 = 10.40 𝑚𝑚
The ANSYS model predicted a deflection of 8.52 mm. This 1.87 mm difference can be attributed
to delamination of the FRP tension reinforcement and prestress losses in the structure. In addition,
this deflection is within the recommended ACI deflection range of ℓ⁄800 to ℓ⁄525. In an attempt
to provide an indirect reference to the real behavior of the material, a smoldering fire as described
in Application of Fire Safety Engineering [28] was chosen to display the internal behavior of the
structure in a fire scenario. It was found that their deflection was 8.52 mm. This is in good agreement
with our work.
7. Conclusions and Future Studies
In this article a basic analytical model is developed using the flexural rigidity of a concrete T-beam
reinforced with both prestressed and non-prestressed CFRP reinforcement to study the deflection
behavior within the range of practical elevated temperatures. The model is compared with a finite
element model of a concrete T-beam reinforced with same reinforcement subjected to practical
elevated temperatures. In addition, comparison is also made with an indirect reference to the real
behavior of material. It was found that the results of the analytical model correlated reasonably
with the finite element model, real material behavior, and were within accepted range of the ACI
specifications.
It may be noted that this work is a basic first step towards cost effective, efficient, and practical
consideration in fire safety design of FRPs. There are various prospects of extending the scope of
this work. Some of the future areas of study maybe to develop models with different fibers, perform
experimental work, and carry out comparative analyses. These may further progress considerations
in fire safety design.
Notation
𝐴
=
Ac
=
Acfrp =
c1
=
d
=
Ec
=
E𝐶 @∆T =
ECFRP@∆T =
Ef
=
Em
=
Em@∆T =
(EI)∆T=
e
=
f1
=

Area of the geometry
Area of the gross concrete cross section
Area of the total tension CFRP
Distance of the neutral axis to the top of flange
Distance to the neutral axis
Modulus of elasticity for the concrete
Temperature based modulus of elasticity of the concrete
Temperature based modulus of elasticity of the CFRP
Modulus of elasticity for the fiber
Modulus of elasticity for the matrix
Temperature based modulus of the matrix
Temperature based effective flexural rigidity for the structural system
Eccentricity
Compressive stress in the top extreme concrete fiber
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fc′
=
fr
=
Icr
=
Ie
=
Ig
=
Io
=
(Icr )∆T =
Ie@∆T =
ℓ
=
Ma
=
MT
=
(Mcr )∆T =
Pe
=
PL
=
r
=
rg
=
R1
=
R2
=
S1
=
Tg
=
Vf
=
Vm
=
WD
=
WL
=
𝑥
=
yt
=

Compressive strength of the concrete
Modulus of rupture
Cracked moment of inertia
Effective moment of inertia
Gross area moment of inertia
Moment of inertia about geometric centroid
Temperature based cracked cross section of the moment of inertia
Temperature based effective moment of inertia
Length of the structure
Action moment
Total service Moment
Temperature based cracking moment
Effective prestressing force
Live load force
Reduction factor of the concrete modulus of elasticity
Radius of gyration
Reaction force at the left support
Reaction force at the right support
Top section modulus
Glass transition temperature
Volume fraction of the fiber
Volume fraction of the fiber
Uniform distributed dead load
Uniform distributed live load
Distance to the neutral axis from the bottom of the compression flange
Depth of the tension section of the cross section

Greek letters
∆T
=
𝜂cfrp@∆T =
𝑣
=

Deflection at elevated temperature
Temperature based modular ratio
Poisson’s ratio
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Abstract
The tribological properties of ZnO thin film coated on an aluminium work piece by RF
magnetron sputtering were studied as a function of deposition power, substrate coating
temperature, heat treatment and rotation speed. The variation in the coefficient of friction of
ZnO films produced under various levels of coating parameters and conditions were
experimentally determined using a pin-on-disk tribometer. The results showed that with
change in deposition conditions and heat treatment, there are significant microstructural
changes in ZnO films, which affect the coefficient of friction. The hardness of the prepared
films was also tested using a Vickers Hardness testing machine. There was a consistent and
considerable decrease in the friction coefficient of the aluminium working piece after ZnO
coating. It is found that the ZnO can be used as a low friction coating material for components
working under oxidative and high temperature environments.
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Coefficient of friction; zinc oxide; annealing; RF magnetron sputtering
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Nomenclature
AFM

Atomic force microscopy

MoS2

Molybdenum disulfide

ALD

Atomic layer deposition

PLD

Pulsed laser deposition

COF

Coefficient of friction

RF

Radio frequency

CBN

Cubic boron nitride

rpm

Rotations per minutes

DLC

Diamond-like carbon

SEM

Scanning electron microscopy

pmax

Hertzian contact pressure

WS2

Tungsten disulfide

µk

kinetic friction coefficient

XRD

X-rad diffraction

MEMS

Micro-Electro-Mechanical system

ZnO

Zinc oxide

1. Introduction
Surface coatings are an effective alternative to liquid lubricants to improve the performance of
materials in aggressive environments. Tribological applications require stable and durable coatings
that function as lubricants and prevent surface damage. Thin films are usually used in tribology
applications to improve the coefficient of friction, wear resistance and for aesthetic purposes. Some
of the well-known solid lubricants include MoS2, cubic boron nitride (c-BN), diamond-like carbon
(DLC), and graphene. However, a single solid film lubricant that could be used at various levels of
humidity, temperature and pressure cannot be identified due to the complexity of the mechanisms
that give these materials their lubricating properties. For instance, graphene is a good lubricant
under high humidity conditions, whereas MoS2 and DLC cannot be used as the solid lubricants in
the presence of atmospheric moisture [1-3].
Transition metal sulfides such as MoS2 and WS2 are some of the highly investigated solid
lubricants due to their layered crystal structures. However, its lubricating properties deteriorate
under high humidity and high temperature conditions. In order to address this drawback of metal
sulfide-based lubricants, metal oxide films have been investigated for tribological purposes. Among
them, ZnO attracted much attention because of its high stability at elevated temperatures and in
reactive environments. ZnO thin films have found widespread applications in MEMS, electronics and
mechanical coatings because of its properties such as low thermal expansion, high melting
temperature and thermal capacity [4-7]. ZnO is an environmentally benign and well abandon
material. Also, ZnO can be used in bioengineering applications such as bone and joint replacements
and tissue culture. The high heat capacity and heat conductivity, low thermal expansion and high
melting temperature of ZnO are beneficial for the above applications. Tribological and mechanical
properties of the ZnO thin films have been investigated in the past to enhance the operating life of
devices. Chai, Liu et al. [8, 9] studied the ZnO layer deposited by atomic layer deposition (ALD) for
different crystal structures and have found the coefficient of friction to be in the range of 0.08-0.12.
The low friction coefficient of ALD-deposited ZnO films was due to its smaller crystal size and
deposition temperature. S.V. Prasad et al. conducted experiments at room temperature using a
pulsed laser deposition (PLD) process. It was found that the friction coefficient was in the range of
0.1-0.16 [10] when the coating was done in the presence of oxygen [10, 11]. However, the
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coefficient of friction was higher when the coating was done in vacuum (0.34). The steady state
coefficient of friction for PLD ZnO ranged from 0.16-0.34 [11]. In another study reported by Zabinski
et al. [12], the coefficient of friction of hot-pressed ZnO was 0.65, relatively high compared to the
other reported values.
It was evident from the literature review that the coefficient of friction depends on deposition
technique, temperature and atmosphere. However, tribological studies on ZnO films deposited by
an RF Magnetron Sputtering technique has been rarely undertaken. In this study, ZnO films coated
by a reactive RF magnetron sputtering technique on an aluminium substrate were investigated. The
friction coefficient was calculated using a pin-on-disc tribometer arrangement using steel pins. The
variation of the coefficient of friction as a function of the sputtering parameters, such as deposition
power and substrate temperature, was determined for the ZnO film. The effects of the sputtering
parameters and the heat treatment on the microstructure and hardness were also investigated
using electron microscopy, X-ray diffraction analysis and Vickers hardness tests. It was found that
the tribological properties of ZnO can be modified by changing the processing conditions.
2. Experimental Procedure
ZnO thin films were developed on the aluminum substrates by an RF (13.56 MHz) radio frequency
magnetron sputtering. In this research, the zinc target (99.9% zinc) was bombarded with positive
argon ions [13, 14], which displaced the zinc atoms. The argon/oxygen ratio was controlled at 1:1
to influence the chemical composition of the finished ZnO film. A pressure of 125 mTorr (24 x 10 -4
psi) was created using a multi-stage vacuum pump.
The ZnO coatings were done at three different combinations of RF power, coating time and
substrate temperature. The first set of coatings were done at 250 W for 90 min. and the second set
at 300 W for 60 min. The third set of coatings were deposited while heating the aluminum substrate
to 100 °C during the deposition of ZnO at 250 W for 90 min.
The coefficient of friction was measured using a pin-on-disc tribometer. The frictional force
exerted on the surface of the sample was measured by the deflection of a stationary pin. The coated
substrate was mounted on the chuck and rotated at a constant speed using a DC motor. The pin
was placed on the surface of the disk so that it touched the sample’s surface. The deflection in the
counter face pin was measured using a set of strain gauges. A detailed description of this instrument
can be found elsewhere [15, 16]. The pin was made of steel (SS 301) rod with a diameter of 6 mm.
The radius of curvature of contact region was 0.5 mm and the surface roughness of the pin was 110
± 10 nm. A normal force was exerted on the pin due to its own weight and external application of
normal force. Extra weights were used to change the normal force during different experimental
runs. A data acquisition system interfaced with a computer was used to acquire the strain gauge
data. ZnO was coated on the aluminum alloy 1100 as it is commonly used in general fabrication and
metal spinning. Aluminum alloy 1100 has a composition of 99.88% Al, 0.1% Cu and 0.02% other.
Prior to deposition, the substrates were cut into appropriate dimensions (8 cm x 8 cm, thickness 0.8
mm) and polished to remove any surface cracks. It was then cleaned with soap, water, and isopropyl
alcohol to remove grease and dirt. Finally, the substrates were then sonicated in a mixture of
acetone, isopropanol alcohol and distilled water for removing surface contaminations.
The pin-on-disc tribometer tests were conducted on annealed and unannealed samples. The
samples were annealed to understand the effect of surface hardness on the coefficient of friction.
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During annealing, the ductility of the material increases, and the surface hardness decreases. Hence,
the friction coefficient of the annealed samples should be greater than unannealed samples.
Annealing was done on one of every set of the above samples at 400 °C for 1 hr.
The X-ray diffraction (XRD) analysis was accomplished with a Cu Kα (λ=1.5418 A˚) radiation
(PANalytical X’Pert Pro MPD) to determine the crystal structure of both the Al substrate and ZnO
films. The scan range was maintained from 20 °C to 70 °C. The surface roughness of thin films was
estimated with atomic force spectroscopy (AFM) measurements.
3. Results and Discussion
3.1 Structural Properties
Figure 1 shows the XRD results of the Al substrate with and without annealing. According to
JCPDS 01-1176, both substrates displayed clear peaks corresponding to (111), (200) and (220) planes
of Al. However, several low-intensity Al2O3 peaks could be observed from both spectra shown. This
is due to the naturally-formed protective ultra-thin Al2O3 layer on the substrate surface before the
experiments. This layer prevented further oxidation of the inner part, even at 400 °C. In addition,
after the heat treatment the (200) showed a higher intensity relative to the other peaks, which
indicated a possible preferential growth at (200) direction (not shown in XRD).

Figure 1 The XRD results of the as-prepared and annealed Al substrates.
Figure 2 displays the XRD results of ZnO coated Al substrates before and after annealing at 400
The XRD patterns show peaks corresponding to polycrystalline ZnO films. By comparing these
peaks’ positions with JCPDS 01-075-0576, the peaks corresponding to (100), (002) and (101) planes
from 30°to 40°were identified and labelled in Figure 2. A preferential growth of ZnO along the (002)
plane could be observed. Also, the annealed ZnO/Al sample showed an overall higher peak intensity,
indicating that the annealing process enhanced the degree of crystallinity of the ZnO film.
°C.
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Figure 2 XRD results of the as-deposited and annealed ZnO/Al samples.
Figure 3 shows the SEM images of the Al substrate, the as-deposited ZnO layer on the Al, and the
annealed ZnO layer on the Al substrate. The film surfaces roughness of coated films was studied
with atomic microscope (AFM). The Al substrate has directional scratches of a few hundred
nanometers (average roughness 120 nm (scanned area is 1 m2), which were created during the
polishing process. After the coating of the ZnO using the sputtering method, the film surface became
smoother as shown in Figure 3(b). In order to find more information about the as-deposited ZnO
layer, a higher resolution of the as-deposited film is shown in Figure 3(d), and several subnanometer-size ZnO grains can be clearly seen on the surface. When the film was annealed, the
grain size increased due to crystal growth from the thermal diffusion process as shown in Figure
3(c).

a

b

c

d

Figure 3 SEM images of the Al substrate (a), as-deposited ZnO layer on Al (b), annealed
ZnO layer (c), and high-resolution SEM image of the as-deposited ZnO Al substrate (d).
Images compare surfaces after and before coating of ZnO thin films. The figure (d) shows
the size of ZnO crystallites produced on the surface.
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3.2 Hardness
Table 1 summarizes the Vickers hardness of the as-deposited annealed ZnO film and the
aluminium substrate. The thickness of these ZnO films was 300 ± 10 nm with a uniform coating
because the substrates were rotated during the coating process. These results are in reasonable
agreement with previously reported data for both ZnO [17] and aluminium [18]. Also, ZnO films
obtained by this method is very transparent as observed in the optical images of coatings shown in
Figure 7. No significant difference in the hardness of the as-deposited zinc oxide film and substrate
was observed. All the variations of the ZnO coatings before annealing indicated similar Vickers
hardness values (approximately 20 MPa). Due to a small change in hardness values in ZnO films
made at different rf power levels, it is difficult to make exact correlation between the tribology
properties and Vickers hardness of films. However, after annealing, a noticeable difference in
hardness was observed because annealing decreases the hardness of the aluminium substrate and
ZnO coating. This decrease in hardness increased the ductility of the ZnO film which caused it to
wear faster.
Table 1 Vickers hardness of substrate and ZnO film coated samples before and after
thermal annealing, in MPa (Measurement error ± 0.05 MPa).
As-deposited

Annealed

As-received Aluminum

40.1

32.9

ZnO (250 W)

19.6

15.2

ZnO (300 W)

19.8

18.5

ZnO (250 W) deposited @ 100 °C

19.8

-

3.3 Coefficient of Friction
The coefficient of friction for the different parameters and variations of the ZnO coatings was
compared. The friction coefficient (µ k) was calculated for steady state kinetic friction. Frictional
force measurements were calculated using constant speeds of 100 rpm and 150 rpm and with a
constant normal load of 0.25 N. Maximum Hertzian contact pressure (pmax) of bulk materials has
been calculated using the contact pressure eq. (1) [19, 20].
𝑃𝑚𝑎𝑥 = {

3𝑃
}
2𝜋𝑎2

(1)

Here, P is applied normal load and a is the contact radius. Due to the normal load of 0.25 N,
Hertzian contact pressure is exerted on the interacting materials, which was calculated to be 262
MPa (maximum Hertzian contact pressure). The experiments were conducted at ambient room
temperature and pressure. However, this calculation can be employed as an approximation because
the maximum Hertzian contact pressure of thin film coated on different materials are very different
from bulk materials [21].
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Table 2 represents the average of 10,000 data points of coefficient of friction (COF) measured
during steady state conditions. The tribology tests were conducted multiple times on identical
samples to ensure repeatability. It was noticed that the COF value increased when the speed was
increased. This increase in COF with speed was due to obstruction caused by the debris particles of
the ZnO layers scratched from the surface of the film. When the ZnO films were subjected to higher
speeds under the same load, these layers deteriorated at a faster pace. These dislocated film
particles caused an obstruction in the path of the counter face stainless steel pin. Thus, there is an
increase in the COF at higher speeds. This trend was consistently observed in all variations of the
zinc oxide coatings.
Table 2 Average of 10,000 data points of COF of various ZnO films for two different speeds.
Layer/Type of surface

100 rpm

150 rpm

As-received Aluminium

0.60

0.84

ZnO (250 W, 90 min)

0.14

0.17

ZnO (250 W, 90 min, 100 °C)

0.19

-

ZnO (300 W, 60 min)

0.28

0.38

As-received Al annealed

0.87

0.85

ZnO (250 W) annealed

0.21

0.22

ZnO (300 W) annealed

0.34

0.37

However, compared to unannealed samples, annealed samples showed a smaller increase in the
coefficient of friction at an increased speed. This is because annealing increases the ductility of the
film at the expense of hardness. This increase in ductility increases the friction coefficient but
decreases wear. Hence, wear debris that assisted in an increase of friction was not formed easily
due to the increase in ductility. The annealing process increased the coefficient of friction, but it
also proved helpful at higher speeds as it reduced the formation of wear debris. Therefore,
annealing proved to be a good alternative for higher speed applications.
Figure 4 shows a comprehensive view of the effect of the coating parameters on the tribological
properties of ZnO films on an aluminum substrate. The COF of the base material (as-received
aluminum) was compared with the coatings prepared at different combinations of RF power,
coating time, and substrate. The first set of substrates, (a) in Figure 4, was coated with 250 W RF
power for 90 min inside a vacuum chamber with an argon/oxygen ratio of 1:1. The second set of
substrates, (b), was heated to 100 °C for deposition of the ZnO film with 250 W RF power for 90 min
inside a vacuum chamber with a similar Argon/Oxygen concentration. The third set of ZnO coatings,
(c), was obtained with an RF power of 300 W and a deposition time of 60 min.
There was a consistent significant decrease in the average COF of the substrates after the ZnO
coatings were deposited, compared with the as-received aluminum substrate. The as-received
aluminum had an average COF of 0.6; after ZnO deposition the COF drastically decreased to 0.17
(RF 250 W), 0.19 (RF 250 W, heated) and 0.37 (RF 300 W). The behaviour of the friction coefficient
of the ZnO 250 W film was found to be irregular, ranging from 0.12 to 0.25. However, when the
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substrate was heated to 100 °C during the deposition, the fluctuation in the coefficient of friction
decreased and a steady value of 0.2 was observed throughout the entire test cycle.

Figure 4 The coefficient of friction for the ZnO coatings at 150 rpm; (a) ZnO deposited at
250 W, (b) ZnO deposited at 250 W, pre-heated, (c) ZnO deposited at 300 W coatings
and the as-received aluminium without a coating. (Standard deviation of data for (a),
(b), (c) and (d) are 0.044, 0.0063, 0.025, and 0.038, respectively).
As represented in Figure 4, the friction coefficient depends on the RF power, coating time and
substrate conditions. The coefficient of friction increased with an increase in the coating power from
250 to 300 W. Han et al. conducted a surface morphological analysis of sputtered ZnO films at
various sputtering power ranging from 90 to 140 W. It was concluded that as the sputtering power
is increased, the grains begin to grow loosely, and the thin film will have a rugged and irregular
structure [22]. Also, with an increase in sputtering power, an oriented crystallographic growth of
ZnO film occurred along the (002) plane with the c axis perpendicular to the aluminum substrate.
This increased the surface roughness of the deposited film [23]. For this study, the surface
roughness of the film produced at 300 W was higher than the one produced at 250 W, thus
increasing the coefficient of friction with sputtering power.
As stated earlier, when the coating was done at a substrate temperature of 100 °C, the fluctuation
in the coefficient of friction with the number of cycles decreased. However, no apparent change in
the mean friction coefficient was observed compared with the coating at room temperature.
Increasing the substrate temperature while sputtering increases the deposition rate, grain size and
oxygen concentration on the film. However, this increase was dominant only at substrate
temperatures above 250 °C [12, 24, 25]. Since the substrate temperature was kept at 100 °C, there
was no dominant change on the microstructure to affect the friction coefficient. However, substrate
heating could reduce the biaxial stress generated on the film and therefore the friction coefficient
did not fluctuate with time for this experiment [26].
Figure 5 shows the annealing effect on COF of ZnO, as well as on the Al substrates. The annealing
reduces the number of dislocations that lead to the change in ductility and hardness. After annealing
the ZnO coated substrates, the hardness decreased which had a direct effect on the COF. Annealing
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increased the COF and ductility with a decrease in hardness. This behaviour and an increase in the
COF after annealing was noticeable in Figure 4. For the 250 W coatings, the average COF increased
from 0.17 before annealing to 0.22 after annealing. At the time of deposition of the thin film, the
ZnO grains on the surface were not formed homogeneously, which provided a consistent layer of
reduced friction due to a smaller grain size. The increase in the COF after annealing is also apparent
in the as-received aluminum substrates as the average COF increased from 0.6 (as-received) to
0.866 after annealing at 400 °C.

Figure 5 The coefficient of friction for the ZnO coatings at 150 rpm and the as-received
aluminum annealed. (Standard deviation of as-deposited ZnO film, annealed ZnO and
as-received Al are 0.042, 0.056 and 0.055, respectively).
Investigations on the effect of coating pressure and annealing on the microstructure of the ZnO
film have been conducted in the past [26, 27]. Hiramatsu et. al conducted experiments on the effect
of coating pressure on the microstructure of the ZnO film after annealing. It was found that the
change in biaxial stress due to annealing is less for ZnO film produced at a coating pressure greater
than 7 Pa. The sputtering pressure for this study was 16 Pa, and at this pressure the change in biaxial
stress due to annealing is greater for aluminum than the ZnO film. This gives a possible explanation
for why the observed increase in the friction coefficient was greater for the aluminum substrate
than the ZnO. The average COF increased from 0.6 to 0.866 in the case of aluminum but for ZnO this
increase was only from 0.17 to 0.22.
Figure 6 shows the variation of the COF with time for a ZnO thin film deposited at room
temperature (28 °C) and at a power of 250 W. This test was conducted at 150 rpm under a load of
0.25 N. Although at initial stages the COF is slightly high, it decreased after 4 min. Sputtered ZnO
films have preferential growth along the (002) direction (perpendicular to the substrate) [16, 23].
Because of this preferential growth, the average roughness of the as-deposited film is higher, and
this leads to an increase in the coefficient of friction for the as-deposited film. With an increase in
cycle time, this preferentially grown ZnO will be worn off, thereby reducing the roughness and the
friction coefficient. The average steady state COF of the ZnO film in long term use was found to be
0.19. During the testing of the ZnO film for 25 min, the COF value remained in the same range with
low variations and steady lubricity. Though this test run is not enough to fully understand the
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dynamic performance of ZnO, this data indicated that ZnO can be a very useful coating material for
moving components of mechanical systems.

Figure 6 The long-term friction performance of a ZnO thin film. The ZnO thin film was
deposited at room temperature (28 °C) and at a power of 250 W. The test was conducted
at 150 rpm under a load of 0.25 N. (Standard deviation of whole data shown above is
0.072 and standard deviation for data in 6 - 25 min is 0.02).
The difference in tribological performance and the COF of annealed and as-deposited coatings
can be explained by observing the wear tracks after the tribology tests. Figure 7 shows the
difference in the wear tracks between the as-deposited and annealed ZnO coatings. The asdeposited ZnO coatings showed a very low COF of 0.17, whereas the similarly deposited and
annealed ZnO substrates had a COF of 0.22. In Figure 7(a) the width of the wear track is narrower
compared to Figure 7(b). The increase in the width of the wear track is due to the decreased
hardness after annealing. We believe that the wear happens because delamination of the ZnO layer
due to mechanical vibration of coated layer on the substrate. When the film is heated (annealed),
there is more possibilities towards delamination of ZnO from the substrate due to the variation of
thermal expansion of two materials.

Figure 7 The surface morphology of the ZnO film coated with 250 W power on (a) the
as-received aluminum and (b) after annealing. The annealed substrate has a wider wear
track than the as-received aluminium substrate indicating that the substrate
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preparation also plays a significant effect on wear characteristics of ZnO films.
4. Conclusion
This paper reposts the dependence of tribological properties of ZnO thin films as a function of
deposition conditions and post-thermal annealing.
● ZnO films prepared by RF magnetron sputtering with different deposition powers and
durations were investigated to understand their tribological behaviour.
● The effect of annealing on the microstructure, hardness, and coefficient of friction was also
studied. It was found that low power deposition over a longer period is preferable for better
tribological performance. Post-annealing process influences the wear characteristics of ZnO films
due to the weakening of the interface between ZnO and substrate.
● The annealed ZnO films produced a higher COF but they performed comparatively better at
high rotation speeds.
● Although the COF of ZnO coatings deposited by RF magnetron sputtering were found to be
low, they were still higher than other deposition techniques such as atomic layer deposition (ALD)
and pulsed laser deposition (PLD).
● Finally, sputtering proves to be more effective in decreasing the COF than thermal
evaporation, sol-gel and hot-pressing deposition techniques.
Currently, we are investigating the possibility to use ZnO coating in an additive manufacturing
process.
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Abstract
We fabricated various nanoaperture plasmonic platforms for single-molecule detection. We
fabricated nanoapertures like nanopores on a pyramid and nanoslits on an Au flat membrane
using a Ga ion focused ion beam drilling technique, followed by irradiating with a high energy
electron beam, dependent on the electron beam current density to obtain nanoapertures
with a few nanometer sizes (circular nanopore, nanoslit pores). We examined their optical
characteristics with varying aperture sizes and sample thicknesses. We obtained broad
emission spectra in the visible and infrared region from the (7 x 7) slit array and a sharp, strong
infrared emission peak from the Au nanoparticle on the substrate. The fabricated Au platform
with ~10 nm nanometer opening can be employed as a single-molecule sensor and an infrared
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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thermal emission device.
Keywords
Au nanoaperture; intraband; interband emission; surface plasmon; transmission electron
microscopy; focused ion beam technique

1. Introduction
There have been tremendous interests in nanoapertures for single-molecule detection since DNA
translocation and analysis via the natural nanopore (alpha-hemolysin nanopore) was carried out [1].
However, due to the negligible optical intensity through the tiny nanoaperture, plasmonic optical
enhancement is required either by plasmonic hot spot or pattern-grooving and periodic arrays [27]. Recently, a SiN nanopore surrounded with Au nanowell with ~ 100 nm diameter was fabricated
[8] due to the difficulties in fabrication of the nanometer-sized metallic apertures.
The Au nanopore formation, using a diffusion technique, with a diameter of ~ 5 nm was also
reported [3-7] and using a drilling technique with high-energy electron beam irradiation [9]. The
fabricated Au nanopore slit array with ~ 10 nm slit width can be utilized as a portable optical
detection device for single-molecule analysis.
The fabrication of the nanoapertures with periodic groove patterns was reported to enhance the
optical intensity through the tiny aperture [3-6, 9]. The pyramidal probe has been found to provide
excellent light confinement inside a V-shaped cavity and enhanced optical throughput via cavity
resonance and nanofocusing [3, 8-11]. Hence, the metallic nanostructure with an inverted
pyramidal pit array would provide the immensely enhanced optical intensity for surface plasmonic
Raman spectroscopy (SERS) [12]. We previously reported the SERS intensity enhancement using
biolinker 1,2-Di(4-pyridyl)ethylene on the nanopatterned pyramidal probe [9].
Circular-type nanopore formation on pyramidal apices using focused Ga ion beam milling
techniques followed by electron beam irradiations under high energy electron beam techniques has
also been reported [3-7]. Upon high energy Ga ion impingement on the sample surface, atomic
mixing occurs in the melted region within picoseconds, the ions diffuse, followed by the nanopore
formation. This phenomenon can be ascribed to the thermal spike model [7, 13, 14]. During high
energy ion beam impingements, the pore closing would occur due to the formation of a stressed
viscous surface layer from high thermal temperature and atomic transport to the pore or mobile
surface atom diffusion to the pore.
Fabrication of a circular-type nanopore with its diameter ranging from ~3 nm to ~10 nm using
various surface modifications was reported [3, 4, 6-7, 9]. Ostwald ripening and spinodal
decomposition on the diffused membrane were also observed under high-intensity electron beam
irradiation [9]. It is generally understood that, for the samples with their aperture diameter smaller
than the aperture thickness, the Au and C atoms diffuse inside the aperture, and it shrinks and forms
the nanopore diffused with Au atoms and C atoms [4-7]. However, when the aperture diameter is
larger than the aperture thickness, diffusion of Au and C atoms never occurs for TEM electron beam
treatments. On the contrary, for the electron beam irradiations using FESEM, the aperture always
shrinks regardless of the ratio of the aperture diameter to the aperture thickness. It may be
Page 34/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101004

attributed to the fast solid-state diffusion under very high electron beam probe current density of
1 nA/nm2 for FESEM and to the liquid state equilibrium under electron beam irradiations with its
current density ranging from ~102 pA/cm2 to a few pA/cm2 using TEM [4-7].
Growth of Au nanoparticles in nature was reported to have five body structures; the tetrahedron,
the cube, the octahedron, the pentagonal dodecahedron, the icosahedron, as proposed by theory
of five geometrical body structures in nature by Greek Philosopher, Plato. The faces of Plato’s
polyhedral are triangles, squares, and pentagons. Later, Kepler was inspired by observing the
growth and the shape of pomegranate seeds and constructed the highly symmetric rhombic
polyhedral [15]. The vacuum-deposited gold film consists of nanoparticles and multiple twin particle
clusters with various shapes and sizes, of decahedron shape and icosahedron shape such as multiple
twin particles (MTP) with a decahedron shape and an icosahedron shape [16-17]. Irregular variation
of melting temperature for Au nanoparticles would present experimental difficulties for
reproducible results [18, 19]. Au clusters with magic numbers are stable with higher melting
temperatures than those of the usual nanoparticles [19-21].
During the electron beam irradiation on a thick specimen, a rise in its local temperature can be
easily achieved, for high-energy electron beam irradiation, using FESEM or TEM. Widening or the
closing (shrinking) may occur depending upon the viscosity of the heated membrane and the surface
tension force, and the vapor pressure of the material [3-7, 22, 23]. Also, because graphene is a 2D
sheet of carbon atoms and the carbon-graphite filter membrane consists of a periodic layer-by-layer
slit structure with ~5 nm gap [24, 25], the Au nanopore slit array containing carbon atoms could be
an excellent candidate for the plasmonic nanoaperture platform. For nanoscale double slits, the
surface plasmonic wave from the nanoslits can provide the periodic interference phenomena for
the TM wave between the nanoscale slits, which reduces or enhances the intensity of the far-field
[26-28]. With proper control of the circular aperture pitch and the nanoscale slits separation gap,
the optical intensity can be enhanced.
Fabrication of plasmonic nanopore on a pyramid and nanoscale double slits is previously
investigated [5-7, 29-31]. It is reported that the light transmission through a conical type aperture
is dependent on the polarization and aperture size for ka << 1, where k is the wave vector while a is
the radius of the circular aperture [32, 33]. Lord Raleigh developed the theory of diffraction by a
small nanoparticle and found that the far-field optical emission profile cannot distinguish its shape
because light cannot recognize the particle with a size much smaller than the wavelength [34]. This
theory can be applied for the nanoaperture with its size much smaller than the wavelength,
combining the Babinet principle [35]. Besides, with decreasing aperture size, the diffracted angle
increases, and the intensity profile becomes broader even with a backward scattering up to ~40%
for the conical aperture diameter of 60 nm [32]. Furthermore, for the conical aperture diameter of
60 nm and P-polarized beam, backward scattering of the incident beam from the aperture is
theoretically presented using quasi-multiple dipole approximation and can be attributed to a
Poynting vector flow along the pyramidal surface of the aperture on the pyramidal apex [33].
Surface plasmon (SPP) mediated intraband emission, and the SPP-coupled transmission peaks
with incoming waves dependent on the size of the nanoaperture and the sample thickness are
reported [36]. The intraband optical peak at 500 nm is shown on the 180 nm thick Au films with and
even without a single hole with ~250 nm diameter. Visible emissions are generated from the
interband transitions of the d-band electrons into the conduction band followed by radiative
recombination, and the strong infrared emission has resulted from the intraband transitions
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mediated by the confined fields near metal nanostructures (localized surface plasmons) [37].
Localized surface plasmon generates an emission peak in the infrared region due to the intraband
transitions between conduction band states [37, 38]. The spatial confinement and coupling of the
near-field results in an increase in the contribution of higher-order transition moments such as the
electric quadrupole and octupole. Hence, the radiative intraband transitions in the conduction band
can be allowed to cause the near-infrared emission observation of the nanostructures.
The strongly confined fields near gold nanostructures like a nanoslit array with a tiny ~10 nm
opening width can also generate emission peaks in the infrared region due to the intraband
transitions between conduction band states. The strong emission spectra in the visible range from
the tiny apertures with various shapes can be utilized for single-molecule detection and analysis.
Additionally, near-infrared emission, generated by nanoslits, can also be utilized for the far-field
emitters and possible nearfield thermal cooling [39, 40]. In this report, we will demonstrate the
fabrication of various nanoaperture platforms with a circular-type aperture and a nanoslit-type
array and their optical characterizations.
2. Materials and Methods
Two types of Au nanoaperture platforms will be designed and fabricated: Nano-aperture array
on the pyramid and flat membrane. First, we carried out the fabrication of nanometric size aperture
arrays on top of oxide pyramids using conventional Si microfabrication techniques as in Figure 1(a)1(f). Additionally, TEM grid samples with (100 m x 100 m) SiN membranes were also purchased
from TEMwindows Company (www.temwindows.com), followed by the physical vapor deposition
of Au thin films and dry etching of the supporting SiN film, depending upon the experimental
conditions. After bulk Si etching on the backside of the Si wafer using TMAH solution, a (10 x 10)
oxide pyramidal array is presented in Figure 1(g), and a side view of the single oxide pyramid is given
in Figure 1(h). A circular oxide aperture on top of the pyramid is shown, occurring due to stressdependent oxide growth on the pyramidal apex and slow isotropic etching of the SiO2 as in Figure
1(i). Then, deposition of 200 nm Au thin film was performed using a thermal-deposition system. It
was followed by 30 keV Focused Ga Ion Beam (FIB) drilling with the Focused Ion beam instrument
(FEI Helios NanoLab Dual Beam system) and high energy electron beam irradiations using Field
Emission Scanning Electron beam Microscopy (FESEM) and Transmission Electron beam Microscopy
(TEM). TEM (JEM-2010 and JEM-3011 HR), FESEM (JSM 6400) were utilized at National Nation
Fabrication Center (NNFC) in Daejeon, Korea. The optical spectra in the visible range were obtained
using the Nikon Optical Eclipse Ti-U microscope with Princeton Instruments spectrophotometer
(Acton SpectroPro 2300i, 150 g/mm). Besides, a solid-state Nd:YAG laser system with a wavelength
of 532 nm as a light source and a silicon photosensor with a 15 mm cone attenuated F-filter (spectral
range: 400 nm to ~1064 nm) for photodetection using a Witec SNOM instrument were used in the
experimental setup. The minimum detection limit is of the order of 1 nW (~8.0 × 10-10 W). The
detailed schematics of the optical measurements are provided in the [Figure S1].
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Figure 1 Fabrication schematics of the nano-apertures: Figure 1 (a)-(f). Figure 1(g) shows
the (10x10) pyramidal array, and a FESEM image of the side view of the single pyramid
is shown in Figure 1(h). FESEM images of the circular hole at the top of the pyramid after
the TMAH bulk etching are presented in Figure 1(i), and the nanoaperture after Au
thermal deposition is shown in Figure 1(j).
3. Results
We have fabricated the nanoapertures on a flat membrane and a pyramid, deposited by Au thin
film, followed by 30 keV Ga ion focused ion beam milling. Fabrication of a circular aperture, with its
diameter of 100 nm or less, is rather difficult due to an unstable focused ion beam during milling
processing. Drilling the circular aperture with a 100 nm diameter or smaller would result in an
elliptical aperture. To reduce the aperture size down to a few nanometer diameter after FIB drilling,
we carried out two-step electron beam irradiations: (i) an electron beam irradiation of ~1 nA, at 2
keV using FESEM, (ii) electron beam irradiations with a current density ranging from ~10 0 to 102 at
~ 102 keV using TEM microscope. In this report, circular apertures with ~200 nm or greater diameter
are initially fabricated on the 200 nm thick Au film. Then, to reduce the size of the circular-type Au
aperture down to ~50 nm diameter, a 1.4 nA electron beam irradiation at 2 keV for 10 sec was
employed using the field emission scanning electron beam instrument installed at Dual Beam Helio
(FEI), followed by the high energy electron beam irradiation by using TEM. We also fabricated the
nanoslit array with its opening width ranging from 100 nm to ~ 10 nm using 30 keV Ga FIB. The
plasmonic effect from the nanoslit array is well known [29-31]. Nanoslit fabrication with an opening
less than 50 nm is much easier than the circular-type aperture with a diameter of 50 nm or less.
3.1 Pore Formation Process Mechanism: Influence of the High Energy Electron Beam Irradiation
We investigated pore formation on the FIB drilled Au aperture under the influence of a high
energy electron beam irradiation using TEM (JEM-2010, JEM-3011 HR). Figure 2(a) shows a
nanopore with a diameter of 55.75 nm on the gold diffused membrane mixed with carbon atoms
Page 37/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101004

after the 2 keV FESEM electron beam irradiation. For the aperture, with a diameter greater than its
thickness, it would not shrink even with high energy electron beam irradiation at 300 keV TEM.
However, for electron beam irradiation using FESEM, Au atoms on the surface diffuse into the
aperture, then form the nanopore on the diffused Au membrane mixed with carbon atoms.
Therefore, we applied a two-step process for the pore formation for FIB drilled Au aperture with a
~ 279.5 nm diameter.

Figure 2 A ~279.5 nm diameter circle was initially drilled on a 200 nm thick Au flat film
by 30 keV Ga ion beam followed by high energy electron beam irradiation at 2 keV, 1.4
nA FESEM electron beam irradiation for 10 sec. A TEM image of the 55.75 nm diameter
nanopore on the Au diffused membrane 2(a). An electron beam intensity profile at the
electron detector displays the 55.75 nm diameter of the formed nanopore on the
diffused Au membrane mixed with carbon atoms 2(b).
3.1.1 Pore Formation on the Aperture with a Diameter Bigger than the Aperture Thickness
Figure 3 exhibits the pore shrinkage under successive electron beam irradiations for 50 min. For
the 1st and 2nd electron beam irradiations for 10 min and 20 min, respectively, the pore shrinks from
55.75 nm to 30.79 nm, then to 20.97 nm. However, the pore shrinking rate becomes slower; for the
3rd, 4th, and 5th 10 min-electron beam irradiation, from 20.97 nm to 7.96 nm, to 5.79 nm, and down
to 4.20 nm, respectively. The pore shrinking rate at 5th electron beam irradiation is ~0.159
nm/minute.
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Figure 3 Successive electron beam irradiations with a 10 min-interval performed under
3 pA/cm2 low current density of high energy electron beam irradiation at 300 keV TEM
(JEM-3011 HR). A TEM image of a 55.75 nm diameter nanopore on the Au-C diffused
membrane is presented, Fig. 3(a). A nanopore with a diameter of 55.75 nm was reduced
to a smaller diameter nanopore of 30.79 nm, 20.97 nm, 7.96 nm, 5.79 nm, and 4.20 nm
for 10 min, 20 min, 30 min, 40 min, and 50 min, respectively.
3.1.2 Pore Formation on the Aperture with a Diameter Smaller than the Aperture Thickness
Figure 4 presents the TEM images under the high energy electron beam irradiation on the FIB
drilled Au aperture using a 200 keV TEM. For a designed diameter of 50 nm, we obtained an eggshaped aperture (56.2 nm x 33.1 nm) due to the straggling of the focused Ga ion beam drilling
process. Also, a pore of dimensions (22.2 nm x 25.7 nm) was formed on the Au-C mixed membrane
inside a drilled Au (56.2 nm x 33.1 nm) aperture. Due to the thermal spike rise during a 30 keV FIB
drilling process, Au atoms and C atoms diffuse simultaneously and form the thin membrane mixed
with gold and carbon atoms, such that several Au particles and clusters on the Au-C diffused
membrane form. A big Au particle (~10 nm diameter size of one particle on the left) (dashed red
line) and another one on the right are shown in Figure 4(a). After 1st electron beam irradiation with
60.8 pA for 5 min, the (22.2 nm x 25.7 nm) pore reduced to (8.3 nm x 15.3 nm), Figure 4(b). After
the 2nd 99.8 pA irradiation at 200 keV, the pore closed completely, and the diffusion of Au particles
is seen clearly, Figure 4(c). After the 3rd 152.8 pA electron beam irradiation for 5 min, the diffused
Au particle (13.5 nm diameter, inside the red dashed circle) became bigger than the one before
electron beam irradiation, Figure 4(a). The diameter of the Au particle (~10 nm) before electron
beam irradiation in Figure 4(a) became slightly bigger; the diameter of the Au particle was 13.5 nm
as in Figure 4(d). The diffused membrane became thinner, the small particles became smaller, and
the big particles became bigger. This phenomenon is because of Ostwald ripening. Please note that
the large circular type particle (left side in Figure 4(a) was moved to the right and changed to an
ellipsoidal shape particle (inside the dashed red inside in Figure 4(d)).
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Figure 4 TEM images of nanopore under high energy electron currents at 200 keV (JEM2010). A (56.2 nm x 33.1 nm) size Au aperture before irradiation (a), Reduced nanopore
of (8.3 nm x 15.3 nm) under 1st 60.8 pA/cm2 electron beam irradiation (b), a completely
closed pore under 2nd 99.8 pA/cm2 electron beam irradiation (c), thinned pore
membrane under the very high intensity 152.8 pA/cm2 for 5-minute irradiation (d).
Several Au nanoparticles evaporated and became smaller along with thinning of the
membrane, (c) and (d). Diffusion of 10 nm size Au nanoparticle under 60.8 pA/cm2
electron beam irradiation, (b) and (c).
3.2 Optical Characteristics for the Fabricated Nano-Aperture Platforms: Nano-Slits Array and
Nanopores on Pyramid
3.2.1 Nanoslit Array on ~130 nm Thick Au Film with Various Slit Sizes
Four different types of optical platforms are fabricated on ~130 nm Au film as in Figure 5; a (7 x
7) circular type aperture array with a ~100 nm designed diameter, two (7 x 7) slit arrays with a (100
nm wide x 500 nm long) slit size, (7 x 7) slit array with a (~40 nm wide x 500 nm long) slit size. The
(x, y) pitch of the circular type aperture and the slit array are designed as (1 m, 1 m) and (550 nm,
500 nm), respectively, in Figure 5(a) and Figure 5(b). The measured pitches for the slit array pitch
are (~532 nm, ~471 nm), in Figure 5(b). The (~40 nm wide x ~500 nm long) slit with tiny Au clusters
and particles on the diffused membrane formed during Ga ion beam milling is also shown in Figure
5(c). The corresponding electronic profile for the width of the slit is in Figure 5(d).
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Figure 5 TEM images of the circular type aperture with a size of (130 nm x 90 nm) and a
nanoscale slit array (~40 nm wide x ~500 nm long). The (x, y) pitches of the (7 x 7) circular
type array and (7 x 7) nanoslit array are (~1 m x 1 m) and (532 nm x 471 nm),
respectively. The TEM image of the nanoslit and the corresponding electronic profiles:
(c) and (d).
Figure 6 presents the optical emission profiles from 4 nanoaperture platforms. All four
nanoapertures have sharp optical spectra centered at ~500 nm, possibly due to the SPP-mediated
intraband emission. The two (7 x 7) nanoslit arrays with 100 nm widths (G membrane and H
membrane) present identical small SPP-coupled transmission peaks centered at ~671.5 nm.
However, the nanoslit array with ~40 nm width (F membrane) presents a smaller shoulder profile
at ~665 nm than those from (G and H). Moreover, the optical emission profile from A membrane
with a (7 x 7) circular type array with a (~ 130 nm x ~ 90 nm) aperture size presents a sharp emission
peak at ~500 nm with a negligible shoulder at ~650 nm.

Figure 6 Optical characteristics of the (7 x 7) nanoslit array. A solid black line (A: a (7 x 7)
circular type aperture array with a single aperture size of (~130 nm x ~90 nm)), a dotted
blue line (F: slit size with 500 nm long and 40 nm wide), a red dash-dot red line (G: slit
size with 500 nm long and 100 nm wide), and a green dash-dotted line (H: 500 nm long
and 100 nm wide)
3.2.2 Nanopores on Pyramids with ~102 nm Aperture sizes
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The nanoapertures on a pyramidal array are fabricated using Si microfabrication technique
followed by metal deposition as in Figure 1. 5 TEM images are shown in Figure 7. In the dashed
yellow circles in Figure 7(a) and 7(b), and a red dotted circle in Figure 7(c), the white area indicates
an optically transparent nanopore region. The formed nanopores of the samples a3, a4, and a12 are
measured to be (23 nm x 18 nm), (62 nm x 42 nm), (26.1 nm x 43.5 nm) on the thin membrane inside
the apertures of (86.7 nm x 143 nm), (83.6 nm x 97.1 nm), and (111.8 nm x 152.7 nm), respectively.
The nanoapertures of sample a15 and sample a19 are measured to be (112.5 nm x 130.4 nm), and
(212.0 nm x 134.0 nm), respectively. The dark spots around the circumference of the aperture in
Figure 7(a)-Figure 7(d) are Au clusters and numerous Au tiny particles (in the gray area in Figure
7(e)). The formation of Au nanoparticles and Au clusters on the gray membrane areas can be
attributed to thermal spike during FIB drilling, and can also contribute to enhanced optical emission.

Figure 7 TEM images of nanopores and nanoapertures on pyramidal apices with a 200
nm thick Au film. The white pore areas inside the dotted circular gray area membrane
are presented in (a), (b), and (c). The pore areas of a3, a4, and a12 are (23 nm x 18 nm),
(62 nm x 42 nm), and (26.1 nm x 43.5 nm), respectively. The nanoapertures with sizes
(112.5 nm x 130.4 nm) and (212.0 nm x 134.0 nm) are shown in (d) and (e), respectively.
The diffused gray areas are the thin membranes composed of gold and carbon atoms in
(d). Additionally, the tiny Au particles and clusters are present in the diffused dark gray
area. However, the white aperture area also consists of small Au nanoparticles on the
diffused thin membrane in panel (e).
Table 1 presents the optical output intensity against wavelengths by using a solid-state Nd:YAG
laser system with a wavelength of 532 nm as a light source and a silicon photosensor with a 15 mm
cone attenuated F filter (spectral range: 400 nm ~ 1064 nm) for photodetection using a Witec SNOM
instrument. For the 532 nm input wavelength, the output intensities through the nanoapertures of
samples a3, a4, a15, and a19 vary from 38.6 W to 48.3 W. The ratios for the samples a3, a4, a15,
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and a19 are of the order of ~3.1 x 10-2, 3.1 x 10-2, 2.6 x 10-2, 3.3 x 10-2, respectively. For 780 nm input
wavelength, the output intensities through the nanoapertures of samples a3, a4, a15, and a19 are
measured to be 8.4 W, 7.7 W, 6.7 W, 14.3 W, respectively, and the corresponding ratios are 0.36 x
10-2, 0.33 x 10-2, 0.28 x 10-2, and 0.60 x 10-2, respectively. These differences are attributed to higher
excitation of photons at 532 nm input wavelength than at 780 nm and to the SPP-mediated emission
peak at ~500 nm.
Table 1 Optical characteristics of the fabricated Au nanoapertures with sizes of a3 (~143
nm x ~ 86.7 nm), a4(~ 83.6 nm x ~ 97.1 nm), a15 (~112.5 nm x ~ 130.4 nm), and a19
(134.0 nm x 212.0 nm) are presented for the input wavelengths of 532 nm and 780 nm.
Sample
ID

aperture size
(nm2)

a3

143 x 86.7

a4

83.6 x 97.1

a15

112.5 x 130.4

a19

Input wavelength
(nm)

Output Intensity
(W/cm2)

Iout/Iin
(x10-2)

45.7

3.1

42.0

3.1

38.6

2.6

134.0 x 212.0

48.3

3.3

a3

143 x 86.7

8.4

0.36

a4

83.6 x 97.1

7.7

0.33

a15

112.5 x 130.4

6.7

0.28

a19

134.0 x 212.0

14.3

0.60

532

780

Input Intensity
(W/cm2)

1477

2366

The optical output intensity versus wavelength for samples a3, a4, a15, and a19 are presented in
Figure 8. Optical characterization was performed using a Nikon Optical Eclipse Ti-U microscope with
Princeton Instruments spectrophotometer (Acton SpectroPro 2300i, 150 g/mm) [Figure S2]. Input
optical Gaussian beam intensity was calibrated using a (17 m x 17 m) square Si aperture. Output
beam intensity profiles from sample a3 and sample a4 are presented in Figure 8(a). The areas of
these particular samples of a3 and a4 are very close to each other, 7820 nm2 and 6680 nm2,
respectively, and the ratio versus wavelength optical spectra are precise. Additionally, even with
the 532 nm wavelength laser measurements, the ratios of the output to the input intensity are also
the same; 3.1 x 10-2. We observed the similar results from the sample a12, and a14 [Figure S3]. Two
optical beam profiles have optical peaks at 568 nm and two inflection points- one at 511.8 nm and
another at 675.2 nm. The point of inflection at 511.8 nm may be attributed to the intraband
transition emission, and the point of inflection at 675.2 nm could be attributed to SPP-coupled
incoming wave via nanoaperture. For sample a19, shown in Figure 8(b), the output optical peak
~595.8 nm with a broadened Gaussian shape between ~ 500 nm and ~ 700 nm are presented. The
optical profile of sample a15, given in Figure 8(b), has a center point at 607.8 nm with broadband
between ~524.8 nm and ~691.9 nm. Optical profile broadening with increased aperture size is
agreeable with the previously published results [31, 32]. The SPP-coupled intraband optical
emission would increase with the decreasing aperture diameter and the increasing surface wave
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along the pyramidal surfaces emanated from the aperture on the pyramidal apex.

Figure 8 Normalized output optical intensities for Au apertures with optical Gaussian
peaks at ~685 nm. For the Au apertures of a3 and a4 samples, the output spectra
centered at ~568 nm and ~569 nm along with relatively sharp and narrow Gaussian-type
shape spectra (a). Both transmitted optical profiles of sample a3 and sample a4 have
optical peaks at ~568 nm with two points of inflection- one at ~511.8 nm and the other
at ~675.2 nm. For a19 sample (b), the output optical peak is at ~595.8 nm with a
broadened Gaussian shape between ~500 nm and ~ 700 nm. For sample a15, the profile
has a center at ~607.8 nm with broadband between ~524.8 nm and ~691.9 nm. Input
beam optical intensity was calibrated using (17 m x 17 m) aperture.
The ratio of output intensity to input intensity can provide information on the nanoapertures
and their optical characteristics. Figure 9 presents the graph of the ratio of normalized output
intensity to normalized input intensity versus wavelength. The sharp conical ratio profiles with the
optical peaks at 497 nm and 499 nm for the sample a3 and a4 respectively are shown with slightly
deviated to the right wavelength from the peak line at 497 nm. The asymmetrical profile presents:
at the ratio value of 150, close to the half maximum, the corresponding wavelengths are 467.6 nm
and 551.1 nm, not symmetrical from the peak. For samples a15 and a19, the profiles became
broader and asymmetrical with a peak at ~500 nm. The contribution from the SPP-coupled wave
with the incoming beam through the aperture may cause this asymmetrical profile.
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Figure 9 Plot of the ratio of normalized output intensity to normalized input intensity
versus wavelength for samples a3, a4, a15, and a19. For samples a3 and a4, the ratio
profiles present a conical shape centered at ~497 nm and ~499 nm, respectively. For
samples a15 and a19, the ratio profiles are lower maxima with a greater full width half
maximum (FWHM) than with a3 and a4 samples.
3.2.3 Fabrication of (7 x 7) Nanoslit Array with a (~10 nm x ~300 nm) Slit Size
We fabricated the (7 x 7) nanoslit arrays using 30 keV Ga ion FIB on the 200 nm thick Au on the
supporting layer 20 nm SiN. Figure 10 (a) presents TEM images of the (~100 m x ~100 m)m
membrane and the (7 x 7) nanoslit array with a (~3 m x ~3 m) size at the center of the A, C, E, and
F membranes (inside a solid yellow circle). The (x, y) pitch is measured to be (500 nm, 250 nm) in
Figure 10(c) and Figure 10(d). The size of each nanoslit is measured to be (~10 nm x ~300 nm). Figure
11 presents the TEM images of the slits with ~10 nm opening on the A membrane. TEM images for
the E membrane are shown [Figure S3]. A FESEM image of an ~200 nm size Au particle on the C
membrane and a TEM image of the (~7.2 m x ~2.3 m) size aperture on the F membrane are
presented [Figure S4]. Figure 12 exhibits the measured optical characteristics for the four samples.
The optical spectra ranging from ~450 nm to ~900 nm are shown along with small Gaussian shape
emission peaks at ~500 nm. Two broad emission bands from sample A and sample E exhibit
relatively flat broad bands with a plateau region from ~600 nm to ~850 nm. However, the emission
band from E has greater intensities by double than those from sample A. The difference can be
attributed to the different surface statuses between the two samples. The green strong peak at F
(665.8) may be attributed to the SPP-coupling contribution from the small void aperture (~7.2 m x
~2.3 m) on the membrane. A red sharp infrared peak at C (769.1) can be attributed to the SPPscattering from a ~200 nm size Au particle.
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Figure 10 TEM images of the (~100 m x ~100 m) membrane and the (7 x 7) nanoslit
array with (~3 m x ~3 m) at the center of the A, C, E, and F membrane (inside a solid
yellow circle). The three white squares at the bottom indicate the nanoslit areas of A, C,
and E membranes, and the gray square area with grids indicates the nanoslit in the F
membrane. The (x, y) profiles at the electron beam detector were measured. The widths
and the length of the slits are found to be ~10 nm and ~300 nm, respectively. The (x, y)
pitches of the slit arrays are found to be (~500 nm, ~250 nm) in (c) and (d).

Figure 11 TEM images of sample A membrane for a (7 x 7) nanoslit array. Several dim
nanoslits are also shown due to the diffusion of Au atoms during 30 keV Ga ion beam
drilling. The slit widths of (g7, b3, f7, and e7) are measured to be 14.1 nm, 10.1 nm, 8.9
nm, and 11.5 nm, respectively.

Page 46/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101004

Figure 12 Optical characteristics of the (7 x 7) slit arrays. Optical emission spectra
ranging from ~450 nm to ~900 nm with a small emission peak at ~500 nm. Two optical
emission spectra from sample A and sample E present relatively flat broad bands
(plateau region) from ~640 nm to ~800 nm. A strong emission peak at 665.8 nm from
sample F (blue line) and a sharp peak at 769.1 nm from sample C (red line) can be
attributed to the contribution from the beam transmitted through the hole on the F
membrane and scattering from ~200 nm Au particle on the C membrane, respectively.
4. Discussion
(i) We investigated the influence of high-energy electron beam irradiation dependent on the
aperture size. We performed two-step electron beam irradiations for the aperture greater than its
thickness: 2 keV FESEM electron beam irradiation followed by electron beam irradiation at 3 pA,
300 keV TEM to obtain a nanopore of ~ 4 nm on the ~ 279.5 nm diameter Au aperture. For the
apertures smaller than aperture thickness, higher electron beam currents of ~60 pA or more at 200
keV TEM were irradiated on the (56.2 nm x 33.1 nm) Au aperture on the 200 nm thick Au film to
obtain the Au nanopore with its size of (8.3 nm x 15.3 nm). With the currents higher than 100 pA at
200 keV, pore closing and thinning of the formed membrane are observed due to diffusion of gold
atoms and carbon atoms, sputtering of carbon atoms, and evaporation of Au atoms.
(ii) Au nanopores and apertures on the pyramidal apices with optical characterizations: Au
pyramidal-apertures with sizes ranging from (143 nm x 86.7 nm) to (134 nm x 212 nm) were microfabricated). The observed output intensity peaks for the relatively small aperture areas of a3 (143
nm x 86.7 nm) and a4 (83.6 nm x 97.1 nm) and for the larger areas of the samples a15 (112.5 x 130.4
nm) and a19 (134.0 nm x 212.0 nm) are observed to be at 568.2 nm and 569.2 nm, and 596.5 nm
and 592.7 nm, respectively. The Full Width Half Maxima (FWHM) for the optical spectra from the
a3 sample and the a4 sample is much narrower than those for sample a15 and sample 19. The
greater FWHM with the shifted peak to the higher wavelengths indicates the coupling with the
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incoming wave. Additionally, the ratio profiles also present a strong contribution from the SPPmediated intraband emission at ~ 500 nm. The precise optical emission spectra along with the ratio
profiles from sample a3 and the sample a4 can be attributed to Lord Raleigh’s statement about the
diffraction small particle and Babinet principle; the far-field emission does not depend upon the
shape of the particle and the aperture for the small particle and aperture smaller than the
wavelength. Moreover, optical profile broadening with increased aperture size is agreeable with the
previously published results by Obermüller et al. With decreasing the aperture diameter, the
increased SPP-coupled intraband optical emission is observed due to the increased surface wave
along the pyramidal surfaces emanated from the aperture on the pyramidal apex. For the small
apertures of the sample a3 and the sample a4, the conical type output optical profiles are shown
with a peak at 568 nm; however, for the larger apertures of the sample a15 and the sample a19, the
broad profiles are shown with the shifted peak position at 595.8 nm from input peak at 685 nm. The
peak shift can be attributed to SPP-coupling from incoming optical beam through the nanoapertures
and the possible scattering with Au particles and Au clusters. The detailed physical mechanism
should be investigated further.
(iii) Optical characterization of the fabricated platforms with a (7 x 7) nanoslit array, or with a
circular type hole array with a (90 nm x 130 nm) size on the 130 nm thick Au film: Regardless of the
aperture types, either circular or slit, sharp optical peaks at ~500 nm are observed. For the nanoslit
array with a slit dimension of (~100 nm x ~500 nm), a sharp conical type profile with its peak at ~500
nm and a broad profile with a small peak at ~671 nm are observed. Even though a sharp conicalshaped profile with a peak at ~500 nm is observed for the nanoslit array with a slit dimension of
(~40 nm x ~500 nm), a smaller broad profile at 665 nm is also seen. No optical emission peak at ~670
nm is observed for this sample and a (7 x 7) circular type hole array with (~ 90 nm x ~ 130 nm)
dimensions on the ~130 nm thick Au membrane.
(iv) The broad optical spectra ranging from 550 nm to 900 nm with a small optical peak at 500
nm were obtained from the (7 x 7) nanoslit array platforms, possibly contributed from the SPPmediated intraband emission. The fabricated (7 x 7) nanoslit array consists of each slit with (~10 nm
x ~300 nm) dimensions. The (x, y) pitch of the slit array is estimated to be (250 nm, 500 nm). The
small optical peak at 500 nm can be attributed to the SPP-mediated intraband emission. The broad
emission in the visible range can be due to the interband transitions of d-band electrons into the
conduction band, and the emission in the infrared region is generated from the intraband
transitions mediated by the strongly confined fields (localized surface plasmons) from the nanoslit
array with ~10 nm slit opening.
5. Conclusions
We conclude the following:
(i) Depending on the aperture thickness and aperture diameter, pore-formation procedures
should be varied.
(ii) Optical emission characteristics from various Au nanostructures are dependent on the film
thickness and aperture size.
(iii) A strong contribution from SPP-mediated intraband for small apertures and a weak
contribution from SPP-coupled transition for larger apertures are observed.

Page 48/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101004

Acknowledgments
This work was supported by the research funding programs (Development of Biofriendly Optical
Nanopore, 2018R1D1A1B07050106) under the Basic Science Research Program through the
National Research Foundation (NRF) funded by the Ministry of Education, Science and Technology,
South Korea.
Additional Materials
The following additional materials are uploaded at the page of this paper.
1. Figure S1: The following schematic diagram show the optical systems using 532 laser and
Halogen lamp.
2. Figure S2: Pyramidal apertures with the a3 and a4, with a12 and a14.
3. Figure S3: (7x7) slit array Ememb.
4. Figure S4: FESEM image of an ~200 nm diameter Au nanoparticle on C membrane (left) and
TEM image of a void aperture of (7.2 μm x 2.3 μm) size on the F membrane (right).
Author Contributions
Conceptualization, Choi, S.S. (nanofabrication); Kim, K.J. (single molecule detection); Park, M.J.
(plasmonics); methodology, Bae B.S. (materials preparation); Kim, H.T.; Choi, S.B.; formal analysis,
Choi, S.S.; Kim, H.T.; investigation, Choi, S.S.; resources; data curation, Bae B.S., Lee Y.M.; writing—
original draft preparation, Choi, S.S.; writing—review and editing, Bae, B.S.; Park, M.J.; Lee, Y.M.
Funding
This work was supported by the research funding programs (Development of Biofriendly Optical
Nanopore, 2018R1D1A1B07050106) under the Basic Science Research Program through the
National Research Foundation (NRF) funded by the Ministry of Education, Science and Technology,
South Korea.
Competing Interests
The authors have declared that no competing interests exist.
References
1.
2.
3.
4.

Howorka S, Cheley S, Bayley H. Sequence-specific detection of individual DNA strands using
engineered nanopore. Nat Biotechnol. 2001; 19: 636-639.
Ebbesen TW, Lezec HJ, Ghaemi HF, Thio T, Wolff PA. Extraordinary optical transmission through
sub-wavelength hole arrays. Nature. 1998; 391: 667-669.
Choi SS, Park MJ, Han CH, Oh SJ, Han SH, Park NK, et al. Fabrication of pyramidal probes with
various periodic patterns and a single nanopore. J Vac Sci Technol B. 2015; 33: 06F203.
Choi SS, Park MJ, Han CH, Oh SJ, Yamaguchi T, Park NK, et al. Formation of an Au membrane
incorporated with carbon atoms under electron beam irradiations. Surf Coat Technol. 2016;
306: 113-118.

Page 49/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101004

5.

Choi SS, Park MJ, Yamaguchi T, Han CH, Oh SJ, Kim SI, et al. Nanopore formation on Au coated
pyramid under electron beam irradiations (plasmonic nanopore on pyramid). Sens Bio-Sens
Res. 2016; 7: 153-161.
6. Choi SS, Park MJ, Yamaguchi T, Kim SI, Park KJ, Park NK. Fabrication of nanopore on pyramid.
Appl Surf Sci. 2014; 310: 196-203.
7. Choi SS, Oh SJ, Han CH, Park DJ, Choi SB, Kim YS, et al. Au cluster formation on a pore-containing
membrane under various surface treatments. J Vac Sci Technol B. 2017; 35: 04F107.
8. Garoli D, Yamazaki H, Maccaferri N, Wanunu M. Plasmonic nanopores for single-molecule
detection and manipulation: Toward sequencing applications. Nano Lett. 2019; 19: 7553-7562.
9. Choi SS, Park MJ, Oh SJ, Han CH, Kim YS, Park NK. Plasmonic nanopore with nanopattern and
nanoparticles for single molecule analysis. Phys Status Solidi A. 2017; 215: 1700484.
10. Vernon KC, Davis TJ, Scoles FH, Gómez DE, Lau D. Physical mechanisms behind the SERS
enhancement of pyramidal pit substrates. J Raman Spectrosc. 2010; 41: 1106-1111.
11. Consoni M, Hazart J, Lérondel G, Vial A. Nanometer scale light focusing with high cavityenhanced output. J Appl Phys. 2009; 105: 084308.
12. Radziuk D, Moehwald H. Prospects for plasmonic hot spots in single molecule SERS towards the
chemical imaging of live cells. Phys Chem Chem Phys. 2015; 17: 21072-21093.
13. Bringa EM, Johnson RE. Coulomb explosion and thermal spikes. Phys Rev Lett. 2002; 88: 165501.
14. Howie A. Electron microscopy: Coulomb explosions in metals? Nature. 1986; 320: 684.
15. Martin TP. Shells of atoms. Phys Rep. 1996; 273: 199-241.
16. Komoda T. Study on the structure of evaporated gold particles by means of a high resolution
electron microscope. Jpn J Appl Phys. 1968; 7: 27-30.
17. Pashlemy DW, Stowell MJ, Jacobs MH, Law TJ. The growth and structure of gold and silver
deposits formed by evaporation inside an electron microscope. Philos Mag. 1964; 10: 127-158.
18. Ino S. Epitaxial growth of metals on rocksalt faces cleaved in vacuum. II. orientation and
structure of gold particles formed in ultrahigh vacuum. J Phys Soc Jpn. 1966; 21: 346-362.
19. Buffat Ph, Borel JP. Size effect on the melting temperature of gold particles. Phys Rev A. 1976;
13: 2287-2298.
20. Li H, Li L, Pedersen A, Gao Y, Khetrapal N, Jónsson, H, et al. Magic-number gold nanoclusters
with diameters from 1 to 3.5 nm: Relative stability and catalytic activity for CO oxidation. Nano
Lett. 2015; 15: 682-688.
21. Schmidt M, Kusche R, von Issendorff B, Haberland H. Irregular variations in the melting point of
size-selected atomic clusters. Nature. 1998; 393: 238-240.
22. Storm AJ, Chen JH, Ling XS, Zanbergen HW, Dekker C. Fabrication of solid-state nanopores with
single-nanometre precision. Nat Mater. 2003; 2: 537-540.
23. Li J, Stein D, McMullan C, Branton D, Aziz MJ, Golovchenko JA. Ion-beam sculpting at nanometre
length scales. Nature. 2001; 412: 166-169.
24. Trinh TT, Vlugt TJ, Hägg MB, Bedeaux D, Kjelstrup S. Simulation of pore width and pore charge
effects on selectivities of CO2 vs. H2 from a syngas-like mixture in carbon mesopores. Energy
Procedia. 2015; 64: 150-159.
25. Haque F, Li J, Wu HC, Liang XJ, Guo P. Solid-state and biological nanopore for real-time sensing
of single chemical and sequencing of DNA. Nano Today. 2013; 8: 56-74.
26. Schouten HF, Kuzmin N, Dubois G, Visser TD, Gbur G, Alkemade PF, et al. Plasmon-assisted twoslit transmission: Young’s experiment revisited. Phys Rev Lett. 2005; 94: 053901.
Page 50/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101004

27. Gan CH, Gbur G, Visser TD. Surface plasmons modulate the spatial coherence in Young's
interference experiment. Phys Rev Lett. 2007; 98: 043908.
28. Verma M, Joshi S, Bisht NS, Kandpal HC, Senthilkumaran P, Joseph J. Effect of surface plasmons
on spectral switching of polychromatic light with Au-double-slit. J Opt Soc Am A Opt Image Sci
Vis. 2012; 29: 195-199.
29. Choi SS, Park MJ, Han CH, Oh SJ, Kim HT, Choi SB, et al. Plasmonic nanopore fabrication for
single molecule bio sensor using electron beam irradiation. ECS Trans. 2018; 85: 69-76.
30. Choi SS, Oh SJ, Lee YM, Kim HT, Choi SB, Bae BS. Fabrication of plasmonic optical nanopore
platform for single molecule sensing. J Electrochem Soc. 2020; 167: 027503.
31. Choi SS, Park MJ, Lee YM, Bae BS, Kim HT, Choi SB. Fabrication of the Au nano-aperture array
platform for single molecule analysis. ECS J Solid State Sci Technol. 2020; 9: 115015.
32. Obermüller C, Karrai K. Far field characterization of diffracting circular apertures. Appl Phys Lett.
1995; 67: 3408-3410.
33. Drezet A, Woehl JC, Huant S. Diffraction by a small aperture in conical geometry: Application to
metal-coated tips used in near-field scanning optical microscopy. Phys Rev E. 2002; 65: 046611.
34. Lord Rayleigh FR. XXXVII. On the passage of waves through apertures in plane screens, and
allied problems. London Edinburgh Dublin Philos Mag J Sci. 1897; 43: 259-272.
35. Babinet M. Mémoires d'optique météorologique. C R Acad Sci. 1837; 4: 638-648.
36. Gao H, Henzie J, Odom TW. Direct evidence for surface plasmon-mediated enhanced light
transmission through metallic nanohole array. Nano Lett. 2006; 6: 2104-2108.
37. Beversluis MR, Bouhelier A, Novotny L. Continuum generation from single gold nanostructures
through near-field mediated intraband transitions. Phys Rev B. 2003; 68: 115433.
38. Ebrahimpour Z, Mansour N. Plasmonic near-field effect on visible and near-infrared emissions
from self-assembled gold nanoparticle films. Plasmonics. 2018; 13: 1335-1342.
39. Greffet JJ. Revisiting thermal radiation in the near field. C R Phys. 2017; 18: 24-30.
40. Baranov DG, Xiao Y, Nechepurenko IA, Krasnok A, Alù A, Kats MA. Nanophotonic engineering of
far-field thermal emitters. Nat Mater. 2019; 8: 920-930.

Enjoy Recent Progress in Materials by:
1. Submitting a manuscript
2. Joining in volunteer reviewer bank
3. Joining Editorial Board
4. Guest editing a special issue

Recent Progress in Materials

For more details, please visit:
http://www.lidsen.com/journals/rpm

Page 51/175

Open Access

Recent Progress in Materials

Review

High-Performance Polymers for Aeronautic Wires Insulation: Current
Uses and Future Prospects
Gérald Lopez *
SAFRAN Tech - Materials & Processes Department, Rue des jeunes bois, Châteaufort CS 80112,
78772 Magny les Hameaux, France; E-Mail: gerald.lopez@safrangroup.com
* Correspondence: Gérald Lopez; E-Mail: gerald.lopez@safrangroup.com
Academic Editor: Hossein Hosseinkhani
Recent Progress in Materials
2021, volume 3, issue 1
doi:10.21926/rpm.2101005

Received: November 25, 2020
Accepted: February 02, 2021
Published: February 25, 2021

Abstract
Polymers such as polyimides and fluoropolymers are widely used for insulating aeronautic
wires. They are exposed to various changing factors such as temperature, pressure, moisture,
vibration, chafing, etc. The electrification on the horizon can potentially increase the demand
for these systems. Indeed, this impending evolution of technology pushes the boundaries of
commonly-employed wires. Downsizing systems and enhancing the performance is an urgent
requirement. A new generation of insulating materials capable of handling higher continuoususe temperature and voltage is required for the efficient running of aircraft. This review aims
at providing the polymer community the keys for addressing such a crucial industrial issue.
Keywords
Fluoropolymers; polyimides; insulations; jackets; wires

1. Introduction
The demand to reduce gas emissions, optimize aircraft performances, and decrease maintenance
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
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costs, has pushed the aircraft industries toward the concept of More Electric Aircraft (MEA) [1].
Electric power systems are increasingly supplanting pneumatic, hydraulic, and mechanical power
systems. Maintaining the weight of an aircraft within its original specifications is often a challenge,
and a gram saved in wiring is a gram that can be used to increase payload and decrease fuel
consumption. Higher currents are avoided because of voltage drop and weight. Hence, there is a
plan to use higher operating voltages for developing the next generation of wires.
In 1936, electrical systems were operated at 14.25 volts direct current (VDC). The operating
voltage was increased to 28 VDC in 1946. Finally, the 115/200 volts alternating current (VAC) and
400 Hz systems became the conventionally used systems. Aircraft are currently conceived with a
more electric architecture [2]. For instance, the Boeing 787 operates under a hybrid voltage system
consisting of 235 VAC, 115 VAC, 28 VDC, and ±270 VDC, producing twice as much electricity as those
used to operate the previous models [3]. The electric power demand on a B787 is nearly 1 MW,
which is double that of a B777 [3]. Thus, polymeric insulation materials experience higher electrical
stress and are operated under harsh conditions. These result in several technical challenges.
The use of increased voltages leads to a higher risk of electrical discharge events such as gaseous
breakdown, electrical arc, and partial discharges [4]. Nowadays, the targeted voltages remain lower
than 1000 VDC. However, this level of tension can be potentially increased in the future (according
to the International Electrotechnical Commission (IEC 60038), the voltage class is considered as
medium voltage (MV) when in the range of 1-45 kV). Hence, the high-tension level can lead to the
premature deterioration of the polymeric insulation materials.
Higher temperature electronics are required to achieve downsizing, lower weight, and better
efficiency. This impending evolution of the technology engenders an increased concentration of
energy and pushes the boundaries of the amperage capacity of the commonly-employed wires.
Temperature is a critical influencing factor when it comes to polymer dielectrics [5]. For instance,
the volume resistivity, which reflects the electrical insulating ability of the material, decreases as
the temperature increases. The dielectric strength is significantly influenced by the temperature: as
the temperature increases, the dielectric strength significantly decreases. Mechanical properties
such as tensile strength, flexural, and Young’s moduli are also influenced by the temperature
elevation.
2. High-Performance Polymers Commonly Used as Insulation Materials in Aeronautic Wires
2.1 Polyimides
The history of polyimide (common trade name Kapton® developed by DuPont in Wilmington DE,
Figure 1) as insulation material for wires is unique. Invented in 1955, it was quickly accepted as a
great insulating material exhibiting an exceptional combination of thermal stability, mechanical
toughness, and chemical resistance. Hence, manufacturers fabricated a tape that was wrapped
around a conductor to create an insulated wire. Kapton® made a rapid entry into the fields of
commercial and military aircraft (and even space shuttles) in the 1970s. However, the popularity of
Kapton® wiring ended in the early 1980s when the US military observed that aircraft fires and
crashes could be attributed to electrical short circuits.
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Figure 1 Chemical structure of Kapton®.
Polyimide was indeed involved in several incidents with aircraft and became, for a while, the
threat of the aerospace industry. Polyimides rapidly degrade when exposed to a combination of
heat, humidity, and mechanical strain (Figure 2) [6].

Figure 2 Damaged Kapton® wires.
Some polyimide wires degrade rapidly, leading to electrical arcing events, which leads to the
charring of the polymer. According to Armin Bruning, from the Lectromechanical Design Company,
Kapton® explodes during an arc tracking event and “flashover” because “the arc will cause a
temperature of 5000 °C and under this condition, carbon is vaporized, and free hydrogen is liberated”
[7].
In the early 90s, the Kapton® threat was well-established, and polyimide-based wires began to
be feared. The US Navy banned polyimide wires for aircraft applications in 1992. Original equipment
manufacturers (OEMs) started looking for alternatives to polyimide insulated wires. They did not
want to compromise with the outstanding mechanical performances exhibited by Kapton®. To
reduce the exposure of the polyimide insulation to water and aeronautical fluids, polyimides were
paired with a PTFE Teflon® top layer for constructing wires to reduce the threats posed by arc
tracking.
In the late 90s, Airbus started using Kapton® coated with Teflon®, known generically as “KT”
(standing for Kapton®-Teflon®). However, according to some specialists, this type of wire is “just
Kapton® with a cosmetic coating of Teflon which is used for marking purposes only and does little to
reduce Kapton®'s propensity to explosively arc track” [7]. A wire, known as “TKT” has been installed
in Boeing 757s and 737s that were built after 1992 (Figure 3). As of mid-2006, Airbus is using its
version of TKTs. Those are some of the few construction types of wires that can perform well under
conditions of high temperatures (up to 260 °C).

Figure 3 TKT wire. From left to right: Copper core, Teflon®, Kapton®, Teflon®, Teflon®
jacket.
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2.2 Fluoroplastics
Since the fortuitous finding of polytetrafluoroethylene (PTFE, DuPont–now Chemours–trade
name Teflon®) in 1938, fluorinated polymers have attracted immense attention as highperformance materials. Fluorinated polymers represent a particular class of materials that exhibit
excellent properties [8], such as a low coefficient of friction and low surface tension, arising from
low intermolecular forces. Indeed, PTFE is free from permanent dipole moment because of the
symmetric distribution of the charges (despite the polar nature of the carbon-fluorine bond arising
from the high electronegativity of fluorine (Pauling scale 3.98) compared to carbon (2.55)).
Fluorinated polymers exhibit excellent chemical, high temperature, and weathering resistance.
These properties can be attributed to the stability of the multiple carbon-fluorine bonds. The
properties of low dielectric constant, high-temperature stability, low moisture absorption, and low
outgassing make fluorinated polymers good candidates for use as insulation materials.
2.2.1 Polytetrafluoroethylene, PTFE
PTFE is a versatile plastic fluoropolymer suitable for a wide range of applications [9]. PTFE is
insoluble in most solvents and practically chemically inert. It is thermally stable with a continuoususe temperature of approximately 260 °C. Unsintered PTFE exhibits a melting temperature (Tm) of
342 °C and a degree of crystallinity fluctuating from 89% to 98%. Post sintering, the T m changes to
approximately 327 °C, and the degree of crystallinity ranges from 38% and 53%, depending on the
grade of PTFE under study. PTFEs exhibit high flexural strength, electrical resistance, and dielectric
strength, water repellency, and low coefficient of friction. PTFE is usually of high molecular weight,
which helps achieve satisfactory mechanical properties. Because of its high melt viscosity, the
process of manufacturing PTFE parts is different from that employed with typical melt-processable
polymers (i.e., injection and extrusion molding). PTFE does not withstand high energy radiation and
exhibits poor wear and abrasion resistance [10]. To overcome this problem, various fillers are added
to PTFE.
Filler-added PTFE materials. PTFE exhibits a low coefficient of friction (µ<0.2, even under
conditions of dry sliding). At sliding speeds above 8x10 –3 m/s at room temperature, it exhibits high
wear rates (10–3 mm3/Nm) [11, 12] and generates large amounts of plate-like debris [13]. The
addition of micro- or nanoscale fillers can potentially result in reduced wear rates of the composites
[14, 15]. The addition of filler can modify features such as abrasion resistance, creep resistance,
thermal conductivity, and coefficient of linear expansion [16]. The addition of some fillers turns PTFE
black or dark brown (Figure 4) [17].

Figure 4 PTFE-filled composites post sintering. Reproduced with permission from
literature report [17]. Copyright 2015, IJSRP INC.
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The nature of glass fiber does not exert a significant impact on chemical and electrical properties.
However, glass fiber-PTFE composites exhibit approximately twice the compression creep
resistance and approximately 1000 times better abrasion resistance than pure PTFE [18].
Amorphous carbon is widely used as PTFE-filler [19]. PTFE-carbon composites exhibit improved
creep resistance, hardness, and thermal conductivity. Moreover, PTFE-graphite composites display
outstanding wear properties. Carbon-containing PTFE composites exhibit electrical conductivity and
are therefore antistatic. Micas are light and flexible soft-sheet silicates. During the processing of
PTFE-mica composites, the particles align perpendicular to the pressing direction, resulting in a
decrease in shrinkage and thermal expansion. However, the tensile properties remain poor.
Quadrant EPP's Fluorosint® PTFE-mica composites exhibit improved load carrying capabilities and a
lower coefficient of thermal expansion as compared to PTFE [20]. High loading of bronze filler in
PTFE leads to the formation of composites with enhanced thermal conductivity and creep resistance
[21]. Bronze tends to oxidize; thus, leading to some discoloration. However, this does not affect the
final properties of the materials. However, bronze-filled PTFEs are not appropriate candidates for
use in electrical appliances (they are sensitive to chemicals). PTFE-calcium fluoride composites are
particularly suitable for applications under conditions of hydrofluoric acid and strong alkalis [22].
Molybdenum disulfide-filled PTFE composites exhibit improved hardness, stiffness, and lower
friction. The electrical properties of the PTFEs are not significantly affected [23]. MoS 2 is commonly
used in low percentages in association with other fillers. Aluminum oxide is an excellent electrical
insulator that improves the mechanical properties of PTFE composites and makes them suitable for
high voltage applications. Nevertheless, Al2O3 hardness impairs machining of the sintered parts [24].
Aromatic polyester-based resin-added PTFE exhibits improved mechanical properties such as
compression and bending [25]. Polyimides-PTFE composites present a very low coefficient of friction
[26]. This makes them suitable candidates for dry running applications. Nevertheless, the cost of
operation with this composite is higher than that with all other PTFE composites.
2.2.2 Ethylene Tetrafluoroethylene, ETFE
ETFE (ethylene tetrafluoroethylene), commonly referred to as Tefzel®, is a copolymer of ethylene
(E) and tetrafluoroethylene (TFE). ETFE is often employed in wire insulation for flight hardware. As
compared to PTFE, it exhibits enhanced impact strength, abrasion, and cut-through resistance. ETFE
is resistant to radiation and exhibits higher mechanical strength than other fluoropolymers. Tefzel®
is free from creep issues noticed in incorrectly sintered PTFE. ETFE is processed following the same
techniques as those followed to develop other thermoplastics (e.g., heat sealing, thermoforming,
laminating, and die-cutting). Based on the 20,000 h criterion, most grades are rated for continuous
use at 150 °C. Corrosion was observed in wires bagged or in a confined area [27]. Carbonyl
difluoride, which is released during the manufacturing process, reacts with moisture and leads to
the formation of hydrogen fluoride.
ETFE presents the advantage of being cross-linked by high-energy radiation. Cross-linked ETFE,
also referred to as XL-ETFE, can be continuously used at 200 °C and exhibits improved tensile
strength and anti-aging resistance. The Marmon Aerospace & Defense Company supplies hightemperature wires featuring a dual insulation layer of XL-ETFE [28]. Those wires are resistant to fuel
and lubricating oils. They are mechanically tough and flame retardant. They withstand temperature
tests where the temperature ranges from the cold bend at –65 °C to aging at 300 °C over 7 h.
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The National Aeronautics and Space Administration (NASA) reported that XL-ETFE does not meet
the flammability criteria in 30% oxygen. Indeed, XL-ETFE can produce a substantial quantity of dense
toxic smoke (96%+ density) when it burns. The Grumman Corporation banned it in 1982, and NASA
followed suit in 1983 [7].
2.2.3 Perfluoroalkoxy Polymer, PFA
PFA is a copolymer of TFE and perfluoroalkyl vinyl ether, such as perfluorinated propyl vinyl ether
(PPVE). The biggest difference between PTFE and PFA is that PFA can be melt-processed. PFA cannot
withstand water absorption and weathering as PTFE. However, it is superior to PTFE in terms of salt
spray resistance. PFA and PTFE exhibit similar dielectric constant and dissipation factor. PFA exhibits
a significantly higher (3 to 4 times) dielectric strength. In service temperature ratings, both materials
exhibit identical properties, but they differ in terms of cold flow (PFA better than PTFE) and folding
endurance (PTFE better than PFA) properties [29].
2.2.4 Fluorinated Ethylene Propylene, FEP
Fluorinated ethylene propylene (FEP), also referred to as Teflon® FEP, is a copolymer of
hexafluoropropylene (HFP) and TFE. The resistance values exhibited by FEP and PTFE toward caustic
agents are comparable. However, FEP exhibits a significantly lower melting temperature compared
to PTFE and PFA. FEP exhibits a similar dielectric constant as PTFE and PFA. In terms of mechanical
strength, FEP cannot compete with PTFE regarding repetitive folding. However, FEP performs better
than PTFE when it comes to coating applications involving exposure to detergents [30].
2.2.5 Comparison of Properties
Table 1 summarizes the key properties of commonly-used fluoroplastics that can be used for
developing aeronautic wires. The information contained herein represents typical values obtained
from literature/suppliers. The data obtained from literature reports have been used for comparison
purposes only.
Table 1 Comparison of properties of PTFE, PFA, FEP, and ETFE.

Standard

PTFE
(CF2CF2)n

PFA
FEP
ETFE
(CF2CF2)n(CF2CF2)n(CF2CF2)n(CF2CF(OC3F7))m (CF2CF(CF3))m (CH2CH2)m

Max service,
20,000 hrs (°C)

UL746

260

260

205

150

Specific gravity
(kg dm–3)

D792

2.15

2.15

2.15

1.70

Dielectric Constant
(106 Hz)

D1531

2.1

2.1

2.1

2.6
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Dissipation Factor
(106 Hz)

D150

<0.0004

0.0002

0.0002

0.007

Dielectric Strength
(kV mm–1), 0.25
mm

D149

>20

80

80

80

Volume Resistivity
(Ω cm–1)

D257

1018

1018

1018

1016

Water absorption,
24 hrs (%)

D570

0.01

0.03

0.01

0.03

Limiting Oxygen
Index (%)

D2863

95

95

95

30–36

Tensile strength at
break (MPa)

D1708

20–40

27

25–30

45

Elongation (%)

D1708,
D638

250–500

300

300

200

Izod Impact (notched),
D256
23 °C (J m–1)

160–190

No break

No break

No break

Flexural Modulus
(MPa)

D790

450–600

700

550–650

1400

Tensile Modulus
(MPa)

D638

350–550

270–280

350–500

800–1300

Melting Point (°C)

D2236

327

305

270

260

Thermal
Conductivity
(W m–1 K–1)

C177

0.24

0.19

0.25

0.23

CTE 10–5/°C
(rt-60 °C)

D696

9–11

11–13

8–11

9–11

Arc resistance (s)

D495

300

180

300

75

Dynamic coef. of
friction

D3028

0.05–0.15

0.14–0.25

0.14–0.25

0.14–0.25

2.2.6 Wrapped vs. Extruded Fluoropolymers-Based Jackets
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An extruded wire was run through a die with the plastic tube hot-extruded around the wire as a
cylinder. For a wrapped wire, the plastic in the form of a tape form was wrapped around the wire
and seam-sealed. Tests were performed by the Lectromec Company. The results revealed that wire
constructions with extruded insulation (AS22759/34, XL-ETFE) exhibited better performances than
the tape wrapped constructions (AS22759/87 PTFE-Polyimide construction). AS22759 specification
covers the fluoropolymer-insulated single conductor electrical wires made of Sn-, Ag-, or Ni-coated
conductors of Cu or Cu-alloy. The fluoropolymer insulation of these wires can potentially be
constructed with PTFE, FEP, PVDF, ETFE, or other fluoropolymer resins [31]. Tape wrapped
constructions contain more voids; thus, facilitating the generation of partial discharges (Figure 5)
[32].

Figure 5 Wrapped vs. extruded PTFE-based jackets.
It is more appropriate to compare extruded versus tape-wrapped PTFE. In this juxtaposition,
extruded PTFE exhibits the problems of ring-cracks and axial splits, according to the Druflon
Company [33]. This Company manufactures PTFE Sleeves/Tubings following the “Tape-Wrapping
Sintering” (TWS) method (Figure 6). Unsintered PTFE tapes of uniform thicknesses are wrapped
around a mandrel and sintered. Several layers of tapes are fused into a homogenous one. Following
this, the mandrel is removed, leaving behind the sleeve. The insulation is not extruded into the
interstices of the wire strands. In addition, the molecular structure of Druflon-TWS PTFE prevents
tears, which can be attributed to its biaxial orientation.

Figure 6 Tape-Wrapping-Sintering (TWS) method.
The TWS process is comparable to the process pioneered by W.L. Gore & Associates [34]. Wilbert
Lee Gore (1912–1986), employed in the period of 1953–57 by the DuPont Company, was conducting
research in the basement of his home. Gore’s son, Robert (still a sophomore in college at that time),
suggested his father to take some unsintered tape of PTFE and feed the tapes in the nips of the
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calendar rolls, one on each side, and make a wiring strip instead of trying to control the feeding of
the powder into the rolls. Wilbert Gore was surprised that the two pieces of extruded PTFE tape
adhered tightly together and that the resulting assembly did not tear itself apart during the process
of sintering, which required heating well above the PTFE crystalline melt temperature. Subsequent
dielectric tests on the laminated ribbon cable assembly, conducted the next day, proved that this
process produced an electrically sound cable.
Nowadays, for the development of next-generation wires, Gore aims to combine the best
properties of the current solutions without: i) resorting to aromatic hydrocarbons (widely
mistrusted because they are prone to arc tracking), and ii) increasing the thickness and weight.
Based on future needs, Gore focuses on the following key attributes: i) voltage breakdown and
endurance, ii) (dynamic) cut-through resistance, and iii) arc (wet and dry) resistance. The
specifications are based on AS22759 (vide supra), although the ultimate performance target is
JSWAG “enhanced” specs (JSWAG–Joint Services Wiring Action Group–a joint service forum
providing advancements in safety, reliability, maintainability, and readiness of all Department of
Defense aircraft by improving the electrical wire and interconnect systems (EWIS) and fiber optic
cable systems) [35].
2.2.7 A Commercially-Available High-Temperature Engineered Fluoropolymer
In 2011, DuPont released a novel high-temperature melt-processable resin, referred to as the
ECCtreme® ECA (Figure 7) [36, 37].

Figure 7 Chemours at the forefront of fluoropolymer innovation for over 75 years.
This resin can be operated above the long-standing upper-use limit of 260 °C. The upper limit
could be extended by 40 °C. This particular feature was achieved following the process of epitaxial
co-crystallization (ECC). This phenomenon is characterized by an increase in crystallinity via two
pathways: i) spherulite growth within the crystal structure and ii) end-to-end coupling of the
polymer chains. The resin can be easily processed into shapes, tubes, or wire coatings. The initial
composition consists of a dry blend mixture of PFA and low molecular weight PTFE, referred to as
the PTFE micropowder [38]. The PFA used can be a copolymer of TFE and perfluoropropoxyethylene
(PPVE) with a PPVE content of 4.2 wt.%. The end-groups of this PFA are primarily carboxylic acids. A
small proportion of carbonyl fluorides are also present. The PTFE micropowder, for instance, Zonyl®
fluoroadditive, is a powder with an average particle size of 12 µm. It is generally composed of at
least 20 wt.% of Zonyl®. The two polymers are dry blended and then melt-mixed. The PFA and
fluoroadditive constituents crystallize independently (two melting temperatures are observed).
Heat aging of the solid-state mixture engenders the epitaxial co-crystallization, resulting in a single
melting temperature.
Compared to the fully and partially fluorinated fluoropolymers, this resin demonstrates the
following features [38]: a high combination of temperature and chemical resistance, superior
abrasion resistance of PTFE, no degradation of tensile modulus properties after nearly two years of
constant exposure to a temperature of 315 °C, a dielectric constant similar to that exhibited by
other melt-processable perfluoropolymers, and a dissipation factor lower than that of standard PFA.
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Of its electrical properties, 97% was retained after 14 months of heat exposure at 310 °C (10
degrees above its upper use temperature). Improved gas permeation resistance (both carbon
dioxide and oxygen), improved permeation resistance to concentrated HCl, resistance to fuming
sulfuric and nitric acids, bases, aggressive peroxides, antioxidants (as used in high-temperature oils),
and methanol (as used in fuel) were observed. The parts molded from the resin were unaffected
when exposed to high-pressure steam, a common enemy of many fluoropolymers. However, strong
oxidizing acids, organic bases, and sulfonic acids (at high concentrations and near their boiling
points) can potentially affect the properties of the resin.
The Rubadue Wire Company chose DuPont ECCtreme fluoroplastic resin due to its highperformance features [39]. ECA-coated wire materials exhibit enhanced performances when
exposed to temperatures above 280 °C. Their wires range from AWG (American Wire Gauge) 8 to
AWG 30 fabricated with 27% nickel-plated copper conductor (solid or stranded) and are rated for
300 °C, and 600 V. The Zeus Company has also developed processes to extrude ECCtreme® ECA
heat-insulated wires [40].
3. Aircraft Environment vs. Wire Reliability
Aircraft constraints are:
i) Electrical: Conductivity, attenuation, electromagnetic Interference (EMI)
ii) Mechanical: Vibration, abrasion
iii) Environmental: Temperature, contaminants
iv) Application-Specific: Lightest weight, smallest diameter, performance criteria
The two most important factors that should be considered during the development of aircraft
applications are safety and weight. Operating costs are related to the weight of the aircraft. Thus
wires must be electrically and mechanically robust. They should also not add significant mass to the
aircraft. The ideal cable helps achieve maximum performance with the smallest size and lowest
weight.
Cable shielding is also crucial as electromagnetic interference (EMI) is encountered. The
development of composite materials for use in aircraft structures has modified the electrical
characteristics of modern aircraft in terms of EMI. Hence, it is necessary to improve shielding at the
cable bundle level to protect electronic systems.
Mechanical stress includes vibration, acceleration loads, and potential damage during
installation and maintenance. Wire chafing can have a detrimental effect on wire reliability. This
phenomenon is typically caused by wires rubbing against each other or their fixtures over time.
The aircraft environment exposes cables to contaminants such as deicing fluids, hydraulic fluids,
cleaning solutions, and water. Such contaminations lead to arc tracking [4], “a phenomenon
whereby an arc between 2 or more wires, on initiation, will sustain itself through a conductive path
provided by the degradation of the insulation for a measurable length” [41]. The comparative
tracking index (CTI) is commonly used to measure the arc tracking properties of insulation material
(IEC 60112 [42], ASTM D368 [43]).
Wires must operate over a wide pressure range (e.g., the pressure is 3.3 psi at 36,000 ft and 11,3
psi at 7,000 ft). They are also exposed to extreme temperature fluctuations based on the proximity
to hot zones on the aircraft. When polymers are exposed to high temperatures, close enough to Tm
and beyond Tg, polymer chains reorder, leading to shrinkage. When shrinkage exceeds the tensile
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strength, cracks appear. “Mandrel wrap tests” (MIL-W-22759) are the comprehensive tests for
stress crack resistance of wires. Stress cracking can also be caused by environmental and mechanical
stresses [44].
Miles of wires are present inside Aircraft harnesses (e.g., approximately 330 miles in the Airbus
380 and 140 miles weighing about 3,500 pounds in the Boeing 747) that are often hard to reach.
The most frequent cause of electrical fires are: (i) wear because of aging and exposure to heat, (ii)
tear resulting from mechanical stress, (iii) chemical contamination, and (iv) breaks in insulation
leading to the exposure of metal conductors.
The electrification at the horizon is another constraint that should be considered as the
boundaries of commonly-employed wires are significantly pushed. Hence, a new generation of
insulating materials capable of handling higher continuous-use temperatures and voltage are on
demand. As mentioned earlier, the operating voltages should be below 1000 VDC. Regarding the
temperature, the typical operating temperature of the insulation material must range from −70 °C
to +300 °C for a minimum of 90,000 h. Hence, the low thermal conductivity of polymers presents a
technological barrier, especially for high-temperature applications [45].
4. Thermal Conductivity
Improved thermal conductivity is required for heat dissipation to increase the lifespan of wires.
Bulk polymers commonly exhibit low thermal conductivity (0.1–0.5 W m−1 K−1) because of the
random alignment of amorphous domains that tends to localize the vibrational modes.
Over the last two decades, researchers have come to the following conclusions [45]:
(i) A high side-chain density lowers the thermal conductivity. Conversely, enhancing stretching
and bending strength of polymer backbone bonds engenders a higher thermal conductivity.
(ii) The thermal conductivity is improved at low nanofiller concentration, but the aggregation of
fillers may have the opposite effect when the concentration is further increased. However, if the
filler concentration is increased further, the thermal conductivity can be improved because of the
formation of heat transport networks (which can be attributed to the aggregation of fillers).
(iii) The intrinsic 3D network of 3D fillers such as carbon foam, graphene foam, and expanded
graphite can help reduce the thermal conductivity without thermal contact resistance.
(iv) Double filler composites can potentially exhibit a higher thermal conductivity, which can be
attributed to the bridging effect between both networks and a reduced inter-filler thermal
resistance.
(v) The effect of cross-linking knots and hydrogen bonding is still not clearly understood. Further
investigations are needed to understand the effect.
5. Conclusions
In the future, electrical systems will play an even more important role in determining the
efficiencies of more electric aircraft. A new generation of insulating materials capable of handling
higher continuous-use temperatures and voltages (300 °C and 1000 VDC, respectively) needs to be
developed. Polyimides such as Kapton® paired with fluoropolymers such as Teflon® PTFE are known
to perform well in high-temperature environments (up to 260 °C). Nevertheless, for the
development of next-generation wires, influential companies are keen to combine the best
properties of current solutions without resorting to aromatic hydrocarbons (mistrusted because
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they are prone to arc tracking). In 2011, Chemours reported the synthesis of a high-temperature
melt-processable resin that surpasses the long-standing upper-use limit of 260 °C. The upper limit
was extended by 40 °C. This resin thus appears as a great candidate for use in high-temperature
environments. However, it has been understudied for use as wire materials. There is no doubt that
fluoropolymers, especially fluoropolymers composites, will continue to be one of the leading
insulation materials for high-performance wire applications. Chafing can exert a detrimental effect
on wire reliability, and the addition of fillers can solve this problem. Similarly, the use of 3D fillers is
an interesting way of enhancing the thermal conductivity of polymers.
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Abstract
In this work, two types of wastes were introduced, namely, glass from municipal waste and
Construction and Demolition Waste (CDW). The latter, which was obtained from rubble
generated by the seismic events occurred in Central Italy in 2016, was introduced in two
configurations, the single-layer and the double-layer of the cement-based Terrazzo tiles. A
maximum of 77% of waste introduction was proven to be possible, therefore creating the
possibility of obtaining construction products including high quantities of secondary raw
materials, coupled with a valuable aesthetic aspect. The tiles represent a novel CDW upcycling
application and follow the EU recommendations to improve the circular economy in the
building sector. In particular, the products obtained showed dimensional conformity in the
specifications and mechanical performance in the case of double-layer tiles as required by the
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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envisaged use in the flooring (EN 13748-1). A life cycle analysis (LCA) clarified the possible
advantages in terms of reduced resource depletion (RD) and global warming potential (GWP).
The evaluation at the aggregate/glass matrix interface indicated good performance of the
tiles, demonstrating the readiness for industrial production and market introduction.
Keywords
Construction and demolition waste (CDW); terrazzo tiles; mechanical properties; life cycle
assessment

1. Introduction
The European Union (EU) has identified the Construction and Demolition Waste (CDW) as a
priority waste stream due to the huge amounts generated, which is approximately 800 million
metric tons, corresponding to 30% of the total waste generated [1-2]. For this reason, the EU has
set for its member states an ambitious target regarding the recycling of the CDW. According to the
Waste Framework Directive (WFD) 2008/98/EC, the minimum recycling amount for non-hazardous
CDW needs to be at least 70% in weight by 2020 [3-4]. More specific to the construction industry,
the Sustainable Construction Strategy (2008) also sets overall targets for reducing the landfilling of
the CDW [5]. The construction industry sector generates about 35% of waste in landfills all across
the globe [6]. As a consequence, the need for the construction sector to promote actions to reduce
greenhouse gas (GHG) emissions, mitigate climate change and resource depletion are recognized
worldwide. In this framework, a circular economic approach that focuses on concepts of reusing
and recycling could ensure more sustainable use of construction materials [7-9].
Currently, the CDW recovery varies widely across the member states of the EU; for instance,
Austria and Germany have already reached the 2020 target, and other countries, such as Finland,
are just behind with a CDW material recovery rate of ca. 58 % [10]. This variability mainly occurs
due to a lack of uniform standards among different EU countries, the risk avoidance concerns (e.g.,
asbestos), the lack of experience, and the lack of mature and effective technologies used to separate
and reuse waste fractions (e.g., ceramics, bricks, gypsum, stones, etc.), which might favor the
recycling of the CDW back in the manufacturing loops. Also, the composition of the CDW strongly
changes between the other member states and the geographical areas. Even in the same country,
the CDW usually appears in a complex and mixed form, making it very difficult to separate and
recycle. It is strictly related to the type and age of buildings, the construction styles, and the
geological availability of different types of rocks.
A matter of interest in the construction industry is the possible recycling of waste into new
building materials. Often, the main option for recycling this type of waste is still by downgrading the
applications into aggregates for road construction, embankment, or backfilling [11-12]. Also, with
limitations in mechanical performance, the aggregates are recycled into concrete [13]. However,
this issue has drawn much more attention in recent years, as well as recycling the glass waste of
asphalt shingle for use as a raw material in the manufacturing of cement [14-17].
The use of recycled aggregates (RA) from the CDW in concrete mixes has been widely explored
to improve the up-cycling [18-21]. Concrete is the most widely used construction material, and its
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production is dependent on primary raw materials such as cement, sand, gravel, and water [19].
Although this results in a huge production of concrete, there is a high level of consumption of natural
resources. For this reason, recycled aggregate, which originates from the CDW, can partially or fully
replace natural aggregates in the concrete mixture, representing one of the most effective
approaches in utilizing the CDW. To be suitable for RA use, the CDW needs to be treated first and
be free of undesired and more lightweight fractions (e.g., plastic, wood, ferrous metals, rubber, and
gypsum) [20]. Apart from the use of the CDW in the RA that could result to be technically
performant, there are also various studies focused on the use of the lighter fraction for the
preparation of recycled insulation materials [22-25].
Another important issue concerning municipalities worldwide is the recycling of waste glass. For
instance, the usage of recycled glass as a new and high-quality glass is limited due to the presence
of impurities or mixed colors [14]. Recently, studies have also been devoted to the use of waste
glass as aggregates for cement concrete or as replacements for cement [26-31]. This substitution
can result in a slightly negative effect on the workability, strength, and the freeze-resistance of the
cement concrete, which could be mitigated by partially replacing the Portland cement with other
pozzolanic materials such as the fly ash or metakaolin [14 and references therein].
Due to the low economic costs required for landfilling, lack of incentives, and sometimes due to
outdated regulations, the use of virgin aggregates is still preferred over that of the recycled
aggregates [32-33] in the building industry. Thus, there is an important need to develop new
applications and products that can be more suitable for waste recycling toward the overall circular
economy action plan of the EU.
Many EU projects have worked on the management strategies and applications regarding the
CDW with a particular aim in developing upcycling technologies to recover aggregates from complex
CDW, and to produce pre-fabricated building blocks using high percentages of CDW, or to embed
the CDW in a geopolymer matrix for insulating elements (e.g., InnoWEE, RE4, HISER, IRCOW, C2CA)
[5]. The EU-Life project ‘ECOTILES’ (https://www.ecotiles-lifeproject.eu/) provided its contribution
toward the reduction and reuse of the CDW. In particular, the project aimed at introducing
environmental improvements in the production of the traditional cement-based tiles, by obtaining
products containing more than 70% waste. This result was achieved by including recycled glass and
ceramics from urban/industrial wastes and CDW; this reduces the environmental impact of the
Terrazzo tile production compared to the traditional Terrazzo tiles while achieving the production
of high-grade pre-casted products.
Terrazzo tiles having dimensions of 300x300x30, 250x250x25, and 200x200x20 mm are widely
used, and can be produced in two varieties, single or double layer, with the latter consisting of two
layers, the upper exposed to friction conditions, and the lower in contact with the floor mat [34].
Over the years, the Terrazzo tiles proved to be more suitable for the introduction of waste from the
building industry, in which they are precast and are not structural elements [35]. Efforts were made
in a study on recycling and reuse of waste materials to obtain different constructive elements. For
instance, it is possible to produce concrete for pavement blocks using concrete and ceramic recycled
aggregates along with mechanical properties similar to those of the natural aggregates, without
needing to increase the amount of cement [36].
The main objective of the present study is the characterization of the Terrazzo tiles incorporating
the glass waste and the CDW. In particular, the introduction of local CDW into the Terrazzo tiles is
considered alongside the compliance of the product obtained with the dimensional and mechanical
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specifications, leading to two types of Terrazzo tiles, referred to as the single layer and the double
layer. The sense of bringing this operation to the level of industrialization is also clarified by
comparing the traditional products offered and produced by all newly obtained materials.
In particular, concerning the seismic events that occurred in central Italy during 2016, a
considerable amount of CDW was produced, estimated to be around 2.667.000 tons [37], which is
a number highly underestimated as it accounts only for the damages incurred by public buildings.
Therefore, a large amount of CDW produced by earthquakes would be present in the area for many
years until reconstructions are carried out. For this reason, a virtuous environmental procedure
suggests as much disposal possible for local productions, not far from the stocking sites. This has
been realized thanks to the involvement of a local producer in the project that has directly guided
all the prospects of industrialization of the project.
Finally, the cost and environmental impact, together with associated savings, is evaluated using
the Life Cycle Assessment (LCA) on the product (EN ISO, 2006a, 2006b). The importance of
performing the LCA studies has currently increased, probably as a result of the latest European
Directives on the construction of buildings (Directive 2010/31/EC, Directive 2008/98/CE). The LCA
application is based on a general evaluation of the environmental waste management system;
however, many studies are particularly devoted to investigating the Construction and Demolition of
the Waste environmental performance [38-40].
In this work, the results of the LCA carried out on both the traditional and “eco” (including waste)
versions of the Terrazzo tiles from the same manufacturer are presented to compare their
respective environmental impacts. All the measurement and analysis concerning the Terrazzo tiles
have been made to assess the environmental benefit of avoiding the accumulation and treatment
of waste and to transform it from an environmental problem to a valuable product at an industrial
scale, as well as to check the guarantee of these products and if they are permissible for internal
use according to the mandatory European Standards.
2. Materials and Methods
For better clarity regarding the objectives of the study, the main stages of the experimental work
carried out for the production and testing of the Terrazzo tiles are reported in Figure 1 and explained
in the following paragraphs.
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Figure 1 Chart with the main steps of the experimental work.
2.1 Waste Characterization
2.1.1 Construction and Demolition Waste (CDW)
The CDW sample used in this study was collected from the centralized CDW processing plant
(COSMARI in Macerata, Italy) that, after the 2016 seismic crisis that impacted four Regions in Central
Italy, is the plant in charge of collecting, separating, and distributing all the earthquake rubble from
the entire Marche Region. The high compositional heterogeneity of the CDW required a strict
control of the grain size to obtain a suitable product. In particular, the CDW used ceramic, bricks,
and other construction materials such as cement and concrete fragments. Due to its composition,
it is highly non-homogeneous and unsuitable to be utilized as an aggregate for the Single Layer (SL)
tiles for aesthetic reasons. However, it has been inserted and used successfully in powders in the
lower layer of the Double Layer (DL) tiles.
CDW mineralogical composition has been analyzed by X-ray powder diffraction method (XRPD)
using an automated PHILIPS PW1830 diffractometer equipped with a Cu Ka X-ray generator (λ=
1.5418 Å). A Cu X-ray tube was operated at 40 kV and 25 mA, and the data were collected in the
step scan mode with a Bragg angle 2Ѳ range from 3° to 75°, a scanning step of 0.02° and counting
time of 1 s, respectively. The XRPD pattern of the CDW is reported in Figure 2, which shows the
presence of Alite (Al), Belite (Bl), Celite (Cl), Calcite (Cal), and Quartz (Qz) with traces of Gypsum
(Gy), wherein Calcite and Quartz are the predominant phases.
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Figure 2 XRPD pattern of Construction and Demolition Waste mineralogical phases.
Present phases are Alite (Al), Belite (Bl), Celite (Cl), Calcite (Cal), Quartz (Qz), and
Gypsum (Gy).
2.1.2 Glass Waste
Chemical analyses of the major elements of the green-colored glass waste sample used were
obtained by the Electron Micro-Probe (EMP) using a CAMECA SX50 at the Consiglio Nazionale Delle
Ricerche (CNR) - Institute of Geosciences and Earth Resources (IGG) in Padova (Italy). The
measurements were performed with an acceleration voltage of 20 keV, a beam current of 2nA for
K, Na, Al, and Si, all measured at first, and a beam current of 20 nA for all the other elements. During
the analysis, a slightly defocused (ca. 10 micrometers) beam was used to minimize the alkali
volatility. Sample composition is given in wt% oxides along with variance in Table 1.
Table 1 Chemical oxides composition (wt.%) of waste glass.

Wt %

SiO2

TiO2

Al2O3

Fe2O3

MgO

CaO

BaO

MnO

Na2O

K2O

TOTAL

GFI-1

70.98

0.06

2.01

0.34

2.33

10.92

0.04

0.02

10.05

0.84

97.58

GF-1-1

70.77

0.07

2.53

0.28

2.35

10.93

0.06

0.03

10.14

1.10

98.26

Variance

0.022

0.00005

0.1352

0.0018

0.0002

0.00005

0.00002

0.00005

0.0041

0.0338

-

It does not total to 100 because of the presence of other minor elements (e.g., S, Pb, Ni, Co),
whose presence has also been investigated but resulted in concentrations below the detection limit
of the instruments.
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2.2 Terrazzo Tiles Production
The production of Terrazzo tiles has been experimented in two common versions, namely the SL
and the DL (Figure 3). The SL and the upper layer of the DL tiles, which also represent the decorative
part of the tiles, are composed of a mixture of a) waste glass (or marble granulate or aggregate), b)
recycled waste glass (quartz or marble powder) which is powdered to less than 100 microns, c)
Portland cement, and d) pigments. The bottom layer of the DL is composed of the CDW and Grey
Portland cement. This choice of components evidences that the eco-version of the Terrazzo tiles
described was mostly made using waste materials, obtaining substantially less environmental
impact compared to the “traditional” Terrazzo tiles, which are composed exclusively of marble
granulate, cement, and pigments (in SL) or quartz sand and cement (in DL). The use of glass in the
upper layer also allows obtaining a product of aesthetic value, with a modern, appealing, and fresh
look, competing with current best-in-market products for use in interiors.

Figure 3 Top view of a single layer (SL) and bottom view of a double layer (DL) ecological
(ECO) tile produced with the introduction of glass waste and CDW.
All the dosages of the Terrazzo tile components used in this work are displayed in Table 1. The
dosages were calculated according to the original dosages from the producer (Grandinetti, the
Italian company also EU-Life project partner, www.grandinetti.it), revised to include waste
materials. An equal proportion of natural aggregates was replaced by the secondary raw materials
in both the mixes for the SL and DL tiles. Thus, the mixes were obtained as per the following ratios:
cement/glass (granulate and powder) = 1/3.5 in the case of SL tiles; cement/CDW = 1/3 in the case
of DL tiles. Keeping the water content constant (11.8 %), the cement content was modified in the
two tile mixes to get the exact water/cement (w/c) ratio of 0.60 in the SL tile mix and 0.56 in the DL
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tiles, respectively. The mixing procedure consists of the following steps: 1) Add water in the mixer,
2) Later add cement and mix for a few minutes, 3) finally, add the aggregates and mix once again.
Once prepared, the mixes were poured into the molds and were subjected to vibration and
pressing to remove excess water. After all the products were made, they were subjected to curing
before being tested. The curing was carried out using a micro-camera system, a closed container
that enables the curing of mixtures without the help of additional steaming but by using the heat
produced by the exothermic reaction of the cement during its natural hardening cycle. This allows
the reduction of curing time from 28 to 20 days and less (Grandinetti company patent).
The final products consist of cement-based tiles with a lateral size of 250 x 250 mm and a
thickness of 13 mm for a single-layer and 23 mm for the double-layer tiles. Thickness values refer
to the post-polishing data, which resulted in the reduction of the thickness of 2-3 mm. This
production allowed, including up to 77% of glass in the SL tiles and 75% of waste materials in the
bottom layer of the DL tiles, respectively. In particular, Table 2 shows the comparison between the
DL-Ecological (DL-ECO) and DL-Traditional (DL-TRA) tiles in terms of material composition: about
37% in weight of the TRA-tile bottom layer is composed of sand, which is substituted by the CDW,
while about 40% of the weight of the TRA-tile upper layer is usually composed of marble, that is
substituted by the recycled glass in the ECO-tile. This procedure allows the insertion of considerable
amounts of waste in the ECO-tiles, avoiding the use of new raw materials and at the same time,
maintaining its characteristics and the scope of possible applications as a high-grade product.
Table 2 Main characteristics and composition of each type of tiles.

Width (mm)
Final thickness (mm)
Final weight (kg/m2)
Cement (%)
Marble (%)
Glass (%)
CDW (%)
Pigment (%)

SL-TRA

SL-ECO

250
13
32.5
22
77
1

250
13
32.5
22
77
1

DL-TRA
(bottom layer)
250
23
57.5
25
75
-

DL-ECO
(bottom layer)
250
23
57.5
25
75
-

2.3 Tests
For the industrial production and commercialization of Terrazzo tiles, there is a requirement to
determine their correspondence to the standard norm UNI EN 13748-1 “Terrazzo tiles for internal
use”. The tests are determinant in assuring the feasibility of the types of tiles produced and their
acceptance in the market.
2.3.1 Dimensional Compliance
The test verifies if the format of the Terrazzo tiles is consistent with the specifications given by
the manufacturer with regards to the length, width, and thickness (Figure 4).
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Figure 4 Set-up for dimensional compliance measurements.
• Dimensional deviations (UNI EN 13748-1 5.1): Individual tiles, when tested shall conform to
the declared work dimensions of the manufacturer within the permissible deviations. Dimension
Tolerance: Length at edges ±0.3 %; Thickness of the tile ±2 mm (for a thickness < 40 mm), ±3 mm
(for a thickness ≥ 40 mm).
• Straightness of edges of the upper face (UNI EN 13748-1 5.2): the maximum discrepancy
between the nominal and measured value of the edge shall not exceed ±0.3 % of the length of the
considered edge.
• The flatness of the upper face (UNI EN 13748-1 5.4): no point shall deviate from the surface
by more than 0.3 % of the length of the considered diagonal. This does not apply to the textured
upper faces.
2.3.2 Mechanical Testing
Breaking strength and load tests are performed in a transverse testing machine (Figure 5). It is
constructed in such a way that it can induce the three-point bending into the sample without
torsion.
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Figure 5 Transverse testing machine for mechanical measurements.
In particular, the tiles have the following requirements:
• Breaking strength requirements (UNI EN 13748-1 5.5): The breaking strength is deemed
sufficient when the mean breaking strength of four specimens is more than or equal to 5 MPa, and
when no individual result of the stress of failure is lower than 4 MPa.
• Breaking load requirements (UNI EN 13748-1 5.5): The breaking load is deemed sufficient
when no individual result is found to be less than 2.5 kN for tiles having a surface area less than or
equal to 1100 cm2, or no individual result is less than 3 kN for tiles with a surface area of more than
1100 cm2.
3. Results and Discussions
3.1 Dimensional Compliance and Mechanical Performance
The SL-ECO tiles were checked for the first dimensional compliance based on deviation from
length and straightness. Figure 6 shows that the tiles were compliant to both the dimensional
parameters i.e., length and straightness. The tiles had enough strength for both edges and the upper
surface.

Figure 6 Dimensional compliance of single layer tiles.
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All the relevant mechanical results are presented in Table 3 as the average values followed by
their relative standard deviations. The single layer tiles were compliant with the breaking strength
but not with the breaking load, while the double layer tiles were compliant with both (Table 3). To
therefore proceed with the industrial phase, the production company decided to increase the
thickness of the SL tiles, which resulted in an improvement of their mechanical performance,
suggesting that the industrialization and commercialization of these materials were feasible.
Table 3 Mechanical performance of the SL- and DL- ECO tiles.
Properties

Configuration

Values

Single layer

8.48 ±0.43

Double layer

7.13 ±0.48

Single layer

1.22 ±0.05

Double layer

4.25 ±0.47

Breaking strength (MPa)

Breaking load (kN)

These products have been subsequently presented at the CERSAIE international fair and are
available to the market for commercialization by the producer, as depicted in Figure 7.

Figure 7 Industrialization phase at the Grandinetti company, using two different glasses.
3.2 LCA Analysis
The boundaries of the LCA system that are under study are reported in Figure 8, which
concentrates on the raw materials used for the production of the Terrazzo tiles and the different
production phases. In contrast, the impact caused due to waste disposal and water treatment is
neglected, while the impacts of electricity, fuel, and transport are only considered when it is
associated with the transfer of raw materials to the site of production. This was with the
understanding that the study concentrates on the potential environmental substitution of raw
materials, including recycled material, specifically glass wastes and CDW, in a specific production
process. Table 4 reports the potential of global warming in terms of carbon footprint (in kg of CO2
equivalents per functional unit) measured during the different phases of the life cycle for each of
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the four analyzed tile configurations. The represented data show how the recovery phase of the
raw materials has the highest impact on the total amount of CO2 produced in the life cycle of a
Terrazzo tile.

Figure 8 Boundaries of the LCA system are considered. Diamond boxes are processes
exclusive to traditional tiles (TRAD) and rounded boxes are exclusive to ecological tiles
(ECO).
Table 4 Carbon footprint impact (kg of CO2eq per f.u.) calculated for each life phase of
the four tile configurations were studied.

Raw materials
Transport
Production
End-of-Life
Total

SL-TRA
8.93
1.00
1.69
0.40
12.02

SL-ECO
7.70
0.82
1.26
0.00
9.77

DL-TRA
16.34
1.07
2.21
0.71
20.33

DL-ECO
15.39
0.89
1,85
0.00
18.12

More details are provided in Table 5, which indicates that the main contribution is from the
cement content alone, and it accounts for more than half of the total CO2 output. The second most
impacting phase is the production, which only accounts for 10% of the total CO 2 output. The
transport and usage phases only account for around 5% of the total impact when considered
together. In the ecological Terrazzo tiles, the reduction of CO2 associated with transport is mainly
dependent on the proximity of the production sites with the recycling facilities available compared
to the marble extraction quarries. It is important to note that in Italy, the glass recycling facilities
are distributed at the regional level, while the marble quarries are located exclusively in a few
geological sites (e.g., Northern Tuscany or the Alps area). In the production step, the only process,
which contributes to the reduction of CO2 is maturing. This is because the maturing of the ecological
Terrazzo is conducted using the patented process of exploiting the exothermic reaction that takes
place during the cement setting, which avoids the need for additional heat required to reduce the
setting time, to speed up the tile production, and to reduce the energy usage. Finally, the use of the
recycled material in the ecological tile processing allows completely avoiding the landfill of end-oflife products and associated environmental impacts, as the ecological tiles can be fully reintegrated
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in the production cycle as CDW (end-of-life phase).
Table 5 Environmental indicators for the four case studies.
OBJECTIVE

INDICATOR

CO2 emissions for
GREENHOUSE
cement production
GAS EMISSIONS CO2 for transport of
raw materials
Waste
diverted
from landfill: CDW
Valorized
waste:
glass
Valorized
waste:
WASTE
waste from internal
MANAGEMENT
tiles
production
process
Powders from CDW
and
building
material processing
RESOURCES
Quarry materials
DEPLETION
replaced by waste
Energy
consumption
in
cement production
ENERGY
Energy
consumption
in
production process
Particulates
EMISSIONS TO
NOx
AIR
SO2

UNIT
MEASURE

OF

SL-TRA

SL-ECO

DL-TRA SL-ECO

kg CO2/f.u.

7.22

7.22

13.28

13.28

kg CO2/f.u.

1.01

0.82

1.07

0.89

kg/f.u.

-

0.00

-

31.25

kg/f.u.

-

33.10

-

24.56

kg/f.u.

-

10.56

-

16.11

kg/f.u.

-

0.00

-

15.63

kg/f.u.

-

33.10

-

55.81

kWh/f.u.

1.14

2.09

1.14

2.09

kWh/f.u.

2.68

2.25

3.68

2.95

kg/f.u.
kg/f.u.
kg/f.u.

0.79
0.04
0.01

0.79
0.03
0.01

1.45
0.07
0.02

1.45
0.06
0.01

Preliminary scrutiny of the data from Table 5 reveals that as a whole, compared to the traditional
Terrazzo tiles, the ecological Terrazzo tiles achieve significant benefits in terms of consumption of
resources, owing to the complete substitution of marble and sand with the CDW and recycled glass
(Waste management and Resources depletion objectives), reduction of consumed energy (avoiding
the high amount of energy generally used in marble quarrying operations), and higher efficiency in
the production processes with a particular reference to the maturing step (Energy objective). The
emissions of NOx and SO2 particulates are comparatively low and are associated exclusively with
marble quarrying and cement production. In this regard, it is worth highlighting how the literature
data on cement production and the marble quarrying activities confirm that most of the emissions
are composed of CO2, while NOx and SO2 emissions are lower by orders of 2-3 magnitudes [41-43].
In contrast, the GWP impact of the double-layer tiles is higher than the single-layer tiles for both
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the traditional and ecological types, as reported in detail in Table 6 and Table 7. The increase in the
GWP is largely attributed to the increase in materials required for the production of 1 m2 (i.e., 1
functional unit) of tiles, which is almost twice the thickness and the weight of the single layer. This
factor also affects the transportation step and also the mixing, casting, and maturing of items in the
production step. Again, the bill of CO2 associated with the usage step is almost twice as large in the
traditional double-layered tiles compared to the traditional single-layered ones. The same
considerations prescribed for the single-layered ecological tiles also apply for the double-layered
ones.
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Table 6 Input and output data for a functional unit (m²) of SL-TRA tile and SL-ECO tile*.
Life cycle
phase

Stage

Input materials (kg)

Extraction and
quarry operations

Marble stones

Output materials (kg)

By-product/waste (kg)

Energy sources (fuel, electric,
biomass.)

40.34

Marble

33.10

Solid waste to
landfill

7.24

Electricity, fuel
(kWh)

2.80

33.10

Marble granulate
and powder
Glass granulate
and powder*

33.10

-

Electricity (kWh)

0.12

Electricity (kWh)

1.14

Marble
Grinding/milling
Recycled glass*

Raw
materials
Sieving/selection

Marble granulate and
powder
Glass granulate and
powder*

Marble granulate
33.10
Glass granulate*

Cement
extraction and
production

Marble transport
Transport
Cement transport
Production
process

17.35

White cement
Marble granulate and
powder
Glass granulate and
powder*

33.10

White cement

9.48

White cement

9.48

Mixing
Clean water

Marble
powder

15.74

9.48

Marble granulate
and powder
Glass granulate
and powder*

33.10

White cement

9.48

-

-

Fuel (km)

445

Liquid casting mix

48.80

-

-

Electricity (kWh)

0.27

393.03
-

-

Fuel (km)
296*

5.74
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Marble granulate and
powder
33.10
Glass granulate and
powder*
Pigments

0.47

Casting/pressing

Liquid casting mix

48.80

Fresh raw tile

43.63

Dirty water

5.17

Electricity (kWh)

0.73

Temporary
storage
“microcamera
curing”

Fresh raw tile

43.63

Fresh raw tile

43.63

-

-

-

-

0.57

Electricity (kWh)
0.43
Heat produced by
the titles during the maturing*

Maturing

Smoothing

Fresh raw tile

43.63

Raw tile

43.06

Abrasives

0.04

Clean water

End of life

Landfill

Tile

Raw tile

43.06

Waste material 6.25
Tile

32.5

Dirty water

2.44

Electricity (kWh)

1.25

Defective
products - - 4.31
10%

2.4

32.5

Steam

Waste to
landfilled
Waste to
landfilled*

be
be

32,5
-
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Table 7 Input and output data for a functional unit (m²) of DL-TRA tile and DL-ECO tile*.
Life cycle
phase

Stage

Input materials (kg)

Extraction and quarry
operations

Marble stones

Marble
Grinding/milling
Recycled
glass*
Raw
materials

Sieving/selection

Glass sieving/selection*
CDW
milling/sieving/selection*

Marble
granulate and
powder
Glass
granulate and
powder*
CDW *

29.93 Marble
Marble
granulate and
powder
24.56
Glass
granulate and
powder*

Marble transport

Marble
granulate and

24.56

By-product/waste
(kg)

Energy sources (fuel, electric,
biomass)

Solid waste
to landfill

Electricity, fuel
(kWh)

7.49

Electricity (kWh)

0.09

Electricity (kWh)

0.11

Electricity (kWh)

2.09

Fuel (km)

393.03

24.56 -

24.56

Marble
granulate

12.88

24.56

Glass
granulate*

12.88 -

31.25 Milled CDW*

Cement extraction and
production
Transport

Output materials (kg)

24.56

Marble
powder

31.25 -

White cement

17.45

Marble
granulate and

24.56 -

5.37

-

11.68

-

-
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Glass transport*
Sand transport

Cement transport

Production
process

Mixing

Casting/pressing

powder
powder
Glass
Glass granulate
granulate and
and powder
powder*
Sand
Sand
31.25
Milled CDW*
Milled CDW*
White and grey
White and grey
17.45
cement
cement
White cement

7.04

Clean water

9.81

Marble
granulate and
powder
24.56
Glass
Liquid casting
granulate and
mix
powder*
Sand
31.25
Milled CDW*
Gray cement

10.42

Pigments

0.35

Liquid casting
83.43 Fresh raw tile
mix

31.25 -

-

Fuel (km)

30
6*

17.45 -

-

Fuel (km)

445

83.43 -

-

Electricity (kWh)

0.46

74.59 Dirty water

8.83

Electricity (kWh)

1.24
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Temporary
storage
Fresh raw tile
“microcamera curing”
Maturing

Smoothing

Fresh raw tile

74.59 Raw tile

Raw tile

73.61

Abrasives

0.04

Clean water

End of life

Landfill

74.59 Fresh raw tile

Tile

Tile

74.59 -

73.61 Steam

57.50

-

0.98

Electricity (kWh)
0.73
Heat produced by
the tiles during the maturing*

Waste
material

8.75

Dirty water

2.44

Electricity (kWh)

-

1.25

Defective
products - - 7.36
10%

2.40

57.5

-

Waste to be
57.5
landfilled
Waste to be
landfilled*

Page 85/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101006

Based on the results of the Impact Assessment of the Life Cycle and considering the complete
life cycle, it shows how the production of the single and double-layered ecological tiles has an impact
in terms of the GWP, which is significantly lower than the production of the traditional Terrazzo
tiles. In particular, the production of an ecological single-layer (SL-ECO) Terrazzo tile shows better
management of waste and natural resources. Owing to the complete substitution of traditional raw
material with recycled glass; it is interesting to notice that, while this substitution accounts for 40%
of the weight of the tile manufacturing materials, the gain in terms of GWP is just 14%, as most of
the CO2eq is obtained from cement production. Also, the reduction of energy consumption during
the production process is equal to about 16%, with particular reference to the maturing step that is
performed using no additional energy but through a natural process. Overall, the savings achieved
by the single-layer ecological (SL-ECO) Terrazzo production process in terms of CO2eq are
considerable, as they account for 19%. The greatest benefits are related to the use of recycled
materials, in line with the EU policy on the circular economy in the industrial compartment. In
particular, the reduction of energy consumption related to the maturing process amounts to about
20%, while the savings in terms of CO2eq emissions is equal to 11%.
3.2.1 Interpretation
The results of the LCA study revealed that the substitution of the recycled material and the
implementation of innovative production techniques for the production of traditional Terrazzo tiles
improved the sustainability of the product in terms of GWP. The study also revealed that the major
contributor in the production of CO2 was cement, single-handedly accounting for 60% to 75% of the
total CO2 output. In this view, to improve the efficiency in terms of the GWP of an ecological tile,
major efforts should be addressed on the reduction of the cement fraction or even its substitution
with new binding techniques.
How can this innovation contribute to the Terrazzo tiles market, and in which way does this
improvement compare with the environmental impact of the traditional ceramic tiles? To answer
this question, it would be useful to quantify the production and sales volume in the Terrazzo tile
marketing sector. However, these parameters are very difficult to be accounted for due to the lack
of national economic statistics, as this is considered to be a niche market compared to the ceramic
tile market. There is no actual commercial classification regarding the Terrazzo tile firms present in
Italy. The closest market macro-category that includes Terrazzo tiles is the Hard Flooring category
(HFC), with Italy and Spain contributing for 41% and 34% to the whole European natural and
agglomerated stones market, respectively [44]. In this data, the relevance of the production of
Italian stone tiles in the European market is highlighted, but it hardly defines the share volume and
the spread of the Italian Terrazzo tile production. According to a survey conducted by the authors
on the tile retailers during the preliminary phases of the ecological tile production, there was a
modest market demand for traditional cement-tiles: from a minimum of 5-10% to a maximum of
20% of the entire tiles market, albeit it showed an increased demand in recent years. In Italy, the
geographic areas with a higher demand for cement-tiles are in the metropolitan areas of Milan and
Rome [45-46]. Additionally, cement-based tiles are required for restorations in non-urban/rural
areas, where the floorings of old houses are often made up of cement-tiles and/or Terrazzo tiles.
A comparison with ceramic tiles, although useful, could be misleading since the two products
widely differ in terms of components and production processes having unique performances,
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market value, durability, and product lifespan. In particular, the thickness of the product proved to
have a great impact on the LCA results because the Functional Unit (f.u.) used for the LCA
calculations in the flooring material is the paving surface (m2) and not the product volume (m3);
thus, the thicker the product is, a higher quantity of raw/second raw material is considered in the
LCA analysis. This is also the main reason why, while accounting for about the same percentage of
the recycled waste, and also adding the CDW, the DL-ECO (2.3 cm thick) has a higher impact than
an SL-ECO (1.3 cm thick) or a common ceramic tile (which is only about 0.3 cm thick). This evaluation
completely disregards the greater waste content (in weight) of the double-layered ecological tiles.
This is done in the understanding that all the waste produced would be re-introduced in the
production system, a perspective that does not appear to be very realistic presently, but can be set
as a future objective.
This work, aimed at evaluating the production of Terrazzo tiles as a greener choice compared to
the traditional tiles, while at the same time demonstrating that these products result to be
mechanically/physically performant. The DL-tiles production resulted in being more compliant than
the SL-tiles to both the mechanical tests performed (i.e., breaking strength and breaking load). This
can have important implications in terms of the re-utilization of waste materials. For instance, we
need to consider that the DL-tiles also account for the high content of CDW materials, in addition to
the glass waste. This provides a feasible upcycling application for the CDW, from the alternative to
backfilling. Currently, landfill disposal should be avoided for the majority of wastes, also due to the
possibility of leaching waste materials into water beds. More severe legal restrictions in all industrial
countries must be implemented due to the growing hostility of populations, but more importantly,
for the environmental costs of landfill disposals [47]. Furthermore, it is necessary for more
hazardous waste components to search for new technologies and applications that can immobilize
them in a cementitious matrix, but also in polymeric or glass and glass-ceramic matrices [48-50].
Recent studies deal with different techniques that enable us to meet these needs, including
solidification within the concrete, leaching with acids and other solvents, sintering, and vitrification
[51-52]. For example, vitrification is taken as the preferred treatment as it is supported by studies
indicating it as the most promising waste management technique that produces a stable vitreous
material, can provide chemical stability, immobilizes toxic elements (e.g., Cd, Ni, etc.) in the glass
structure, and decomposes the dioxins [53]. Thus, it allows the conversion of waste into more stable
and glassy products, with the possible additional modification of the starting composition having
glass-forming additives or with other waste materials that could be more suitable to promote the
vitrification process.
3.3 Mineralogical and Chemical Characterization at The Waste Interface
After the development of the product, further tests were carried out to investigate whether the
fine waste glass fractions could be added to cement having different fillers to prospectively produce
different types of Terrazzo tiles.
With this aim, in addition to the ECO-Terrazzo tile with waste glass denominated as Glass Tile,
other two varieties (Marble and Quartz Tiles) were produced for comparison during this project. In
different cases, the fine fraction consisted of high-grade marble powder (Marble Tile), marble
powder and quartz sand (Quartz Tile), and glass waste powder (Glass Tile), respectively. The three
tiles were analyzed by X-Ray Powder Diffraction (XRPD) and Scanning Electron Microprobe (SEM) to
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investigate the different features related to the distinctive interfaces (the contact surface between
the waste glass granulate and matrix) and the stress on the feasibility for producing high-grade
quality Terrazzo tiles incorporating different types of materials. For this purpose, the tiles samples
(15 x 15 x 5 mm) were checked for the presence and morphology of the mineral phases with the
help of a ZEISS Gemini SIGMA 300 FESEM (Field Emission SEM) working at an acceleration voltage
of 15 keV and with a maximum magnification of 1.2 nm.
In Figure 9, the XRPD patterns of the three different tile samples are reported. The peaks related
to the three main components (Calcite, Quartz, and Portland Cement) have been identified. As
expected, the Calcite content is higher in the Marble tiles compared to that in the Quartz and Glass
Tiles, whereas Quartz is the dominant phase in the Quartz tile. Portland Cement is present
approximately with the same quantity in all tiles (which is equal to approximately 22 (±0.5) %) and
of course, is the only crystalline component of the glass tiles.

Figure 9 X-ray diffraction (XRD) pattern for the three different tile samples, Notes:
Ca=Calcite, PC=Portland Cement, Qz=Quartz.
The XRD analysis allowed the presence of other newly formed crystalline phases in the tiles to
be excluded, possibly induced by the use of different matrix compositions. The main concerns for
the use of waste glass in the production of cement-based tiles are expansion and cracking, which
might be induced by the formation of alteration products or by mechanical problems. The
introduction of large glass aggregates can enhance the chances of deleterious cracking and the
eventual failure of the surrounding matrix in the tiles. For example, as a consequence of rapid
temperature change, differential expansion or shrinkage of the glass grains occurs compared to the
matrix. For this reason, the applications for glass-bearing tiles are more suitable for internal usage.
On the other hand, to prevent potential chemical corrosion of the glass aggregates in the concrete
that may cause expansion, pozzolanic material is introduced and is applied (e.g., metakaolin) as a
substitution for Portland cement [14 and references therein].
By studying the SEM images of the cementitious tiles consisting of three different fillers, which
resulted in the formation of Marble, Quartz, or Glass Tiles, it was possible to analyze the interface
between the waste glass grains and the respective matrix (Figure 10, left). While both the Marble

Page 88/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101006

and Quartz tiles present a well-defined boundary, the grain edges of the glass waste in the Glass Tile
are slightly less defined. This is due to the chemical affinity between the glass grains and the glass
matrix, which also formed continuity between the two components during the cutting procedure,
which was used to prepare the sample for the SEM analysis. The use of glass for the two components
(fine part and aggregate) appears to show a decrease in the possible mechanical stress at the
interface.

Figure 10 SEM images of aggregate- glass waste interface (left side): Notes: Ca=Calcite,
PC = Portland Cement, Gl =Waste Glass; compositional profiles (right side).
However, no discontinuities between the glass grains and the matrix were observed, which
suggested a good adhesion among the components. Importantly, no cracks were observed,
indicating that the glass waste could be successfully incorporated as both as fine and aggregate
elements. The compositional trends of the major oxides for the three samples (Figure 10, right),
except for the slightly different behavior of Potassium in the Quartz tile show that the values were
comparable within the errors among the samples. This suggests that no substantial chemical
variation was seen with the distance from the glass edge, indicating that there is no formation of
alteration products at the glass/matrix interfaces in all three samples.
4. Conclusions
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The literature shows that the use of glass waste and construction and demolition waste (CDW)
in concretes indicated several critical aspects, including a high heterogeneity and variable
granulometry of the material in the case of the CDW. This result is found when introduced into a
concrete matrix, resulting in the possibility of mechanical and structural weakening due to the waste
penetrating the matrix.
Despite these risks, this study demonstrates that in a flooring product such as the Terrazzo tiles,
satisfactory properties in terms of conformity and mechanical performance can be obtained. Along
with these characteristics, the possibility of obtaining a high-grade precast product along with ample
possibilities of market customization can offer a good possibility to incorporate high proportions of
waste. This is of particular interest, while also bearing in mind that the disposal of rubble, as well as
the manufacturing of Terrazzo tile products, can be carried out on a local basis, and therefore a
much more accurate control on the waste supply takes place, while also providing benefits for the
local economy.
The advantages in terms of the LCA are obvious as far as the reduced resource depletion, energy
consumption, and the equivalent general carbon dioxide emissions are concerned. This is
particularly significant in this specific case, also in terms of the micro-curing process of these tiles.
Further improvements are expected to be added for this product when all the components of the
Terrazzo tiles, including the wastes used, are recycled locally through the introduction of a virtuous
industrial partnership. This would favor closed-loop manufacturing and would show a decrease in
the requirement of transportation of secondary raw materials. If technically possible, an increase in
the content of the waste and a reduction of the cement fraction produced or even its substitution
with new binding techniques would further improve the environmental value of the product. This
appears to be a particularly decisive objective since the Terrazzo tiles are long-life products having
wide market appreciation, and this confers a particular value to a positive Life Cycle Assessment
after waste introduction.
The industrialization of “eco”-tiles have immediately started after the test campaign results and
are thus commercialized worldwide presently, testifying to a growing interest in greener materials
for the construction sector that can fulfill the qualitative requirements of the current EU regulations.
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Abstract
To date, many studies have examined the development and use of novel materials, enhancing
the performance of existing dental composites and improving methods for restoring tooth
structure. In recent years, nanotechnology-based techniques have been used to develop a
variety of nanomaterial-based dental products aimed at conservative dentistry applications.
These new nanomaterial-based materials offer improved physicochemical and mechanical
properties, combined with enhanced aesthetics that makes them superior restorative
materials in several dental procedures. This review discusses tooth structure, the oral
microbial environment, chronic dental diseases such as dental decay (or caries), and
periodontal disease, as well as systemic diseases in light of nanotechnology-based
preventative and restorative dental filler product advancements. Considerations regarding
human health and safety associated with the use of nanomaterials in dentistry are discussed.
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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Lastly, knowledge gaps and limitations including future perspectives warranting further
research are outlined. The study is followed by a conclusion which condenses the extensive
data into a brief summary to establish a link between new nanomaterials and human
interactions. This paper draws out and distils the current findings that have emerged from a
substantial bibliographical review of a range of articles to provide an insight into the use and
development of novel nanomaterials for preventive and restorative dentistry.
Keywords
Conservative dentistry; nanotechnology; nanomaterials; dental decay; caries and periodontal
disease

1. Introduction
Historically, dental care procedures are believed to have started around 7,000 BC with holes
being made in teeth to remove tooth decay [1]. Later the Sumerian’s (~5000 BC) explained the
reason for tooth decay (or caries), with their manuscripts describing “tooth worms” as being the
cause for tooth deterioration and decay. While ancient Egyptian texts from around 2500 BC
reported the use of gold wire ligatures to stabilize loose teeth and prevent their loss [1]. Other early
civilisation also made efforts to restore the function of diseased teeth. Both the Etruscans (~500 BC)
and the Phoenicians (~300 AD) carved replacement teeth from materials such as oxen bones and
ivory, and then using gold wire, fix the replacement in place [2, 3]. While in the America, Mayans
(~600 AD) used carved shells and Honduran’s civilisations (~800 AD) used fashioned stone to replace
mandibular teeth [4]. But it was not until the 18th century in Europe that dentistry became more
scientific, with early dentists like Pierre Fauchard identifying acids and sugars as the drivers for
dental decay. His studies also presented concepts such as repairing teeth with dental fillings, using
teeth braces and dental implants. It was also during this period that teeth were collected from
cadavers or the poor for use in patients. This practise continued for many years until the
development of replacement porcelain teeth in the 19th century [2]. It was during the early part of
the 20th century that significant and rapid developments in new materials and implants for dental
applications emerged. And, by the middle of the century, the use of biocompatible metals such as
stainless steel and cobalt-chromium-molybdenum were being extensively used. While during the
second half of the century saw the use of titanium alloys in dental restorative procedures to return
masticatory functions to patients [5, 6]. By the end of the 20th century, dental restorations were
broadly classified into six categories, namely, filling materials, crowns, implants, bridges, dentures
and Inlay or onlay restorations. All of these restoration procedures can be carried out by either
direct or indirect methods. In direct restorations the damage is repaired, decayed tissue is removed
and the cavity is filled with a suitable filler material in situ. While indirect restoration methods
involve the fabrication of a replacement tooth or implant outside the patient’s mouth, following a
direct cemented replacement in the mouth during a subsequent visit.
However, it is interesting to note that while human kind has been grappling with dental issues
for a long time and that despite many scientific developments and medical advancements, dental
treatment is still needed today. Significantly, dental related diseases affect almost everyone at some
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stage of life [7]. In the UK alone, each child has on average 3 to 4 teeth affected by tooth decay and
the average NHS cost of treating oral health conditions on children’s dental care is about £3.4 billion
per year [8]. Dental decay is increasingly recognized as a worldwide public health concern affecting
mostly children in UK and US and is an ever-increasing burden to governmental and private health
cost. In Australia, survey data showed that recurrent expenditure on dental services accounted to
about $8,706 million in 2012–13 [9]. These statistical highlights have clearly revealed the urgent
need to address the importance of preventive and restorative strategies for better dental hygiene
and practices.
A variety of traditional restorative materials (metals, polymers, ceramics and composites) are
currently being used in dentistry across the world. These materials are expected to perform in a
very hostile environment, in which pH, salivary flow and mechanical loads rapidly fluctuate during
day and night. Furthermore, in the treatment of dental caries, filler materials are not only expected
to fill and seal the cavity, but are also expected to prevent further bacterial invasions, restore lost
aesthetics, and preserve the remaining pulp and tooth structure [10]. However, in spite of the many
advantageous physiochemical and mechanical properties of these materials, no material has yet
proven to be ideal for all dental applications [11]. For example, traditional dental amalgams are
composed of elemental mercury (42 to 50%), silver (22 to 32 %), tin (14%) and copper (8%) have
been extensively used in dental restoration for over a century [12, 13]. Importantly, their use in
dental fillings is straightforward procedure and begins with the amalgam being mixed. Once mixed,
the amalgam is packed into the prepared dental cavity where it sets and forms a hard filling with
similar mechanical properties to the surrounding tooth. Unfortunately, toxicity studies carried out
in the early 1980s revealed significant amounts of mercury leaching from amalgams. Subsequent
patient blood tests by Abraham et al., revealed increased mercury levels in blood samples following
mercury amalgam use [14, 15]. This posed significant concern, since elevated mercury levels in the
blood have been associated with certain diseases such as chronic fatigue syndrome and fibromyalgia
[12]. Further amalgam toxicity research, revealed that modern amalgams tend to be less stable than
more traditional amalgams, concluding that mercury vapour emission rates from modern amalgams
were typically ten times higher [16]. This body of evidence for amalgam leaching resulted in the
establishment of several anti-amalgam advocacy groups whom are lobbying governments globally
to restrict or eliminate the use of amalgams in dental restoration, especially among children [17].
Another problem associated with the use of amalgams is the silver-grey colour. For consumers this
is, not aesthetically pleasing. Thus, alternative materials are constantly being developed and
evaluated as possible replacements for amalgams [18], such as composite resins. These polymers
have emerged as more aesthetically appealing restorative materials. However, composite resin’s
restorative integrity is questionable with secondary caries rates between 50 to 60% [19, 20] as a
result of composite resin micro-leakage which typically forms at the interface between the prepared
tooth cavity and the restorative resin [21]. This problem highlights the importance of selecting the
most appropriate restorative material which is also dependent on patient factors such as age, size
of cavity and the amount of viable tooth structure left after removal of a carious lesion, and the
location of the cavity in the mouth [22-24]. Thus, not only does the restorative material have to
restore aesthetics, function and morphology of tooth structure. It also needs to be biocompatible,
capable of withstanding occlusal loads, prevent gap & biofilm formations, promote remineralisation
& self-repair, and be easily applied during the restoration process [25]. At present no currently
available synthetic biomaterial meets all of the abovementioned requirements for all dental
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applications [26, 27].
Nanotechnology-based manufacturing processes for producing nanomaterials with unique
properties and structures has attracted considerable interest in recent years. Nanomaterials are
characterised by their small size (a least on dimension less than 100 nm) and having a large surface
area to volume ratio [28]. They are also characterised by having large proportion of their atoms
located near the surface and having large surface energies. Because of these unique features,
nanomaterials have been introduced in several innovative dental applications in recent years. Some
of these applications include nanometre scale resin-based composites and glass-ionomer
nanocomposite cements [29, 30]. Moreover, the natural mineral components of bone and tooth
hard tissue materials are of nanometre scale units. Importantly, the demand for new dental
biomaterials will ensure the continued development of new nanomaterials for standalone products
or being incorporated into existing products to improve their performance [31, 32]. Ultimately the
goal of new nanomaterials designed for restorative dentistry is to closely match the properties of
oral tissues, thus ensuring the restoration fully restores the integrity of the oral tissues. Hence, if
suitable nanomaterials are developed and used effectively in dental restorative procedures, major
benefits can be achieved such as improved oral health, general wellbeing and an improved quality
of life for patients. The aims of this review were to: 1) summarize the structure of human teeth; 2)
describe oral microbial homeostasis and oral health in terms of dental caries, periodontal diseases,
and systematic diseases; 3) outline nanotechnology-based preventative and restorative dental filler
materials being resin based composites, glass-ionomer cements and calcium phosphates, including
hydroxyapatite; 4) discuss potential health and safety risks associated with the use of nanomaterials
in dentistry, and finally, (5) discuss future perspectives, knowledge gaps and suggestions for future
research.
2. Human Teeth and Their Structure
The oral cavity contains teeth, salivary glands and tongue, which contribute to the mechanical
mastication and initial chemical digestion of food. Like bone, teeth are a rigid and hard form of
connective tissue that is classified as hard tissue. The unique structure and composition of teeth
endows them with exceptional mechanical properties that enable them to perform the demanding
functions of incision, laceration and grinding. During mastication teeth function in a very hostile
environment, in which saliva flow, pH, and various mechanical forces (flexural and shear) and
various force combinations constantly and rapidly change. To assist in transferring the mechanical
forces of mastication, the teeth are anchored in sockets (alveoli) in the gum-covered boundaries of
the mandible (lower) and maxilla (upper) jaw bones. Each tooth has two distinct regions (crown and
root) (see Figure 1), which are delineated by the gum. The first region is the upper enamel-coated
crown, which is above the gum and directly experiences the tearing and grinding of food during
mastication. The thin (< 1 mm) enamel coating is acellular, highly mineralised, brittle and the
hardest material in the human body. It is composed of inorganic materials (96% wt.), with the
balance of the weight made up by organic materials and water. The enamel microstructure consists
of rod-like structures that are typically 5 µm in diameter. These rod-like structures are composed of
densely packed hydroxyapatite crystals (26 nm in diameter and 68 nm in length) surrounded by a 2
nm thick layer of protein [33]. The rod-like structures are also perpendicularly orientated to the
tooth surface to resist forces resulting from mastication [34]. Thus, giving the enamel an anisotropic
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force resisting property. Importantly, soon after the tooth erupts from the gum, the cells
responsible for generating the enamel coating soon disintegrate. Thus, the resulting acellular
enamel is unable to heal itself from damage or decay and must undergo restorative dental
procedures to restore structural integrity, if damaged or removed.

Figure 1 An illustration of a healthy tooth dissected lengthways to show the internal
layers and structures forming the crown and root.
The second and lower region of the tooth embedded in the gum and underlining bone is the
cementum covered root (see Figure 1). The cementum coating has similar properties to bone tissue
and is also composed of calcium containing apatites that form the inorganic phase, while collagen
and non-collagen proteins form the organic phase. Importantly, the cementum attaches to the
surrounding thin periodontal ligament to form a tight collar within the alveoli [35]. Also present,
underlying and supporting the enamel in the crown and the cementum in the root is the bone-like
dentine, which forms the bulk of the tooth. Dentine is less mineralised (65-70%) than enamel (96%),
but more mineralised than the cementum (45-50%). Dentine is not as hard as enamel, but is harder
than the cementum. The inner most region of dentine contains the central pulp cavity, which
contains blood vessels, connective tissue and nerve fibres. Also present and radiating outwards from
the central pulp cavity to the exterior cementum or enamel coating are micro-scale liquid filled
tubules. Each tubule contains an odontoblast cell that generates and maintains the dentine [36].
It is the composition and complicated structure of teeth that directly influences its amazing
mechanical properties. These properties include elasticity, hardness, fracture toughness and
viscoelasticity. Tooth elasticity is its ability to recover its original dimensions after external forces
are removed during mastication. While tooth hardness is an indicator of its ability to withstand
elastic deformation, plastic deformation and destruction [34]. An important property of a tooth is
its fracture toughness, which determines its strength and the growth rate of cracks resulting from
fatigue and age [37]. Whereas, very few viscoelasticity studies have evaluated teeth and those that
did have focused on the dynamic mechanical properties of dentine [38]. To date, elasticity and
hardness are the two most studied mechanical properties of teeth. In particular both enamel and
dentine have been extensively studied, while cementum has been studied to a lesser extent [3840]. Moreover, earlier studies assumed tooth composition and structure were isotropic in nature
and both elasticity and hardness were the same in all directions. However, in recent years, with a
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greater understanding of factors such as mineral and organic component densities, rod
arrangements in the enamel, the direction of tubules and organic fibres in the dentine, the tooth
structure was found to be highly anisotropic in nature [37, 41, 42]. For instance, the anisotropic
nature of enamel and its influence on elasticity and hardness has been found to vary with respect
to the directions of the enamel rods, calcium content and gradually decrease from the surface to
the enamel-dentine interface [43, 44]. In addition, dentine elasticity and hardness is not only closely
related to its complex structure and composition, but also to the external environment. In terms of
composition, highly mineralised dentine can have an elastic modulus between 40 and 42 GPa, while
poorly mineralised dentine can have modulus values as low as 17 GPa [45]. In terms of external
environmental factors, studies have shown dentine is isotropic in a dry environment and anisotropic
in a moist environment. For instance, in a hydrated environment, elasticity and hardness both
decrease by 35% and 30% respectively [46, 47]. The mechanical and thermal properties of human
teeth are presented in Table 1, along with typical elasticity and hardness values reported by several
researchers for enamel and dentine. It must be pointed out that current dental restorative materials
have not been able to fully reproduce the complicated structure and unique mechanical properties
of human teeth. Moreover, restoration failure generally results from a combination of factors such
as inappropriate dental material composition, poor material properties and bacterial growth on
dental surfaces. Crucially, the oral microbial environment has an important role in sustaining oral
health and assisting in preserving dental restorations [10]. Emerging data of the oral microbiome’s
role where there can be up to ~1000 species [48] can colonise the oral cavity shows a much more
complex interaction of these species with the underlying material of the tooth as well as the
surrounding tissues and support structures. Figure 2 shows the optical images of extracted human
tooth at different angles or positions.
Table 1 A selection of mechanical and thermal properties of several dental materials.
Material

Mechanical Properties

Ref.

Thermal Property

60 to 100

[49]

Linear coefficients of
thermal expansion 20-60
°C (ppm)
11.4
[50]

40 to 80

[34]

_

_

Pulp wall
11.59 ± 3.95
Middle area
17.06 ± 3.09
Dentin-enamel
junction
16.33 ± 3.83
107.00 ± 12.00
55 to 75

[51]
8.3

[52]

22.1–28.0
12.0

[52]
[52]

Hardness (G Pa) Elastic Mod. (G
Pa)

Enamel
(Premolar)

Dentine
Crown of
1St Molar

Ag amalgam
Porcelain

Surface
5 ± 0.45
Cross-section
4.5 ± 0.45
Pulp wall
0.52 ±0.24
Middle area
0.85 ± 0.19
Dentin-enamel
Junction
0.91 ± 0.15
2.34 ± 0.27
5.5 to 6.5

Ref.

[51]
[51]
[53]
[54]
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Glass-ionomer
cement
Resin
Nanocomposite
Nanocomposite

0.7 ± 0.02

4.5 ± 0.3

[55]

10.2–11.4

[52]

1.2 ± 0.1

16.0 ± 1.1

[56]

14–50

[57]

0.2 ± 0.01

8.5 ± 2.0

[58]

̶

̶

Figure 2 Optical images of human teeth: (a) lingual view of extracted and bleached
wisdom tooth; (b) occlusal view of extracted and bleached wisdom tooth with visible
cavities in cusp regions; (c) lingual view of extracted healthy wisdom tooth sample, and
(d) occlusal view of extracted healthy wisdom tooth with no visible cavities.
3. Oral Cavity Environment
Humans are not only composed of their own diverse range of cells, but they are also heavily
colonised by a wide variety of microorganisms. These microorganisms live either in or on the surface
of the body and their numbers can be more than ten times greater than the number of cells forming
the body [59]. Figure 3 represents the site of attachment of different microbial colonies at various
structural receptors present on tooth surfaces. The microbial communities found in the oral cavity
are considered the second most complex in the body, the first being the colon [60]. The highly
diverse oral microbiome contains around 700 species composed of archaea, bacteria, fungi,
protozoa and viruses [61]. The presence of microorganisms in the oral cavity is a natural and normal
occurrence in the mouth [62]. But unlike commensal microorganisms found in other parts of the
body such as the colon, which assist the body in fighting pathogens, help regulate the immune
system and maintain homeostasis, the microbiota of the mouth are also actively involved in
pathogenesis and promote many oral and systemic diseases [63, 64]. Examination of early human
remains (~7,000 BC) has shown the presence of manmade holes in teeth to remove tooth decay.
And recent bio-molecular studies of these ancient adult teeth and skeletons has confirmed the
mouth cavity acted as a reservoir for microbial organisms involved in both oral and systemic
diseases [65]. In particular, microbial organisms have a strong tendency to attach and colonise the
various tissue surfaces found within the oral cavity [66, 67]. The oral cavity contains soft tissue
surfaces (oral mucosa and tongue), hard tissue surfaces (teeth), and saliva [68]. Importantly,
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microbial attachment and colonisation is influenced by the interplay of several favourable and
unfavourable factors. And regardless of favourable factors such as suitable tissue surface chemistry,
nutrients, temperature and humidity, microbial colonisation is constantly being challenged by the
body’s immune system [69, 70]. However, it should be pointed out that the presence of commensal
microbes in the mouth is an important factor in preventing colonisation by pathogens. Colonising
commensal microbes achieve this by reducing the number of available binding sites for pathogens
[71]. For instance, in vitro studies have shown microbes such as Streptococcus salivarius (strain K12)
inhibit the growth of several pathogenic species associated with periodontitis and halitosis [72, 73].
This ecological balance can be readily seen when antimicrobial agents disrupt the balance and
opportunistic pathogens infect the oral tissues [74]. Thus, highlighting the importance of
commensal microbes being present and the importance of maintaining an ecological balance for
preserving a healthy oral environment [63]. However, studies have shown commensal microbes are
site specific [75, 76]. For instance, soft tissue surfaces such as the cheek and palate have a
monolayer of bacteria. The tongue has multiple coatings of microbes that also include bacteria.
Crypts present in the tongue provide an ideal environment for anaerobic microbes to thrive [77,
78]. While the continuously flowing saliva has a similar microbial profile to both tissues surfaces and
biofilms. The major part of the microbial content present in saliva is produced by biofilm flaking
from oral tissues [79, 80]. The viscous properties of saliva also assist in rinsing the teeth and soft
tissues, and also assists in microbe desorption from the teeth and soft tissues [81, 82]. In addition,
the saliva also contains chemicals such as bicarbonate and calcium phosphate that are used to
buffer the effects of acids produced from the consumption of food and drink and/or bacterial
metabolism [83]. Thus, the saliva neutralises the effects of generated acids, prevents acid erosion
of the teeth and maintains oral cavity pH [84, 85]. Also present in saliva are antimicrobial proteins
for instance lysozyme and lactoferrin, as well as immune system components such as
immunoglobulins that also promote a healthy oral environment. Furthermore, studies have shown
that salivary microbiota can be used as diagnostic indicators for several diseases like dental caries,
periodontitis and oral cancer [86, 87].

Figure 3 A diagrammatic representation of tooth and surrounding gum tissue in the oral
cavity with microbial colonization present at the enamel-gum interface.
The most distinctive feature of the mouth is the array of teeth. The non-shedding hard tissue
surfaces that form each tooth can provide a stable location for microbial colonisation [88]. In
addition, both microbe surfaces and tooth surfaces are negatively charged. This results in the
soluble cations (potassium, sodium, magnesium and calcium) present in saliva being attracted to
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the negatively charged surfaces. This results in the generation of a double charged layer (electrical
double layer) forming around the respective surfaces that produce a repulsive electrostatic force.
Meanwhile, microbes approaching tooth surfaces also experience a repulsive force (van der Waals
force). The resulting modulation between the two interacting electrostatic forces generate
equilibrium and subsequently promotes the attachment of microbes to tooth surfaces [89, 90]. In
addition, exposure to saliva produces a proteinaceous coating on tooth surfaces called the pellicle.
The pellicle layer is composed by amino acids, amylase, glucose, glycosyltransferases, muscin,
lysozyme, and soluble ions [91, 92]. The pellicle moderates surface charge and promotes attractive
interactions between the tooth and oral environment [93]. Thus, microbes are able to attach to the
pellicle through adhesin–receptor interactions and colonise the tooth surface to form a biofilm. The
biofilm, known as dental plaque, is a functionally organised structure resulting from the metabolic
interactions occurring between different microbial species forming the colonising community [94].
There are two types of dental plaque. Above the gum line, it is known as supra-gingival plaque and
below the gum line it is known as sub-gingival plaque. Supra-gingival plaque is linked to tooth decay
and promotes the formation of dental caries. Clinical studies have shown the number of caries
increase with growing numbers of acidogenic and aciduric (acid-tolerating) bacteria such as
Streptococci mutans and lactobacilli, which are constituent members of plaque [95, 96]. Numbers
of these acid-tolerating bacteria can rapidly increase when acidic by-products produced from their
metabolism of fermentable carbohydrates, reduces oral pH levels and promotes their proliferation
[97, 98]. Meanwhile, the under lower pH levels reduce the survival rates of acidic sensitive microbial
species that promote good tooth health [99, 100]. Also, the lower pH levels produce higher tooth
dissolution rates. While below the gum line sub-gingival plaque extends down along the tooth root.
In this region there is very little saliva and local pH levels and temperatures are more severe, and
the local environment becomes more anaerobic [82]. Common to both types of plaque is their
degree of stability (microbial homeostasis) achieved by their respective microbial communities
[101]. Apart from regular events like dietary intake and oral hygiene, microbial homeostasis is
achieved by balancing the numerous synergic and antagonistic interactions occurring between the
various members of the microbial community [102, 103].
4. Oral Microbial Homeostasis and Health
The interactions occurring between oral microbiota and the host are extremely important in
maintaining good oral and systemic health. Many of these microbes have evolved unique biological
characteristics and properties that are antagonistic to many oral pathogens, which makes them
beneficial for good health and wellbeing. These biological characteristics and properties are
important factors in controlling microbial populations in the oral cavity [71]. For instance, in vitro
studies by Wescombe et al., showed that bacteriocin produced by Streptococcus salivarius (strain
K12) inhibits several detrimental microbial species associated with periodontitis and halitosis [72,
104]. But the role of these factors is complex, since signalling molecules not only modulate and
influence the activity of microbial species, they also interact with the immune system [105-107].
Importantly, because biofilms are in extremely close physical contact, they have the greatest
opportunity to interact with oral tissues and in turn interact with the immune system [108]. Several
studies have shown dental decay is not restricted to a single species, but is the outcome of
interactions occurring between various microbial species and oral tissues that result in virulence
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and pathogenesis [109-111]. Crucially, these interactions regulate microbial homeostasis, but when
out of balance can drive the pathogenic potential of cariogenic microbial species. Hence, the
following subsections briefly discuss major oral and systemic diseases associated with oral
microbiota.
4.1 Dental Caries
When microbial homeostasis is disturbed the character of dental plaque changes. One major
disturbance is the ingestion of high levels of fermentable carbohydrates and sugars on a regular
basis. This leads to higher acid production levels, lower salivary buffering and lower pH levels [95].
Acidification results in a series of complex interactions occurring between acid-producing bacteria
and fermentable carbohydrates. These interactions result in major changes to the phenotypic and
genotypic composition of the plaque and leads to the formation caries [112]. Dental caries is the
most common form of oral disease that results in pain and subsequent tooth loss [94]. Figure 4
outlines the different stages of dental caries, when the process is initiated by growth of bacterial
biofilm which gradually dissolves the enamel, followed by dentine and pulp. Importantly,
acidification favours aciduric microbial species that are better able to adapt to lower oral pH levels
[113, 114]. In particular, species such as Streptococcus mutans and lactobacilli thrive in acidic
conditions and are considered pathogens because of their cariogenic properties [115, 116]. Studies
have also reported species like Actinomyces spp., Atopobium spp., Bifidobacterium,
Propionibacterium and Scardovia are also involved in caries formation [96, 117-119]. Importantly,
these studies have shown that dental caries are caused by the interactions of a complex community
rather than a single pathogen [81]. Also present are bacterial species that can raise the pH level by
producing ammonia from arginine and urea molecules [99]. The alkalising effect not only raises pH
levels, but also assists in balancing acid production from dietary carbohydrates and sugars, and
supports microbial homeostasis. Importantly, alkali production moderating the effects of dental
decay and provides some degree of protection against dental caries [94, 99]. Crucially, if dental
caries is not treated, decay progresses through the dentine towards the root canal and pulp. On
reaching the pulp, the pulp becomes infected and subsequently dies resulting in tooth extraction
[120].

Figure 4 Illustration of different stages of tooth decay progression and dental restoration
strategies. (a) A representation of tooth with no visible decay, (b) decay of the enamel
and is generally sealed by filling with a dental filler material, (c) decay has spread to the
dentine and pulp, accompanied by tooth pains and this condition is either cemented
with a new crown or fixed with a metallic implant.
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4.2 Periodontal Diseases
The most common periodontal disease of humans is gingivitis and its prevalence in the adult
population can be as large as 90% [121]. Dental plaque constantly forms on all tooth surfaces. But
with increasing numbers of gram-negative and anaerobic microbial species in plaque located at the
gingival boundary, there is a transfer of endotoxins and other enzymes into the gingivae [122]. This
contamination results in an inflammatory response and the gingivae becomes inflamed and swollen.
Species like Haemophilus, Lautropia, Leptotrichia, Prevotella, Streptococcus and Veillonella have
been closely associated with gingivitis [123, 124]. Gingivitis can be reversed or prevented altogether
by regular tooth cleaning, which significantly reduces plaque levels on teeth. However, if oral
hygiene is not practiced, plaque levels increases and the severity of the disease increases [123, 125].
In extreme cases, gingivitis produces destructive inflammation and results in the bone loss disease
known as periodontitis. Unlike gingivitis, periodontitis is a chronic and irreversible inflammatory
disease that results in the destruction of alveolar and connective tissue in the jaws [126].
4.3 Oral and Systematic Diseases
The oral microbial community has long been known as a source of both oral and systematic
infections. One common mucosal disease of the mouth, which is characterised by painful ulcers is
recurrent aphthous stomatitis (RAS). Studies have shown that RAS is linked with specific microbial
species present in both mucosal and salivary microbiota [127, 128]. Studies have also linked oral
microbiota with oral cancer, but the mechanisms involved are currently not fully understood to date
[129, 130]. For instance, oral squamous cell carcinoma (OSCC) studies of the mouth epidermis
tissues found the surface of carcinoma cells had significantly higher numbers of aerobes and
anaerobes than healthy cells [131, 132]. The role of bacteria in cancer has been reported for several
years. Researchers believe the presence of bacteria and their secretions provokes inflammatory
responses that influence cell proliferation, mutagenesis, oncogene activation and angiogenesis
[130, 133, 134]. Because of this association, recent research has focused on identifying specific oral
microbiome as a new biomarker for detecting cancers [135]. Importantly, oral microbiome can gain
access to the bloodstream through carious lesions and the gingival crevice. Once in the bloodstream,
oral microbiome can circulate and infect various locations within the body. For instance, periodontal
pathogens have been linked to cardiovascular diseases [136, 137], while oral microbiome have been
detected in brain and liver abscesses [138-140]. Studies have also examined the relationship
between periodontitis and diabetes, since badly controlled diabetes also contributes to
periodontitis [141]. In addition, some studies have found no significant differences in microbial
numbers present in saliva and sub-gingival plaques between diabetic and non-diabetic patients,
while other studies have seen significant differences [142, 143]. While recent studies have linked
oral microbiome with diseases such as pancreatic and gastrointestinal cancers [144, 145]. Similarly,
head and neck squamous cell carcinoma [146], as well as esophageal cancers [147] have also been
linked to the presence of oral bacteria. The abovementioned studies clearly highlight the
importance of maintaining an effective oral microbiome balance to sustain good human health and
longevity.
5. Nanotechnology-Based Preventative and Restorative Dentistry
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In recent years nanotechnology-based techniques for manufacturing a variety of nanometre
scale materials has attracted considerable interest due to the unique structures and properties
displayed by these new nanomaterials. The tooth is essentially composed of nanomaterials that
make up the enamel, dentine, and cementum. Accordingly, recent studies have focused on
understanding the physiochemical and mechanical properties of nanomaterials for potential use in
the field of dentistry [148, 149]. The two fundamental fields of dentistry are preventative and
restorative. The objective of preventive dentistry is to inhibit or minimise risks of onset of dental
diseases by which plaque removal through mechanical and behavioural management aids in early
prevention of tooth decay and periodontal disease. To this end several nanomaterials have been
included in a variety of oral health-care products such as toothpastes, mouth pastes and liquids in
recent years [150]. While the objective of restorative dentistry is to use dental materials to replace
tooth structure or oral (gingivae and bone) tissues resulting from disease processes, and to restore
physical and mechanical functioning of the oral cavity [151, 152]. The inclusion of nanomaterials in
both preventative and restorative dental procedures in the future is expected to improve oral health
and benefit across the life-span of the patients.
5.1 Preventive Dentistry
Diseases occurring in the oral cavity are complex in nature. Thus, the main strategy of dental and
health organisations is prevention. The most frequent disease found in the oral cavity is dental
caries. And in spite of the surface pellicle, erosion and demineralization of tooth enamel takes place
[153, 154]. Also, the frequent consumption of acidic foods and beverages common in today’s diets
significantly accelerates enamel erosion and demineralization [155]. Further erosion and
demineralization takes place if stomach acid reflux occurs after meals. To counter demineralisation
and reduce dental decay, fluoride (re-mineralising agent) has been added to dental products [156,
157] and drinking water for many years [112, 158]. The World Health Organisation (WHO)
recommends the maximum permissible fluoride concentration in drinking water should not exceed
1.5 mg/L [159]. However, concentrations exceeding the maximum permissible concentration leads
to serious health problems such as skeletal fluorosis [159].
The daily use of mouthwashes and toothpastes by patients is an important strategy to manage
their oral health and help prevent the formation of both carious lesions and periodontal disease
[160]. In medicine, nanomaterials are used in a variety of applications such as drug delivery,
diagnostics and imaging tools [161, 162]. Accordingly, there has also been considerable interest in
using nanotechnology-based methods to produce new dental products and improve the
performance of traditional dental products [162, 163]. Nanotechnology-based products have the
potential to improve the mineralisation of hard dental tissues using nanomaterials composed of
hydroxyapatite and fluoride. While antimicrobial nanomaterials such as silver, zinc oxide and
titanium oxide also have the potential to manage plaque and dental infections [27, 164, 165]. For
example, the use of toothpastes and mouthwash preparations containing nanomaterials are
effective strategy for mineralising tooth enamel and dentine, while also controlling microbes and
plaque. In particular, studies have shown the inclusion of nano-hydroxyapatite in toothpaste can
both enhance remineralisation and improve the hardness of tooth enamel and dentine [165, 166].
This is achieved due to the extremely small size of nano-hydroxyapatite particles, which can readily
enter and interact with sub-micrometre and nanometre scale damage on tooth surfaces caused by
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acidic erosion (white spots) [167]. During the interaction, calcium and phosphate ions are released
from the nano-hydroxyapatite particles. The released ions move into the enamel rods and change
into apatite crystals. Hence, re-mineralising and repairing enamel surfaces [168, 169]. Furthermore,
several studies have shown the use of nano-hydroxyapatite in dental products can also lower
bacterial colonisation of tooth surfaces and reduce dentine hypersensitivity [149, 170, 171].
In recent years, several manufacturers have produced a wide range of commercially available
oral health-care products (liquids and pastes) for plaque management and re-mineralization of early
sub-micrometre-scale enamel lesions as a method of preventing tooth decay. Products such as GC
Tooth Mousse, MI Paste and Recaldant® each containing milk based casein phosphopeptides (CPP)
and amorphous calcium phosphate (ACP) have been on the market for several years. In CPP-ACP
based products, CPP combines with ACP to form amorphous nano-complexes that contain a rich
source of stabilised calcium and phosphate ions [172]. On entering the oral acidic environment the
nano-complexes dissociate, releasing calcium and phosphate ions for enamel remineralisation [173,
174]. Studies have also shown products such as Recaldant® exhibit anti-cariogenic properties and
have been used to treat dentine hypersensitivity [175-179]. While a study by Reynolds et al., found
the addition of fluoride into CPP–ACP pastes could significantly improve tooth re-mineralisation
[174]. Alternatively, other manufacturers have used different active materials and approaches for
controlling plaque and re-mineralising damaged enamel surfaces. Some of these alternative
ingredients and products include sodium fluoride (PreviDent ®), calcium sodium phosphosilicate
(NovaMin®), and arginine bicarbonates and calcium carbonates (SensiStat®). A selection of currently
available oral health-care products and their active ingredients is presented in Table 2.
Table 2 Commercially available calcium phosphate based toothpastes and dental
creams.
Commercial
Name
PreviDent®

Manufacturer

Active Ingredients

Colgate
Oral Sodium Fluoride, Potassium
Pharmaceuticals Nitrate, hydrated Silica, sorbitol,
(USA)
PEG-12, Sodium lauryl sulfate,
titanium
dioxide,
sodium
saccharin, sodium hydroxide,
mica
Regenerate® Unilever, (UK)
Glycerin, calcium silicate, PEG-8,
Enamel
Hydrated silica, tri-sodium
Science
phosphate, sodium phosphate,
PE-60, sodium laurly sulfate,
sodium mnofluorophosphate,
synthetic,
fluorphlogopite,
sodium saccharin, polyacrylic
acid, tin oxide,limonene

Description
Prescription strength
fluoride toothpaste
for sensitive teeth

A patented NR-5®
technology
using
calcium silicate and
sodium phosphate as
a combination to
form
crystal
structures similar to
that
of
hydroxyapatite.
MI Paste, MI GC AMERICA inc. Calcium Phosphopeptide (CPP), Contains an active
Paste Plus
(USA)
Amorphous calcium phosphate ingredient
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(ACP), glycerol, D-sorbitol,
propylene glycol, silicon dioxide,
titanium dioxide, phosphoric
acid, zinc oxide, sodium
saccharin, magnesium oxide,
hydroxybenzoates
Moothpaste MOOGOO
Calcium
carbonate,
(Australia)
hydroxyapatite,
sodium-Nlauroysarcosinate,
glyceryl
caprylate, Anisic acid, titanium
dioxide, triclosan
Arm
& Church & Dwight Sodium
fluoride,
sodium
Hammer®
Co., Inc. (USA)
bicarbonate, glycine, PEG-8,
dental range
hydrated silica, calcium sulfate,
sodium
lauryl
sulfate,
dipotassium phosphate, sodium
carbonate, titanium dioxide
Enamel Pro® Premier Dental Fumed silica, sodium fluoride,
Products
Co., dibasic sodium phosphate
(USA)

NovaMin®

SensiStat®

RECALDENT® (CPPACP), which is a milk
derived protein to
release bio-available
calcium
and
phosphate.
Uses
calcium
hydroxyapatite as an
active ingredient for
remineralization of
teeth
Uses
sodium
bicarbonate as an
abrasive and sodium
fluoride as the active
ingredients
A gel or paste
preparation used as a
cleaning
and
polishing procedures
by
professionals.
Variants
available
with ACP tech.
Contains NovaMin®
technology
i.e.
Bioactive glass as an
active abrasive to
repair
vulnerable
areas of teeth.

GlaxoSmithKline, Glycerin, PEG-8, Silica, Calcium
(UK)
Sodium
Phosphosilicate
(NOVAMIN), Cocamidopropyl
Betaine, Sodium Methyl Cocoyl
Taurate,
Sodium
Monofluorophosphate,
Titanium Dioxide, Carbomer,
Saccharin Sodium, Limonene.
Ortek
Arginine bicarbonate, calcium A
saliva
based
Therapeutics
carbonate
composition to re(USA)
mineralize teeth and
reduce
dentinal
sensitivity

Another important function of several oral health-care products is to mediate and treat dentine
hypersensitivity. Hypersensitivity results from the movement of oral fluid through the dentinal
tubules and stimulating the nerves in the pulp. Bio-compatible nanomaterials such as nanohydroxyapatite, bioactive glass nanoparticles, calcium-based and arginine-based compounds have
been incorporated in several products as a method of blocking the dentinal tubules and prevent
tubule infiltration [180, 181]. For instance, Novamin® contains bioactive glass particles (composed
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of calcium sodium phosphosilicate), which interact with the aqueous oral environment to releases
calcium and phosphate ions. These ions combine to form a layer of hydroxyl-carbonate apatite
crystallites that block the dentinal tubules [182, 183]. Other features of Novamin® include antigingivitis properties and moderating plaque formation [184]. Unfortunately, the complex organic
and inorganic structure of dentine makes re-mineralisation difficult. For instance, a study by
Vollenweider et al., found treating dentine with ultrafine bioactive glass particles could not regain
its original properties [185]. Similarly, a study by Shibata et al., also found the original mechanical
properties of dentine could not be regained after treatment with colloidal nano-beta-tri-calcium
phosphate [186]. While products such as ProClude® and SensiStat®, which are composed of arginine,
bicarbonate and calcium carbonate provide an alternative method for treating hypersensitivity. In
the oral cavity the positively charged arginine combines with calcium carbonate to form a positively
charged clusters. These clusters soon attach to the negatively charged dentine surfaces and in the
process block the dentine tubules [187]. While another arginine-based product developed by
Colgate is Pro-Argin®, which also includes fluoride to enhance re-mineralisation as well as treating
hypersensitivity [156]. In spite of these advanced oral health-care products, hard brushing
hypersensitive teeth opens dentine tubules and produces erosion. And combined with a complex
organic/inorganic structure, makes the treatment of hypersensitivity and re-mineralisation
problematic and challenging [183, 188].
5.2 Dental Fillers
The use of dental fillers is one of the most common dental materials that are used for restorative
procedures performed on humans. Traditionally, dentistry has used a variety of amalgams to
replace lost tooth tissue in order to restore mechanical function. However, to date no material has
been found that completely replicates the properties of natural teeth. For instance, in spite of being
used for more than a century there are serious health concerns regarding the release of mercury
ions from amalgams [18, 189]. And although being initially successful, dental materials are
challenged continuously by recurrent caries that ultimately leads to their failure [190]. With failures
levels resulting from secondary caries being as large as 50 to 60% for many dental materials [191,
192]. The high failure rates result from factors such as: 1) modelling the dental material to fit the
prepared tooth cavity; 2) poor sealing between dental material and cavity wall, resulting in microleakage; 3) material deterioration over time; 4) material discolouration over the life of the
restoration, and 5) tooth sensitivity after the restoration procedure [21, 193]. Because of these
factors there has been extensive research into developing new dental composites with improved
material properties [194]. Many current dental composites have similar mechanical properties to
amalgams and also have desirable aesthetic properties [195, 196].
5.2.1 Resin Based Composites
Dental resin-based composites are a mixture of different materials. The reason for the mixture
is that no single material can provide all the properties necessary for a successful dental restoration.
Contemporary composites are a mixture of glycidyl methacrylate resin, which acts as the matrix
polymer, and materials such as quartz, glass and silica act as fillers [197]. These mixtures also contain
additives like polymerization initiators, accelerators and coupling agent (usually silane), which are
designed to promote chemical bonding with the methacrylate matrix during polymerisation [198].
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Also added are colouring pigments to produce aesthetically pleasing colours that closely match
individual patient tooth colours. The mixture is then sculptured to fit the prepared tooth cavity. In
early composite formulations, polymerisation was thermo-chemically initiated with initiators such
as benzoyl peroxide. In contemporary composite formulations, the setting reaction is light activated
by a lamp [199]. For a successful restoration, a dental composite must have the following features:
1) low viscosity to enable it to fill the prepared tooth cavity; 2) a controllable polymerisation rate;
3) a coefficient of thermal expansion similar to the tooth, which prevents stresses resulting from
the mismatch and prevent micro-leakage of saliva and bacteria; 4) low shrinkage to prevent microleakage; 5) good mechanical properties, and 6) resistance to water adsorption. In addition, recent
studies have also focused on producing composites that are more biologically active, produce less
stresses during polymerisation, and have re-mineralisation properties. Thus, promoting more
favourable host interactions and superior tooth integrity [25].
Resin-based composites are made from a variety of filler particle types. The mass ratio between
filler particles and the organic matrix determines the composite’s strength, its ability to handle
masticatory stresses and its ability to withstand wear during mastication [200]. There are three filler
particle type categories: 1) macro-fill particles; 2) micro-fill particles, and 3) hybrids, which are a
combination of both macro-fill and micro-fill particles [201]. Early composites were reinforced with
just macro-fill particles, while recent composites have also included micro-fill and hybrid
composites. Macro-fill composites have the strength to resist masticatory stresses generated during
the crushing and grinding of food and are commonly used in posterior restorations [202].
Unfortunately, macro-fill composites are difficult to polish, which makes them unsuitable for
anterior restorations. On the other hand, micro-fill composites, with smaller particle sizes are much
easier to polish, and as a result are generally used for anterior restorations [203]. Importantly,
composite properties can be modified to suit particular restorations by adjusting parameters such
as filler particle size, type and quality of accelerators and coupling agents, and the type of
polymerization activation process. Also, resins without filler particles have low viscosities, which
enables them to be used to fill surface pits or be used to seal fissures [204]. However, in spite of
their aesthetics and advantageous properties, micro-fill composites tend to be technique-sensitive,
time-consuming and expensive [204, 205].
During the evolution of resin-based composites there has been a gradual decrease in filler
particle size. In recent years, several nanomaterials have been incorporated into resin-based
composites as a method of improving mechanical properties such as elastic modulus, flexural
strength and wear resistance [206, 207]. Typical nanomaterials used as fillers include: alumina,
hydroxyapatite, titania, silica and zirconia [208]. However, because of the large surface area and
high surface charge of nanoparticles they need to be dispersed in a liquid phase before mixing with
the resin matrix. However, the liquid phase usually contains a combination of dispersed
nanoparticles (less than 100 nm) and porous clusters of agglomerated nanoparticles. Nano-clusters
form as a result of nanoparticles agglomerating in an effort to minimise their surface energy. Studies
have revealed composites incorporating nanoparticles have improved strength and fracture
resistance. The internal porous structure of nano-clusters allows the entry of coupling agents. The
resulting penetration forms an interpenetrating structure that enhances the mechanical properties
of the individual nano-clusters [209]. The nano-clusters behave like the larger particles found in
micro-fillers. Thus, nano-filler-based composites tend to be stronger, have less shrinkage and can
be polished [11, 210]. However, studies have also revealed the presence of voids in nano-clusters
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that produce a greater tendency for cracking and subsequent failure under loading [209, 211].
Hence, further research into nano-filled composites is needed to improve and optimise material
properties.
5.2.2 Glass-Ionomer Cements
Most commonly used alternative to resin-based composites are glass-ionomer cements (GICs) of
which some are listed in Table 3. The material properties of GICs can be modified by varying the
powder/liquid ratio or by changing their formulation, which enables them to be used in a variety of
dental procedures [212]. Their use as a base material was reported to show lower stress
concentration in dentine and improved biomechanical behaviour when simulated using 3D tooth
models [213]. Studies during the 1960’s found polyacrylic acid could complex with calcium, forming
hydrogen bonds that made it possible for this cement to chemically adhere to mineralized dental
tissues [52]. Later, high fluorine containing aluminosilicate glasses were found to react with
polyacrylic acid via an acid-base reaction to form a paste. These pastes could then be used to fill a
prepared tooth cavity to form a stable filling [214]. On setting, GICs were found to be more
aesthetically attractive than traditional metallic amalgams [215]. In addition, fluorine rich GICs also
release fluoride ions that give the filling anticariogenic properties which, also adhere to moist tooth
structures and display favourable biocompatibility towards oral tissues [57]. However, low
mechanical strength, low fracture toughness and brittleness limited their use to posterior dental
regions [216, 217]. Studies found the lower mechanical properties were the result of moisture
contamination occurring immediately after cement mixing [218]. While several studies have
reported factors like: 1) particle size; 2) porosity distribution within the microstructure; 3) variations
in the powder/liquid ratio, and 4) mixing method (air entrapment during mixing) can directly
influence mechanical properties [216, 219]. For instance, mixing induced porosities of around 3 to
4% can produce a 50% reduction in strength [220]. Similarly, studies have also shown mixing
procedures incorporating centrifugation or carried out under vacuum can significantly reduce
porosity and increase strength by around 39% [221-223].
Table 3 A selection of commercially available Glass ionomer cements.
Commercial
name

Fuji®

Manufacturer

GC America
(USA)

Variants

Type

GC Fuji Plus, Resin
II LC, CEM 2, reinforced
INC
glass
ionomer
cement
GC Fuji I, Conventional
TRIAGE, II, IX glass
GP
ionomer
cements

Main Composition
2-hydroxyethyl
methacrylate
(HEMA),
urethane dimethacrylate
(UDMA),
ethoxylated
bisphenol-A dimethacrylate
(Bis-EMA),
butylated
hydroxytoluene (BHT), poly
(acrylic
acid),
silicon
dioxide,
polybasic
carboxylic acid, poly (n-
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EQUIA®
Forte Fil

Vitremer®

3M ESPE Products ̶
(USA)

Vivaglass®

Ivoclar
Vivadent CEM
Corporate
CEM IC
(Liechtenstein)

Filtek®

3M ESPE Products Z250
(USA)

Glass hybrid butyl methacrylate) &
restoratives
TRADE SECRET mixtures

Resin
modified
glass
ionomer
cement

Polyacrylic acid copolymer,
fluoro-alumininosilicate
glass,
carboxylic
acid
copolymer,
HEMA,
potassium persulfate and
ascorbic acid

PL, Conventional
glass
Ionomer
cement
Composite
Resin

Powder: Ionomer glass,
Polyacrylic acid, pigments.
Liquid: Water, Tartaric acid,
Paraben
Co-polymer of acrylic acidmaleic acid, tartaric acid,
polyacrylic acid
Very
fine
aluminium
fluorosilicate glass (Ø grain
size 1.0 µm)
Dicarboxylic acid with
polymerizable
double
bonds

Compoglass® Ivoclar
Vivadent ̶
Corporate
(Liechtenstein)

Grandio®

Ketac®

Compositeglass
ionomer
hybrid

VOCO
GmbH, Flow, SO, SO CompositeCuxhaven
Flow,
SO nanohybrid
(Germany)
Heavy Flow, Restoravite
SO x-tra

Glass ceramic, nano-silicon
dioxide, pigments (iron
oxide, titanium dioxide),
Camphorquinone, BHT
Resin: bisphenol A-glycidyl
methacrylate (BisGMA), BisEMA, triethylene glycol
dimethacrylate (TEGDMA)

Silver
Maxicap,
Silver liquid
handmix,
3M ESPE Products Silver
(USA)
Aplicap

Co-polymer of acrylic acidmaleic acid, tartaric acid,
silver, titanium dioxide,
copper, glass

SilverReinforced
Glass
Ionomer
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Nano

Harvard®
Cention N

Light curing
Resin
modified
Glass
ionomer
Restrorative

Silane treated glass, silane
treated
zirconia,
polyethylene
glycol
dimethacrylate (PEGDMA),
Silane treated silica, HEMA,
BisGMA, TEGDMA, Silane
treated ceramic, copolymer
of acrylic and itaconic acid

Molar Quick,
Molar, Molar
Easy mix, Fil
Plus, Cem
Ionoglas Fil,
Harvard
Dental Ionoglas
International,GmbH Cem,
(Germany)

Conventional
Glass
ionomer
Restorative
Conventional
Glass
ionomer
cement

Ivoclar
Vivadent _
Corporate
(Liechtenstein)

Alkasite
restorative

Co-polymer of acrylic acidmaleic
acid,
glass,
Dichlorodimethylsilane
reaction product with silica
Aqueous
solution
of
polyarylic acid, bariumfluoro-aluminosilicate glass
powder, dried polyacrylic
acids and pigments
Dimethacrylate (95-97%),
calcium fluorosilicate glass,
Ba-Al silicate glass, Ca-Ba-Al
fluorosilicate
glass,
Ytterbium
trifluoride,
isofiller (copolymer)

On the other hand, the coefficient of thermal expansion (CTE) between human enamel and GICs
(~11.4 ppm) and porcelain (~12 ppm) measured between 20 and 60 °C are similar as seen in Table
1 [52]. This is of particular importance, since repeated expansions and contractions generated from
the consumption of hot and cold foods and beverages can result in interface breaking between the
filling and the tooth. Moreover, the thermal mismatch of materials such as amalgam and resin
composites, will cause cycling thermal stresses at the tooth-filling interface. This continuous cycling
overtime will ultimately break the seal and promote micro-leakage [224, 225].
Because of poor fracture toughness and low strength GICs, research has focused on incorporating
various types of particles or fibres to as a method of improving mechanical properties. One of the
earliest methods was to combine silver-based amalgams and GIC glass particles to form a new
composite [226, 227]. In this composite a blended powder of components (1:1 ratio) is mixed with
poly-carboxylic acid to produce a plastic paste. The paste hardens with time to form a
ceramic/metallic composite cement commonly known as “Cermets” [221]. However, studies have
revealed the bonding between ceramic and metallic components was less than satisfactory. In
particular, when Cermets were used in posterior restorative procedures their durability was poor
compared to conventional GIC restorations [228, 229]. While other studies have evaluated the use
of materials such as alumina, carbon, calcium phosphates, glass, silicon carbide and zirconia to
improve the mechanical performance of GICs. Studies have shown the inclusion of these types of
fibres can significantly increase fracture toughness and strength [230]. For instance, the inclusion of
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glass fibres (40% wt.) can increase flexural strength by as much 4.5 times compared to unreinforced
GICs [231]. The addition of glass fibres also increases fracture toughness by 140% when compared
to unreinforced GICs [232]. While the inclusion of carbon fibres into the matrix can produce a fourfold increase in fracture strength [233, 234]. Moreover, research has also focused on including slow
release bioactive agents to promote bioactivity and biocompatibility [235, 236]. Several GICs have
been developed specifically to promote osteoconductivity, osteoinductivity and to promote the
proliferation of various cells and tissues. For instance, bioactive GICs are used to replace hard tissues
in oral, maxillofacial and orthopaedic surgical procedures [237, 238]. In particular, the inclusion of
bioactive glass particles can significantly enhance bioactivity and physicochemical properties of GICs
[239-241]. Several studies have also reported cellular properties such as gene activation, cell
differentiation and cell proliferation are enhanced when exposed to bioactive glass [242, 243].
Unfortunately, studies have also reported that large concentrations of bioactive glass or similar
bioactive materials in GICs compromises strength, toughness and hardness [244].
The reduction in mechanical performance resulting from increasing amounts of fillers has
prompted research into incorporating nanometre scale materials known as nano-fillers [245].
Studies have found the addition of nano-fillers to CIGs produces highly desirable properties [30].
For instance, the presence of uniformly distributed nano-fillers in the CIGs matrix permit higher filler
loads, decrease viscosity and reduce curing shrinkage [246]. The inclusion of nano-fillers has also
been found to increase strength and hardness of these new composites by four to five times
compared to conventional GICs [247]. For instance, the inclusion nano-zirconia oxide (ZrO2)
increases toughness by 20% [248] and the inclusion of carbon nanotubes (CNTs: ~4%) improves
wear characteristics and mechanical properties by 30% [249, 250]. The most commonly used nanofillers include alumina, hydroxyapatite, silica, titania and zirconia [251-254].
5.3 Calcium Phosphates and Hydroxyapatite
The success of many dental materials depends on their interactions with surrounding oral tissues.
Poor osseointegration or inflammatory responses from surrounding tissues resulting from infection
leads to material rejection and restoration failure [255]. Importantly, during dental procedures one
of the operative dental risk in light of the oral environment and microbiota is the possibility of
microbes entering via a lesion. This creates competition between invading microbes and oral cells
trying to colonise the surface of the dental material, a phenomenon known as “the race for the
surface” [256]. If colonising oral cells are successful, infection is minimized, and the implant surface
is covered with oral cells. However, if the number of invading microbes keep increasing, the
resulting microbial population forms a biofilm that eventually prevents surrounding oral tissues
interacting with the dental material. The lack of interaction results in poor integration and ultimately
failure of the restoration [257]. Therefore, success of the dental procedure is determined by the
behaviour of oral tissues and inflammatory responses resulting from infection [258]. Accordingly,
surface chemistry and topography are important factors that must be considered when designing
and manufacturing materials for dental procedures. Calcium phosphate (CaP) compounds are
extensively used to coat metallic orthopaedic and dental implants to transform their surfaces to a
more favourable biocompatible substrate. These coating are capable of promoting the formation of
new bone or dental tissues [259, 260]. For instance, titanium (Ti) implants coated with CaP
nanoparticles (20 to 100 nm) display greater osseointegrative behaviour than uncoated implants
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[261, 262]. While in vitro studies have also shown osteoblasts have better proliferation rates on
nano-CaP coated Ti implants compared to uncoated Ti implants [263]. The most commonly
produced CaP materials include α-tricalcium phosphate (α-TCP), β-tricalcium phosphate (β-TCP),
dicalcium phosphate, β-calcium pyrophosphate, hydroxyapatite (HAP), calcium deficient
hydroxyapatite, octacalcium phosphate, oxyapatite, tetra calcium phosphate and biphasic HAP/βTCP mixtures (for further details refer to Table 4).
Table 4 A selection of different forms of calcium phosphate compounds currently used
in commercial products (Dorozhkin [264]; Cimdina & Borodajenko [265]; Prakasam M et
al. [266]).
Compound Name

Crystal
Structure
Triclinic

Chemical
Formula
Ca(H2PO4)2·H2O

Ca/P
Ratio
0.5

Triclinic

Ca(HPO4)2

0.5

Dicalcium phosphate Monoclinic
dihydrate
(mineral
brushite)

CaHPO4·2H2O

1.0

Di-calcium phosphate Triclinic
anhydrous (mineral
monetite)

CaHPO4

1.0

Monocalcium
phosphate
monohydrate
Monocalcium
phosphate anhydrous

Amorphous
phosphate
Octacalcium
phosphate
α-tricalcium
phosphate
β-tricalcium
phosphate

Di-tab (Innophos, Inc., USA)

̶

calcium 3 polymorphs CaxHy(PO4)z·nH2O
Temp. based
n=3–4.5
15–20% H2O
Triclinic
Ca8(HPO4)2(PO4)4·
5H2O
Monoclinic
α-Ca3(PO4)2

β-Calcium
pyrophosphate

Commercial Product Name &
Manufacturer
Monocalcium Phosphate (DMH
Deutsche
Melasse
Handelsgesellschaft
mbH,
Germany)

1.2
to
2.2
1.33
̶

1.5

̶

̶

Rhombohedral

β-Ca3(PO4)2

1.5

Bioresorb
(Germany)
Calciresorb (Ceraver, France)
Cerasorb (Curasan, Germany)
JAX, Smith and Nephew (USA)
Graftys BCP (Graftys, France)
Osferion (Japan)

̶

Ca2P2O7

<1.5

̶
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Hydroxyapatite with ̶
calcium deficient

Ca10x(HPO4)x(PO4)6x(OH)2-x (0<x<1)
Ca10(PO4)6(OH)2

1.51.67

Cementek (Teknimed, France)
Osteogen (Impladent, NY, USA)

1.67

Calcitite (Zimmer, IN, USA)
Bonefil (Mitsubishi, Japan)
Bonetite (Mitsubishi, Japan)
Cerapatite (Ceraver, France)
Synatite (SBM, France)
Apaceram (Pentax. Japan)
Phosphate Rock Fluorapatite
(Rotem Amfert Negev Ltd.,
Israel)

Hydroxyapatite

Hexagonal
(Monoclinic at
temp. <212°C)

Fluorapatite

̶

Ca10(PO4)6F2

1.67

Oxyapatite
Tetra
phosphate

̶

Ca10(PO4)6O
Ca4(PO4)2O

1.67
2.0

calcium Monoclinic

̶
̶

The most widely used member of the CaP family is hydroxyapatite (HAP). Its widespread use
stems from its bioactive properties that facilitate new bone formation, promotes tissue integration
and reducing healing time. Hence, its use to transform the smooth harsh surface of metallic implants
to a more biocompatible and porous environment similar to hard tissues [267]. Implants made from
metallic materials such as cobalt-chromium alloys, stainless steels and titanium alloys, which are
coated with HAP display improved bone bonding, increased new bone formation and
osteointegration [268]. There is also extensive ingrowth of connective tissues that stabilise the
implant and reduces recovery time [269]. In addition, HAP is extensively used in orthopaedic
procedures for example filling bone voids and bone coatings. For instance, Cerament ® is a
commercially available bone filler product that assists in the formation of new bone within 6 to 12
months after application [270]. Tooth enamel is the hardest and most highly mineralized structure
found in humans. Although enamel is tough and abrasion-resistant, its high mineral content makes
it brittle and prone to damage from mastication [271] while exposure to the acidic and bacterial rich
oral environment overtime degrades the enamel surface.
Studies have shown that lost, damaged or eroded tooth enamel can be either replaced or remineralized using calcium phosphate-based materials [272]. In particular, HAP-based materials are
widely used to resolve surface problems such as discolorations, voids and chips. In recent years
nano-HAP has been used to repair enamel and used as a re-mineralizing agent in toothpastes [163,
167].
Interestingly, natural HAP found in bones and teeth is non-stoichiometric and displays variable
deficiencies in Ca, P and OH. These deficiencies are made up by ionic substitutions of different types
and amounts of elements such as magnesium, strontium, sodium, and silicon [273]. The presence
of these substitutions changes the structure and surface chemistry of HAP, which in turn influences
the biochemistry of bones, enamel and dentine [274]. The influence of these ionic species in hard
tissues has not been fully elucidated. But studies by Carlisle revealed the presence and importance
of small concentrations of silicon in osteoid regions of young mice and rats, which indicates the role
of silicon in the early stages of bone formation and calcification [275, 276]. Similar in vitro and in
vivo studies have also shown the important role of silicon in the growth and development of hard
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tissues [277, 278]. Similar studies have found the inclusion of magnesium in HAP acts as a growth
factor and stimulates osteoblast proliferation [279]. Currently, granular and powder forms of HAP
are used in a variety of dental procedures that include: 1) restoration of periodontal bone defects
[280]; 2) edentulous ridge augmentation [281]; 3) increasing the thickness of atrophic alveolar
ridges; 4) filling bone defects after cystectomy; 5) endodontic treatment procedures such as
repairing bifurcation perforations and pulp-capping [282, 283], and 6) dental implant coating [284].
While shaped HAP blocks are used in maxillofacial surgery to repair and reconstruct bone damage
after trauma or disease. Furthermore, both micro-scale and nano-scale forms of HAP have been
used as fillers for reinforcing GICs and restorative resin composites [285-287]. The potential
hydroxyapatite-based nanomaterial composites can be mixed with the polymer resin as a
restorative approach to replace the damaged tooth cavities (see Figure 5).

Figure 5 A schematic presentation of two potential restorative methods for producing
dental fillings: (A1) sonochemically engineered hydroxyapatite nano-spheres [288]; (A2)
sonochemically engineered hydroxyapatite nanorods; with respective scanning electron
micrograph images of synthesised nanomaterial materials presented in (a) and
(b)hydroxyapatite crystals.
6. Health and Safety Risks of Nanomaterials in Dentistry
Interactions between nanomaterials, living organisms and the environment are complex in
nature and currently not fully understood. The main features of nanomaterials are their large
surface area to volume ratios and greater surface reactivity. These features make their
physicochemical properties significantly different from the same material at the macro-scale size
[148]. Nanomaterials released into the environment can readily bind and interact with biological
matter. This interaction changes their surface characteristics. Further surface changes can result
from environmental factors such as pH, the presence of other materials and temperature [289].
These interactions and property modifications can also adversely change the eco-system they are

Page 117/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101007

in [290]. The presence of nanomaterials in the environment can have a negative impact on human
health. Since exposure and subsequent absorption through the skin, digestive tract and lungs
permits their entry into the body [291]. The uptake of nanoparticles via respiratory tract after
inhalation or through oral route has urged the need to study their physiological impact. Exposure
and potential toxicity can also result from dental procedures such as: 1) ingestion of nanomaterials
in dental products during or after treatment; 2) inhalation of aerosols generated from nanomaterialbased composites during drilling, and 3) the direct interaction between nanomaterials and cellular
tissues in the oral cavity [292]. Importantly, nanomaterials can readily interact with cell constituents
such as DNA molecules, proteins and intracellular components. These interaction mechanisms,
elimination pathways and immune responses are difficult to predict and understand. This
uncertainty arises from nanomaterials of the same material displaying different behavioural
characteristics towards particular cellular tissues. For instance, size range, surface charge and
surface chemistry resulting from coatings can change the behaviour of nanomaterials towards
cellular tissues [293]. Materials used in dental procedures are intended to be passive towards oral
tissues and chemically stable in the oral environment for long periods of time. Studies have reported
the release of metal ions from amalgams and metal alloys [182]. Furthermore, other studies have
reported the release of various chemical species from resin composites and dental sealers [294296]. To date, there are no studies evaluating the potential toxicity of dental products containing
nanomaterials. Thus, there is a clear need for more research to develop new nanomaterial-based
dental products, but also to identify and evaluate the potential hazards resulting from exposure to
these new products both in the short and long-term [297]. Data from such studies would help to
develop systemic solutions for delivery of safe and successful clinical outcomes for patients and
dental professionals [298].
7. Future Perspectives
The demand for new dental products continues to be an active scientific and commercial
endeavour. Currently there is no one product that meets all the necessary properties and
requirements for preventative or restorative applications. However, advances in nanotechnologybased strategies for developing new products is believed to be the most effective method of
delivering positive outcomes for patients. There are several active areas of research currently being
investigated. For instance, to reduce anxiety and provide greater patient comfort during dental
procedures, colloidal solutions composed of millions of active nanometre scale robots could be
introduced into the oral cavity to shut down specific nerves. Once in the oral cavity, the practitioner
directs the nano-robots to specific tooth locations or soft tissues. The nano-robots then migrate into
tissue structures to specific targeted nerves and shut down their sensitivity. Then after the dental
procedure, the practitioner commands the nano-robots to restore nerve sensitivity and leave the
tissues [31, 299]. Similarly, orthodontic nano-robots could be used to remodel periodontal tissues
and allow tooth straightening, rotation, and repositioning without pain in minutes to a few hours
[300, 301]. Alternatively, nano-robotic dentifrices could be used to transport and distributed
toothpastes or mouthwashes to breakdown organic matter or oral microbes into harmless byproducts [28]. Similarly, nano-robots could also be used to deliver pharmaceuticals and antibiotics
(nano-encapsulation) [302, 303]. While nano-sensors/robots could be used to detect and identify
harmful materials in order to assist in diagnosing and treating diseases, and ultimately improve the
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wellbeing of patients [149, 304].
Moreover, recent studies have witnessed the engineering of high strength nanomaterials into
dental polymers to increase their strength and durability. For example, dental polymer fabricated
with multi-layered graphene has shown a significant increase in the mechanical properties [305],
stimulated tissue formation when graphene oxide implanted to collagen scaffold [306], and
improved physicochemical and surface properties when dental polymer was reinforced with
graphene gold nanoparticles [307]. Similarly, Carbon nanotubes (CNT’s) and Boron Nitride
nanoplatelets (BNNP’s) have also captured attention and aroused the interest of many scientists as
a potential biomaterial for dental applications [308-310]. A recent study highlighted the enhanced
strength and fracture toughness of zirconia composite as a result of BNNPs reinforcement [310].
However, contradictory reports have shown the cytotoxic as well as non-cytotoxic properties of
CNT’s which opens up a debate on its potential use as a bioceramic material [311-313]. Therefore,
bio-kinetics and organ toxicity plays an important role in measuring the quantitative risk involved in
the use of these high strength nanomaterials.
In addition, there is current research into developing smart nanomaterials that assist in repair,
promote cellular regeneration and osseointegration of bioactive dental implants [195, 314].
However, there are also challenges facing these new technologies. For instance, developing lowcost and mass produced nano-robotic platforms capable of undertaking their designed tasks. There
is also a need to develop smart nanomaterials, protocols and nano-devices capable of delivering
methods for disease monitoring, diagnosis, prevention and treatments tailored to individual
patients.
8. Conclusions
This present review has highlighted the importance and use of emerging nanomaterials in
preventative and restorative dentistry. Nano-dentistry has the potential to transform dentistry and
deliver a wide range of novel products capable of delivering more effective health care strategies.
However, as discussed above, the benefits need to be balanced against possible negative health
effects resulting from exposure to these new and largely unknown products. Current studies suggest
toxicity from the use of nanomaterials is low, but further research is needed to fully identify
potential toxicity issues, arising from exposure levels and human-nanomaterial interaction
mechanisms across the ages. Future longitudinal research may allay health-related concerns, while
practitioner and public acceptance and adoption are needed before nano-dentistry can deliver a
new era of health care benefits.
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Abstract
Continuous fiber reinforced geopolymer matrix composites offer the potential for use in
structural applications at temperatures up to 700°C, while enabling the manufacture at
temperatures below 100°C. Studies have investigated a variety of high temperature structural
fiber reinforcements, including carbon, SiC and Al2O3. While there has been active research
into various grades of Al2O3 fibers, SiC is most commonly used for high temperature
reinforcement of geopolymers in oxidizing environments. Both families of reinforcement are
relatively expensive and are capable of use temperatures which exceed those of the
geopolymer. Basalt fibers have the potential to be a good match for the geopolymer matrix,
both in terms of upper use temperature and cost. In this study, Basalt fabric reinforced
geopolymer composites were prepared with fibers having three different surface conditions,
as-received (silane sized), cleaned, and carbon-coated, to investigate the effect of fiber-matrix
interface on the mechanical properties. All specimens were fabricated, cured at 80°C and
conditioned at 250°C for 5 hours to create the baseline specimens. More than half of the 70
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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specimens manufactured were exposed to an additional 5 hours at 650°C. Flexural strength,
strain-to-failure and modulus were determined at ambient temperature via 4-point bend
testing. The as-received and cleaned specimens showed moduli approaching theoretical
predictions, indicating a strong interfacial bond, resulting in brittle failures at low loads. The
carbon coating resulted in a three-fold increase in strength after the 250°C conditioning and
retained a strength higher than the other specimens, even after the 650°C treatment. This
strength increase did come with a reduced modulus, suggesting that the stress transfer
between fiber and matrix in the carbon-coated basalt fiber reinforced geopolymer composites
had also been reduced. While the carbonaceous interphase was not expected to be stable at
the higher temperatures in an oxidizing environment, the results do indicate that significant
Basalt fiber reinforced geopolymer strength gains are possible through the implementation
of a tailored fiber/matrix interface as a crack blunting mechanism.
Keywords
Basalt fiber; geopolymer; inorganic polymer matrix composite; polysialate; interface;
interphase

1. Introduction
Geopolymer materials are of interest due to their relatively high temperature performance
capabilities while being able to be processed at temperatures below 100°C. “Geopolymer” is the
term often used to refer to a class of alumina-silica based inorganic materials which are processed
like a polymer and undergo polycondensation at low temperatures but resemble ceramics in the
resulting structure and high temperature properties [1, 2]. The minerals that constitute this material
are readily available. The name “geopolymer” was coined in 1978 during research efforts focused
on the development of fire-resistant, non-toxic materials to be used in building structures [3]. This
material evolved into a mineral-based binder for use as a high strength industrial cement with
significantly shorter cure times than traditional Portland cements [2]. More recently there has been
interest in utilizing the high-temperature resistant properties of these geopolymers and the
associated low density to replace heavier metallic components in high-temperature structural
applications. The ease of processing fiber reinforced composites with these inorganic polymer
binders as the matrix, compared to traditional ceramic matrix composites (CMC’s), also makes them
an attractive option. A geopolymer matrix composite is commonly processed to shape at
temperatures below 100°C, and with a freestanding postcure performed near the planned upper
use temperature, these materials offer good performance to temperatures approaching 700°C [4].
This is in contrast with more typical ceramic matrix composite (CMC) manufacturing processes
which require much higher processing temperatures, usually exceeding 1,000°C [5]. In this regard,
the potential exists for geopolymer matrix composite to effectively fit into the gap between the
400°C upper use temperature of organic polymer matrix materials and the more difficult to process
CMC’s. While a substantial amount of research has been published on the cementatious variants of
these inorganic polymers, there is less data available on fiber reinforced composites produced using
the thermoset resin-like versions.
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The inorganic polymer can exhibit several different structures characterized by tetrahedral
aluminate and silicate units referred to as “aluminosilicates” [2]. The aluminosilicate starting
precursors, the AlO4 and SiO4 tetrahedra, are found naturally in the mineral metakaolinite (nominal
composition Al2O3•2SiO2,) by calcining kaolinite at 700°C to remove chemically attached water [6].
The precursors are polycondensed with alkali activators, either KOH or NaOH, to form structures
which may be amorphous or semicrystalline. Three prominent structural units exist, with the base
unit referred to as “sialate”, which is an abbreviation for silicon-oxo-aluminate [2, 7]:
(1) “sialate” [-Si-O-Al-O-]
(2) “sialate-siloxo” [-Si-O-Al-O-Si-O-]
(3) “sialate-disiloxo” [-Si-O-Al-O-Si-O-Si-O-]
These sialate-based fragments condense together to form larger polymeric structures called
polysialate (PS), polysialate-siloxo (PSS), and polysialate-disiloxo (PSDS) [8, 9]. The sialate network
structure containing the SiO4 and AlO4 tetrahedra units are linked in an alternate fashion by the
sharing of oxygen atoms. To balance the negative charge of Al3+ in IV-fold coordination, positive ions
(Na+, K+, Li+, Ca++, Ba++, NH4+, H3O+) must be present in the structural spaces [2, 10].
Unfortunately, these materials tend to be relatively brittle and not of great utility in engineering
structural applications without the incorporation of reinforcement materials. A number of fiber
reinforced geopolymer matrix composites have been described in the literature, including
reinforcements of carbon fiber, silicon carbide fiber and a number of other ceramic fibers. Carbon
fibers function well as a geopolymer reinforcement but tend to limit the upper use temperature, in
air, of these geopolymer matrix composites due to the relatively rapid oxidation of the fiber above
temperatures of 400°C [11, 12]. Alternatively, ceramic fibers including silicon carbide and alumina
fibers have been utilized to extend the useful temperature range of the geopolymer as a structural
material. Nicalon silicon carbide fibers have been shown to effectively reinforce geopolymers and
maintain good properties even after extended exposure to elevated temperatures in air [13]. Fibers
with a high alumina content, such as Nextel 610, have also been shown to be reasonable
reinforcement candidates for geopolymers. However, due to the similarities in the material
structure of the fiber and matrix, a tailored interlayer must be used to reduce the inherent bond
and develop a reasonable degree of composite strength through crack blunting at the weakend
fiber-matrix interface. Utilizing a tailored interfacial strength is a well recognized method of
introducing a crack blunting mechanism in ceramic matrix composites, resulting in improved
toughness. Monazite coatings on the Nextel fibers have been shown to be effective in increasing
the strength and toughness of fiber reinforced geopolymers [14]. However, ultimately, these
ceramic fibers have temperature capabilities far beyond the structural upper use temperature of
the geopolymer matrix materials, and the fiber cost might be considered out of sync with that of
the geopolymer. Thus, high temperature alternative reinforcement materials, with stability in air,
and of moderate cost become of interest. Since the geopolymer matrix materials tend to have an
upper service temperature of approximately 700°C before recrystallization reduces the properties,
a reinforcing fiber need only maintain its performance to a similar temperature [15]. During the last
decade Basalt has grown in popularity as a reinforcing fiber and has improved in quality and
repeatability of properties.
Basalt fibers have shown good property retention to at least 600°C and as such, with their
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relatively approachable cost, seem a viable alternative to other high temperature fibers as a
reinforcement for geopolymer matrix materials. The strength and modulus are similar to S-glass
reinforcements, but at a price closer to E-glass. Unfortunately, there is limited information in the
literature regarding the effectiveness of basalt fiber in a geopolymer matrix after thermal
conditioning in air [1, 15, 16]. Three different fiber surface treatments are included to better
understand the effects of interface modification, and thermal conditioning is performed in both air
and a Nitrogen (N2) rich environment. Thus, this effort involves the investigation of the potential for
basalt continuous fiber reinforced geopolymer matrix composites through elevated temperature
aging and ambient temperature mechanical testing.
2. Materials and Methods
2.1 Materials
Continuous fiber reinforced geopolymer composites were fabricated using a Basalt woven fabric
for the main study, with Nextel 610 fabric reinforcement used as the manufacturing baseline. The
Nextel 610 was chosen as a baseline as the laboratory had significant previous experience in the
processing and testing of this material as a reinforcement for geopolymer matrix composites. The
details of the materials utilized in the current study follow, including information outlining the
makeup of the specific geopolymer matrix.
2.1.1 Inorganic Polymer Matrix Material
A proprietary liquid inorganic polysialate polymer resin system, referred to as MEYEB, supplied
by Pyromeral Systems was used as the geopolymer matrix. The MEYEB was obtained as a liquid
inorganic polymer resin. The structure of this inorganic polymer resin is PS, containing potassium
ions, and is predominantly amorphous. It is a metakaolin-based, potassium balanced, polysialate
glass ceramic with the ratio of Si:Al of 1:1 and proprietary proportions of K 2O/SiO2 and H2O/Na2O
[17]. Polymerization of MEYEB is the result of a polycondensation reaction, which requires an ionic
balance of the sialate network in the presence of positive alkali ions (Na +, K+ and Cs+, etc.). The
corresponding empirical formula for the inorganic polymer is;
Mn {-(SiO2)z – (AlO2)}n ·wH2O
where, M is the alkali cation, z is the ratio of Si:Al, n is the degree of polymerization, and w is the
number of water molecules [18].
This inorganic polymer polycondenses in just a matter of minutes. The mechanical properties of
the matrix appear to be directly related to the silica and alumina ratio - higher silica leads to higher
strength [2, 19]. MEYEB was shipped in a cryogenic state from the manufacturer and subsequently
stored at -25°C to increase the usable life. Upon removal from storage, the material has an
approximate working time of 30 minutes at room temperature and a viscosity similar to many
commercial high viscosity epoxies.
2.1.2 Basalt Reinforcement
A 220g/m2 satin weave fabric with a 9 micron diameter Basalt fiber was commercially sourced
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[20]. This is a fabric with a nominal thickness of 0.158mm and is sized with a silane finish. Fiber
modulus is reported as 89 GPa and the typical fiber strength as 3.4 GPa. Fiber density is
approximately 2.65 g/cm3.
2.1.3 Nextel 610 Reinforcement
Nextel 610 is a fine grained α-Al2O3 aerospace grade fiber. It is the highest strength variant of the
Nextel fibers. While as a single phase fiber, Nextel 610 demonstrates a greater loss in strength at
high temperatures than the alternative aerospace grade Nextel 720 fiber, this reduction in strength
does not start until approximately 1,200°C, well above the temperatures considered in this research.
The specific form of the reinforcement used is DF-11, a 370 g/m2 8-harness satin weave fabric with
a nominal thickness of 0.275mm. The fabric is sized with a PVA finish. Fiber modulus is reported as
370 GPa and the typical fiber strength as 2.8 GPa. Fiber density is approximately 3.9 g/cm3 [21].
2.2 Specimen Preparation
Laminates were prepared from Basalt fabric as well as from Nextel 610 fabric. Since the
laboratory had previous experience in the preparation and evaluation of Nextel 610/MEYEB
composites a limited set of these laminates were produced in parallel with the Basalt/MEYEB
laminates to ensure consistency in manufacture, given the limited experience with preparation of
Basalt reinforced geopolymer laminates. The Basalt fabric, which is the principal focus of this work,
was treated in various ways to generate three (3) different fiber surface conditions to investigate
the effect of interfacial condition on mechanical performance. Once the laminates were processed
to the base condition (250°C @ 5 hours) they were cut into flexure specimens and a subset of the
specimens was aged at 650°C for an additional 5 hours.
2.2.1 Basalt Fabric Preparation
The three (3) surface conditions utilized are, (i) sized, or in the as-received condition with the
silane finish intact, (ii) cleaned through a 500°C thermal treatment in air to remove the silane finish
[the temperature utilized was kept below 600°C in an attempt to minimize thermal degradation of
the Basalt fiber], and (iii) carbon-coated, based on a preliminary trial application of polyvinyl alcohol
(PVA), followed by conversion under nitrogen at 500°C. The two fiber surface modifications applied
were based on similar successful procedures developed for Nextel fibers, but were performed at a
lower temperature out of concern for thermal degradation of the Basalt fibers.
Preparation of Cleaned Fabric. “Cleaned” Basalt fabric was prepared via thermal decomposition
of the factory applied silane finish. While somewhat higher temperatures would have been
preferred to ensure complete decomposition, the temperature was limited to 500°C in an attempt
to minimize the thermal degradation of the Basalt fiber [1, 16]. Fabric was placed in a refractory
furnace, in air, and heated at a rate of 5°C/minute to 500°C, held for 1 hour, followed by slow
cooling, in the powered-off furnace, to room temperature. No visible change in the fabric was noted.
The cleaned material was stored in a dry container until used in laminate preparation.
Preparation of “Carbon-Coated” Fabric. “Carbon-coated” Basalt fiber fabric was prepared via
thermal decomposition of a PVA coating applied to the Basalt fabric. The basics for the process for
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applying a thin, uniform fiber coating were based on thin film/membrane formation descriptions in
the literature [22, 23]. In preparation for PVA coating the factory supplied silane finish was first
removed via thermal treatment in air, as described in the previous section. “Cleaned” fabric was
stretched and attached to a dedicated frame to improve the uniformity of the applied PVA. (Figure
1) The stretched fabric and frame were dipped into a tray containing a dilute solution of Polyvinyl
Alcohol (10% PVA in a mixture of equal parts 91% isopropyl alcohol and water). Fabric was dipped
in the PVA solution five times and dried between each application, for 1 hour at 80°C, to form an
appropriate fiber finish. This PVA modified fabric was then placed in a vacuum furnace and heated,
at a rate of 5°C/minute, to 500°C where it was held for 2 hours to create a carbonaceous coating. A
nitrogen-rich environment was used during the thermal decomposition.

Figure 1 Fabric before (left) and after (right) carbon coating.
The “carbon coating” that resulted from this prototypical approach did result in a noticeable
color change of the fabric, as seen in Figure 2, which shows the fabric before and after application
of the carbon coating. While no assessment of the make up of the converted PVA was undertaken,
the approach was based on the success of the converted PVA finishes on Nextel 610 in previous
studies [24, 25]. These previous studies showed that the converted factory-applied PVA finish on
the Nextel 610 increased the relative strength of the Nextel 610 reinforced/MEYEB composite, with
a small reduction in the modulus, suggesting a weakened interfacial bond and the associated
strengthening mechanism/crack stopping ability. Further studies directly assessed this change in
interfacial strength via individual fiber pushout and showed that this carbonaceous, converted PVA,
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finish did reduce the interfacial strength [26, 27].

Figure 2 Basalt fabric before (top) and after (bottom) carbon coating.
2.2.2 Laminate Preparation
The laminate fabrication process is basically a “wet layup” procedure. The amount of resin is
premeasured to be approximately 55% by volume, based on the amount of fabric. The MEYEB resin
is mixed and applied to a sheet of fabric of sufficient size for the appropriate number of layers.
Cutting of the fabric is performed after wetout to minimize fabric fraying. The fabric is cut into
90mm x 190 mm rectangles and then stacked in two symmetric halves. The fabric weave orientation
is monitored to ensure that the final flexure specimens have the satin weave principal direction
aligned with the specimen. One half is then “flipped” and stacked on the other half to create the
symmetric wet stack-up, accounting for the different top and bottom of the weave. As soon as the
laminates are wet laminated, they are placed in a vacuum bag and vacuum is applied for 10 minutes
to reduce entrained air. Time under vacuum is brief to limit the removal of moisture, which is critical
during the 1st stage of cure [28, 29]. Once this step is complete, the specimens are left in the sealed
bag and are transferred to a heated press.
The laminates are cured in a hot press, at 80°C, for at least 3 hours under pressure, followed by
an additional 21 hours at 80°C with pressure removed, but still in a sealed bag to retain moisture
and enhance the cure. Aluminum caul plates are used on top and bottom of the laminates, outside
the bagging material, and shims are introduced between the caul plates allowing the press only to
close to dimensions that should result in a consolidated fiber volume fraction, V f, of 50%. The caul
plates and shims are also important to generate a uniform and reproducible thickness such that the
flexure specimens have a minimum of taper in the thickness direction. At the end of this “moist”
cure, the laminates are removed from the hot press and from the sealed bag and placed in a drying
oven at 80°C for several hours. During this stage of preliminary geopolymerization a mass loss of
approximately 8% has been measured via thermogravimetric analysis (TGA) [28, 30].
Dry 80°C laminates are processed to the baseline condition of 250°C@5hours. Specifically,
laminates are heated from 80°C – 100°C at 0.5°C/minute, held at 100°C for 1 hour and then heated
to 145°C at 1.0°C/minute and again held 1 hour, prior to final heating at 1.0°C/minute to 250°C. The
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laminates are then held at 250°C for 5 hours, followed by a slow cooldown to ambient temperature,
in the furnace, powered off. This processing approach was developed during an earlier research
program which focused on minimizing cure shrinkage during the processing of the neat MEYEB resin
[28, 31]. Using the optimized curing limited the additional mass loss on heating to 250°C to an
additional 2%. Carbon-coated fabric laminates are processed by the same method as those with
cleaned fabric and with the as-received, sized fabrics.
A total of 3 Basalt fiber reinforced MEYEB laminates were produced, as follows: (i) Basalt-sized,
(ii) Basalt-cleaned, and (iii) Basalt-carbon-coated. The fiber volume fractions (Vf) were estimated by
density to be approximately 48%, with the exception of the Nextel 610 demonstration panel which
is approximately 51.5% Vf.
The Basalt laminates of this study are made up of 10 fabric layers. This ply count generates a
nominal laminate thickness of 1.7mm. Laminates are processed in dimensions of approximately
90mm x 190mm, which allows 2 laminates to be processed simultaneously between the 200mm x
200mm hot press platens. Each of the 2 laminates processed in parallel use the same reinforcing
fabric and differ only in the fabric surface treatment to ensure equal applied pressures in the two
laminates.
2.2.3 Flexure Specimen Preparation
As detailed in the previous section, all laminates are processed to the base condition (250°C for
5 hours) prior to cutting to flexure specimen dimensions using a wet, 0.5mm thick, diamond
wafering blade. The nominal beam specimen is 1.7mm thick, 5mm wide and 85mm long. 30 – 35
beam specimens are cut from each 90mm x 190mm laminate after cutting in half, to nominally
90mm x 90mm, and trimming laminate edges. The specimens are then re-dried at 100°C, in air, for
at least 1 hour. As-cut examples of cleaned and sized specimens are shown in Figure 3.

Figure 3 Basalt - 250°C treated, immediately after cutting, (Cleaned - left, Sized - right).
Heat Treatment/Thermal Conditioning. At least 10 specimens from each laminate are heat
treated to an exposure temperature of 650°C for a period of 5 hours. The as received (sized) and
cleaned specimens, which have been treated at baseline conditions and cut to the flexure specimen
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geometry, are heat treated to 650°C from ambient temperature at a rate of 5°C/minute, in air. The
carbon-coated specimens are heated to 650°C at the same rate, but in a Nitrogen-rich environment
to minimize the loss of the carbon interphase. During the heat treatment of the carbon-coated
specimens, in Nitrogen, an additional 5 specimens of each of the other surface conditions were also
thermally conditioned. These additional specimens were prepared to allow a direct comparison of
the effects of the 650°C exposure in a consistent environment (N2). Further, this allows a comparison
to the as received and cleaned specimens conditioned in air. The reduction to only 5 repetitions was
deemed acceptable, based on prior test repeatability and the limited specimens available that had
been processed to the baseline condition. Representative specimens of each treatment condition
and fiber surface finish are shown in Figure 4.

Figure 4 Representative flexure specimens after conditioning.
Once all heat treatments were completed the specimens were measured and the dimensions
documented. Specimen dimensions are recorded at three locations along the length and the
average thicknesses are given in Table 1. Fiber volume fractions were determined for each specimen
based on dimensions, fabric mass and constituent densities, without attempting to account for void
fraction. Fiber volume fraction averages, for each set of specimens, are given in Table 1.
Table 1 Specimen dimension and fiber volume fraction.
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Heat Treatment

250°C (air)

650°C (air)

Fabric

Fiber Surface Thickness
Finish
(mm)

Vf
(%)

Nextel
610

cleaned

2.241 (0.056) 51.5

Basalt

cleaned

1.768 (0.052) 46.1

sized
carboncoated

Thickness
(mm)

650°C (Nitrogen)
Vf
(%)

Thickness
(mm)

Vf
(%)

No specimens
prepared,
250°C for baseline only
1.954
41.7
(0.097)

No specimens
prepared, 250°C for
baseline only
2.006 (0.070) 40.6

1.691 (0.020) 48.2

1.675
(0.071)

1.770 (0.088) 46.0

1.718 (0.030) 47.4

No specimens
prepared,
Oxidative environment

48.7

1.891 (0.073) 43.1

Figure 5 shows representative specimen edges, viewed at 25X, showing the 250°C baseline panel
condition on the left and, on the right, the specimens after 650°C conditioning. Swelling and a larger
void population are evident after the 650°C temperature exposure. The Basalt specimens with sizing
and with carbon-coating seem the most resistant to dimensional change after conditioning at 650°C.
No evidence of fiber reaction with the geopolymer or dissolution in the geopolymer is present in
the micrographs. These observations are consistent with other studies in the literature which have
combined basalt fiber and geopolymers and investigated the behavior at elevated temperature [15,
32, 33]. Specifically, no interfacial interaction was noted by the previous authors and reduced
properties, related to recrystallization of the basalt fibers, were only noted in tests performed at
800°C [15].
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Figure 5 Flexure specimens after conditioning (wetout/void) 25X.
While voids are present in all specimens, it is important to note that the micrographs clearly
indicate good fiber wetting in all specimens after the 250°C cure. Tows can be seen with MEYEB
wetting each of the individual fibers which is critical if concepts of interface modification are to be
used to attempt to modify the performance of the composites. Void development is a result of
incremental mass loss as the geopolymer is processed and by associated shrinkage that is
constrained by the fibers. The combined geopolymer mass loss after the 250°C baseline heat
treatment is approximately 10%, based on previous studies. TGA data from the same previous
process-focused works indicate that an additional mass loss of approximately 1% occurs during the
650°C postcure step [28, 30].
2.3 Mechanical Testing
Mechanical testing is performed in flexure, in accordance with ASTM C1341 [34]. A 4 point,
¼ point configuration is utilized with a fully articulating test fixture. Loading is performed on an ATS
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9000 series screw driven test frame. Support and loading pin dimensions are 6.25mm diameter. A
445N load cell is utilized and a clipgage extensometer is mounted to a “pogo-stick” to directly
measure mid-span displacement. A crosshead displacement rate of 0.51mm/minute is applied
throughout testing. Previous experience with fiber reinforced MEYEB bend testing suggested that a
high span-to-depth ratio is required to resist interlaminar shear damage and attain acceptable
flexural failures. Based on composite plate dimensions and the as-prepared laminate thickness, a
span-to-depth ratio of 44:1 is utilized, based on a 75mm test span and a nominally 1.7mm laminate
thickness. Specimen width is roughly 5mm and overall specimen length is 85mm. All tests are
performed at ambient temperature and statistical data from each material condition is based on 10
specimens, with the exception of the additional as-received and cleaned specimens, heat treated
to 650°C in Nitrogen, which each have a specimen population of 5.
2.3.1 Modulus Prediction
In previous studies it has been determined that the advance prediction of the modulus
achievable through a simple Rule of Mixtures estimation, where perfect fiber-matrix bonding is
assumed, yields an upper bound value [14, 27]. This prediction also gives a point of reference for
evaluating the measured values of modulus and considering the degree of active stress transfer
between the fibers and matrix.
Rule of Mixtures approximation for a crossply laminate with equal amounts of fiber in the 0° and
90° directions follows. (Note that the fabrics are not plain weave, and as such do have a slightly
different fiber count in the two directions, but this detail has not been included in this prediction.)
EC = axial ply modulus + transverse ply modulus

𝐸𝐶 = 0.5(𝑉𝑓 × 𝐸𝑓 + 𝑉𝑚 × 𝐸𝑚 ) + 0.5

1
𝑉𝑓 𝑉𝑚
+
(𝐸𝑓 𝐸𝑚 )

where:
EC = composite modulus
0.5 = fraction of plies in the 0° direction and in the 90° direction
Vf = fiber volume fraction
Vm = matrix volume fraction
Ef = fiber modulus (in this case the axial and radial fiber moduli are considered equal)
Em = matrix modulus
Using a fiber volume fraction of 48% for the Basalt fabric reinforced geopolymer samples, a Vf of
51.5% for Nextel 610 fabric reinforced geopolymer, and a modulus of 12GPa for the MEYEB
geopolymer, the following laminate moduli are predicted:
Basalt/MEYEB laminate modulus:
34.7 GPa
Nextel 610/MEYEB laminate modulus: 112.7 GPa
3. Results and Discussion
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3.1 Flexure Testing
The mean and standard deviations for the measured values of the flexural strength (σ), strain at
flexural strength (failure ε) and modulus of elasticity in bending (E), calculated in compliance with
ASTM C1341, are given in Table 2. Basalt fiber reinforced MEYEB laminate mechanical properties
are presented for three (3) interphase conditions, cleaned, sized, and carbon-coated. For each
interphase condition, the mechanical test results are shown for specimens conditioned at 250°C and
650°C. Nextel 610 results are given as a reference and are presented for the baseline thermal
treatment (250°C) and for the cleaned interphase condition only.
Table 2 Mechanical properties summary, mean and (standard deviation).
Heat Treatment
Fabric
Fiber
Surface
Finish

250°C (air)
σ
ε
(MPa) (%)

E
(GPa)

Nextel
610

cleaned

322.9
(39.8)

0.32
(0.045)

Basalt

cleaned

34.0
(5.61)

sized

carboncoated

650°C (air)
σ
ε
(MPa) (%)

E
(GPa)

650°C (Nitrogen)
σ
ε
E
(MPa) (%)
(GPa)

110.6
(3.09)

No specimens prepared

No specimens prepared

0.10
(0.013)

30.4
(1.57)

28.9
(3.09)

0.10
(0.021)

29.1
(1.76)

36.1
(5.67)

0.11
(0.015)

28.5
(1.34)

35.7
(3.60)

0.10
(0.015)

32.2
(1.81)

34.7
(4.48)

0.08
(0.015)

36.0
(2.69)

38.8
(2.44)

0.11
(0.005)

30.9
(0.98)

85.7
(5.12)

0.40
(0.030)

23.4
(0.87)

No specimens prepared

41.4
(2.69)

0.18
(0.013)

21.37
(1.08)

In considering the data of Table 2, it is notable that the modulus values at 250°C for the Nextel
610 and for the Basalt, cleaned and sized conditions, compare favorably with the corresponding
Rule of Mixtures estimates. The sized Basalt/MEYEB modulus value is quite close to the estimated
value. Considering the good consolidation shown in Figure 5, and the volume fraction matching that
used for the Rule of Mixtures estimation, it would seem that the load transfer between fibers and
matrix was good. This is not too different for the cleaned condition. However, the modulus in
bending for the carbon-coated Basalt fiber is substantially reduced, at only 23.4 GPa versus the
values above 30 GPa for the other two surface conditions. This indicates that there is a reduced load
transfer from the fiber to the matrix, suggesting a weakened interface. This effect is reflected in the
substantially improved strength for the carbon surface modified case, at 85.7 MPa as compared to
strengths of approximately only 35 MPa for the cleaned and for the sized Basalt fibers, as shown in
Table 2. Such an increase in strength is consistent with a tailored interfacial strength and an
associated improvement in the ability to arrest crack motion.
For the two conditions, cleaned and sized, which were conditioned at 650°C in air, the differences
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from the 250°C conditioning were small. The average values of the flexural strength and modulus in
bending were somewhat lower at 650°C for the cleaned condition; however, those differences may
not be statistically significant given the values of the standard deviations listed in Table 2. For the
sized condition, while the flexural strength values at 650°C and 250°C are effectively equivalent, it
does seem that the modulus at 650°C has increased. This change is most likely related to the
changing performance of the MEYEB resin, which does improve slightly with elevated temperature
heat treatment; however, it is also possible that the interfacial strength has increased, at least to a
small extent. The differences in the strains at failure for these two temperatures are not statistically
significant.
For the cleaned and sized specimen conditions, after 650°C conditioning in nitrogen, changes in
flexural strength and modulus in bending are again small, at best, suggesting no adverse effect of
the elevated temperature heat treatment in air. However, the performance of the specimens using
the carbon surface modified Basalt fibers has been affected. While the strength is still marginally
better than that of the other two Basalt surface conditions heated to 650°C in nitrogen, the value
of 41.4 MPa is only approximately half of the flexural strength value after treatment to 250°C. The
modulus has also decreased slightly. If the source of the decreased strength was a reaction between
the fiber and matrix after the 650°C conditioning, resulting in an increased bond strength, then it is
also expected that the modulus would increase. Yet, this is not the result, as the measured modulus
was reduced. Considering the data of Table 2, and in light of the visual information of Figure 5 and
the numerical information of Table 1, which show that the specimens increase in thickness with
thermal conditioning at 650°C, it would seem more likely that the increased void content was
responsible for the reduced strength.
3.2 Representative Stress-Strain Profiles
Stress/strain plots are shown in Figure 6. These plots are chosen to represent the typical test
with a near average value of strength for each of the different fiber finishes and heat treatment
conditions. The stress/strain plots for the cleaned specimens and sized specimens are linear to
fracture, indicating brittle failure, independent of surface treatment, exposure temperature or
environment. It is interesting to note that for the most part, the sized Basalt fiber reinforcement
performs marginally better than the cleaned versions, after both 250°C and 650°C exposures. Both
the geometry of the stress-strain plots and the data of Table 2 suggest that the silane-based sizing
actually improves the interfacial strength in the Basalt/MEYEB composite, and that the
improvement over the cleaned surface condition is retained, even after the 650°C conditioning. This
is consistent with the relatively stable void content of the sized specimens independent of
conditioning temperature versus the significant increase in void content noted in the cleaned
specimens, as seen in Figure 5. The stress-strain plots for the cleaned and for the sized conditions
look essentially the same, showing no apparent deviation from linearity to failure, whether tested
after 250°C or after 650°C exposure.
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Figure 6 Basalt/MEYEB composites – flexural stress/strain profiles.
Conversely, the carbon interface coating results in significant improvements in both strength and
strain-to-failure in the Basalt/MEYEB composites. The stress/strain plots representing the carboncoated specimens show a surprisingly large improvement in strength and strain-to-failure for the
250°C case and a lesser, but still substantial improvement after 650°C exposure. In fact, the carboncoated Basalt charts are plotted on at a different scale then the remaining charts to capture the
improvements. The non-linear shape of the 250°C exposure stress-strain curve suggests a less brittle
failure, with significant damage as the maximum strength is reached and exceeded. After 650°C
exposure the stress-strain plot is effectively linear to failure, but the specimens reach a higher strain
Page 151/175

Recent Progress in Materials 2021; 3(1), doi:10.21926/rpm.2101008

at failure given the lower measured modulus. Reviewing Table 2, a clear drop in modulus results
from the carbon coating, suggesting that the improvements in strength and strain-to failure are the
related to a decrease in interfacial strength.
3.3 Failed Specimens
Failed specimens were photographed individually; however, failure surfaces were difficult to
capture and showed little additional information. Figure 7 was assembled to better show the overall
failure morphologies, including the relative style of failure after conditioning at both 250°C and
650°C. The cleaned and sized specimens tested in the baseline condition (5 hrs@250°C) failed in a
brittle manner resulting in two separate portions. However, none of the “carbon-coated” Basalt
specimens showed catastrophic separation at failure, indicating some fiber bridging/pullout. These
specimens also, in some cases, showed some upper surface compression damage and delamination.

Figure 7 Failed conditioned specimens.
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Figure 7 also shows the failed specimens which were conditioned for 5 hours at 650°C beyond
the baseline temperature exposure. Here again, brittle failure is noted in most specimens, with the
exception of the “carbon-coated” Basalt fiber reinforced coupons. The “carbon-coated” Basalt fiber
specimens did not show complete separation on failure, indicating that some form of toughening
mechanism remains active. However, no compression-side damage was noted, nor delamination,
which is consistent with an improvement in properties of the MEYEB matrix material with increased
temperature post-cure [29]. Since the moduli of all the “carbon-coated” Basalt fiber reinforced
specimens were reduced, relative to the “sized” and “cleaned” conditions, it would seem that the
carbon surface modification of the Basalt fibers results in a reduction in the interfacial shear
transfer, associated with a reduced bond strength. This is consistent with the crack blocking nature
of an interfacial toughening mechanism, as is the form of failure noted.
Based on the data collected and the various surface conditions investigated it is obvious that a
strong interfacial bond is formed between the Basalt fiber and the geopolymer matrix in the cases
without the carbon-based Basalt fiber surface modification. While this strong interfacial bond leads
to good load transfer and resultant modulus values that approach the Rule of Mixtures prediction,
it also results in brittle, low strength composites. It is interesting to note that the properties for
these composites are little affected by the conditioning at 650°C, which suggests that the interfacial
performance is also not affected. The strength increases that are noted after the 650°C conditioning
are consistent with an increase in the geopolymer strength with increasing conditioning
temperature which has been measured in previous research [28]. In addition, it was interesting to
note that, at least within the bounds of the temperature conditioning performed, the as-received
silane sized fiber performed better than the cleaned fibers. The cross-sections of Figure 5 suggest
less swelling and a reduced void content for the composites produced with the sized Basalt fibers,
most likely indicating enhanced wetting during fabrication versus that of the cleaned condition.
Figure 5 also shows a stable, relatively low void composite for the carbon-coated Basalt after
conditioning at both 250°C and 650°C. However, for the Basalt/MEYEB composites with the carbon
modified fiber surface, based on the substantial reduction in the measured modulus recorded in
Table 2, a distinct effect on the interfacial bond strength was realized. The result was a 150%
increase in the strength of the composite after the 250°C conditioning. After conditioning at 650°C,
both strength and modulus of the composite dropped. The modulus reduction is slight and is likely
related to a reduced interface performance associated with the swelling noted in Table 1. However,
the reduced composite strength, which is still at least as good as that of the other composites, is
most likely due to the increased strength and decreased strain-to-failure of the geopolymer matrix
material which results in less delamination and compression side failure in the flexure tests [28].
Thus, it is expected that to get a good balance of strength and modulus, and to retain that balance
after extended high temperature conditioning, a stable, reduced strength interphase will be
required. Something other than carbon should be investigated, as the resulting 30% reduction in
composite flexural modulus suggests an excessive reduction in interface strength and a need for an
alternate interphase fiber coating with somewhat higher interfacial strength. Further, if the
composite is to be used in an oxidizing environment, a carbon coating is not expected to be stable
at elevated temperatures. For Nextel 610 these same effects were found when a carbon coating
was applied, which resulted in the investigation of Monazite fiber modifications to generate an
intermediate condition, in terms of fiber/matrix interfacial strength [14, 27].
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4. Conclusions
Mechanical tests of approximately 70, 4 point, flexure specimens were completed. Basalt fiber
reinforcement with 3 different surface conditions, as-received with a silane sizing, cleaned and
carbon-coated, in a geopolymer matrix were evaluated. Carbonaceous coatings, derived through
pyrolysis of laboratory applied PVA coatings, showed positive effects on the performance of the
Basalt fabric reinforced MEYEB. Strengths of the carbon-coated Basalt fiber reinforced composites,
after baseline conditioning, were 85.7 MPa versus approximately 35 MPa for the alternative fiber
surface treatments. The carbon surface modified Basalt fiber composite showed a reduced modulus
of 23.4 GPa compared to the theoretical prediction of 35.7 GPa, which is consistent with a reduced
interfacial bond strength. For Nextel 610 composites a similar result was originally seen when a
carbon coating was used; however, when the Nextel 610 was coated with Monazite the modulus
remained at predicted levels, but the toughness improved as well. Thus, this study does suggest
that geopolymer composites reinforced with Basalt can benefit from fiber coatings/interface
modification. Further, the Basalt fiber reinforced MEYEB strength did improve substantially with the
fiber/matrix interface modification and demonstrated that with interface optimization Basalt fibers
have potential as a lower cost, elevated temperature reinforcement for geopolymer matrix
materials.
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Abstract
Shape memory alloys (SMA) belong to a family of smart materials, which undergo diffusionless
phase transformations when subjected to thermo-mechanical changes making them ideally
suitable for utilization in several structural engineering applications. Within this class of
materials, Ni-Ti (Nickel-Titanium) alloys are predominantly used due to their non-linear
behaviour. Nitinol, one of the Ni-Ti alloys, possesses unique properties such as super-elasticity
and shape- memory effect, which makes it suitable for damping vibrations transmitted to
structures like buildings and bridges during high wind and seismic events. This paper presents
selected results obtained from a series of tests conducted on Nitinol 55 wires and bundles
made from wires having diameters of 0.25, 0.5, 0.55, and 1 mm. The tests conducted include
microstructure analyses, static tensile tests, hysteresis tests, and cyclic dynamic tests
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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performed on wire bundles of various diameters. It is demonstrated that wires having small
diameters (0.25 and 0.5 mm) exhibit greater ultimate strength compared with the ones having
a larger diameter (1 mm). The bundles produced from these wires displayed hysteretic
behaviour under cyclic-dynamic testing conditions confirming their suitability in structural
engineering applications.
Keywords
Shape memory alloy; Ni-Ti alloy; mechanical testing

1. Introduction
Shape memory alloys (SMA) has increasingly been used in seismic-resistant designs of building
and bridge structures as they can undergo apparent and permanent deformations, which can be
fully recovered through thermo-mechanical changes [1-3]. SMA demonstrates two unique
properties: the shape memory effect (SME) and super-elasticity (SE), which has particular relevance
in achieving increased ductility of building and bridge structures built in areas prone to seismic
activities. Nitinol, one of the key compositions in SMA that are commonly used in engineering
applications, exists in two distinct phases: austenite and martensite. The austenitic phase is
characterized by B2 or CsCl ordered structure and is stable at high temperatures, while the
martensitic phase demonstrates a complex monoclinic structure (B19), which is stable at low
temperatures [4, 5]. Other forms of the SMA have austenite - martensite crystal structure
arrangements, which are different from Nitinol; however, high symmetry during the austenite
phase and low symmetry during martensite is commonly observed in the crystal structures of most
SMA.
The SE displayed by the SMA occurs under isothermal conditions. Under this property, an SMA
specimen stretched under mechanical stress recovers back to its original shape upon unloading. The
SME, on the other hand, is the recovery of the strain and the original shape that is achieved by
changing the temperature experienced by an SMA. The SMA, which consisted of an austenitic
microstructure in their parent phase, undergoes a diffusionless transformation during deformation.
The deformed SMA is characterized by the martensitic microstructure. When heated, the deformed
SMA transforms from the martensite phase to the austenite phase and regains its original shape.
The possibilities of these alloys in structural engineering applications are interesting, where the
SMA absorbs energy as they undergo deformation due to large external forces. The absorbed energy
is gradually released when the alloy recovers to its original form due to either an increase in
temperature or stress reduction.
Potential applications of these alloys in earthquake engineering are significant [6]. The SMA has
been tested positive to be effective materials for the preservation of structures during seismic
events. The SMA reduces or eliminates the structural damage incurred on built infrastructure by
absorbing the seismic energy and facilitating the re-centering of these structures (Energy Dissipation
Methods) [7, 8]. The large recoverable strain and the hysteresis characteristics are the main
properties of the SMAs, which may possess practical applications for the protection of civil
structures during earthquakes. This study contributes to the body of knowledge related to the
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implementation of SMA in the design of damper elements and for limiting the displacements
transmitted between the structural components.
Alloys made of Nickel and Titanium have gained considerable attention from engineering
researchers as they present SE and fully recover strains of up to 8% [9-13]. The SE property of these
materials facilitates the strain recovery through the removal of mechanical stress, and no heating is
necessary to recover the original shape [14-16]. Nitinol alloys were developed at the beginning of
the 1960s, but there is scope for continued research regarding the behaviour of small diameter
wires made from these alloys before the applicability in civil engineering could be effectively
exploited [17, 18]. Nitinol was initially used in a variety of biomedical applications; recently,
however, structural applications have been proposed by engineers [19-23]. This material presents
interesting characteristics in terms of shape-memory and superelastic capabilities, but its utilization
requires precise control of its mechanical properties, especially before and after phase
transformation. These characteristics allow Nitinol to provide functionality that is not easily possible
with more traditional alloys [24-26]. Typical mechanical properties of Nitinol are reported in Table
1.
Table 1 Typical mechanical characteristics of Nitinol [27, 28].
Density (g/cm3)

6.45

Poisson’s Ratio

0.33

Young’s modulus (austenite) (GPa)

75-83

Young’s modulus (martensite) (GPa)

28-40

Yield (Transformation) strength (austenite) (MPa)

195-690

Yield (Transformation) strength (martensite) (MPa)

70-140

Coefficient of thermal expansion (austenite) (1/°C)

11 × 10−6

Coefficient of thermal expansion (martensite) (1/°C)

6.6 × 10−6

The super-elasticity of SMA has been exploited in numerous forms [29]: Sohn et al. used SMA
pseudo-rubber metals, which were utilized as damping materials for vibration control [30]. The
crystalline structures of Nitinol during phase transformations are shown in Figure 1. This alloy is
stable within a range of temperature conditions, known as the Temperature Transformation Range
(TTR); however, it undergoes permanent damage when subjected to temperatures apart from the
TTR [31, 32]. When this material is subjected to loading, it deforms during the martensite phase,
and this does not cause any damage or modification to the crystalline structure. The removal of
mechanical stress or an increase in the temperature leads to the transformation of the crystalline
structure (Austenite phase).
The typical mechanical behaviour as a function of the axial strain, σA and the normal stress, σB is
summarized in Figure 2. Below the martensite temperature, the SMA (including Nitinol) exhibit the
shape memory effect. The strain caused due to an applied load or stress is recovered by heating
SMA at a temperature above the austenite temperature. Above this temperature, the SMA is in its
parent phase, austenite. Upon loading, the stress-induced martensite is formed, but upon
unloading, the SMA reverts to austenite at lower stress. In metals, deformation causes the
translocation of the atoms into new crystal positions, but there is no “memory” of where the atoms
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were before the deformation.

Figure 1 Phase transformations of Nitinol [33].

Figure 2 Stress-strain diagram of Nitinol. σA and σB are the critical stresses at which
martensitic transformation starts and finishes [34].
Recently, several applications have been proposed in civil and earthquake engineering [35]:
Dolce and Cardone [36] studied the cyclic tensile behaviour of the superelastic NiTi shaped memory
alloy wires. The research was carried out within a large experimental test program made for the
MANSIDE project (Memory Alloys for New Seismic Isolation and Energy Dissipation Devices) to verify
the suitability of SMA super-elastic wires as kernel components for seismic protection devices.
Vemury and Renfrey [18] noted that along with the composition of the alloy, the geometry of Nitinol
wires has a significant effect on the energy dissipation of these SMA. This research involves an
experimental study of the damping or energy dissipation characteristics of the Nitinol wire-bundles.
Table 2 shows several requisites for possible applications of Nitinol in passively controlled devices.
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Table 2 Requisites for applications of Nitinol in passive control devices [37, 38].
High fatigue resistance
Low sensitivity to temperature in the range 5-35◦C
Low sensitivity to strain rate (frequency in sinusoidal vibrations) 110 Hz, for energy dissipation techniques
Limited degradation for environmental actions
Modulus E1
Modulus E2

Yes
Yes
Yes
Yes
as high as possible
as low as possible

2. Materials and Methods
The Nitinol 55 wires used were sourced from a commercial supplier called Memry Corporation
(Bethel, Connecticut, USA). The Nitinol 55 wires used in this study consists of 55.8% Nickel by weight
and the rest with Titanium. Nitinol 55, also referred to as 55 Nitinol, comprises about 53 - 57% of
Nickel by weight. The name given to this alloy represents its chemical composition [11]. The product
description made available by the manufacturer/supplier states that the Nitinol wires were straight
and annealed so that they are slightly surface oxidized. Nickel-Titanium alloys, such as Nitinol shows
complete super-elasticity, and hence high levels of energy dissipation during the loading and
unloading, provided these cold-drawn wires are annealed at the complete annealing temperature.
The super-elastic wires supplied were not subjected to any further heat treatment and were
prepared for testing in as-received condition. The wires studied went through the same elemental
analysis (confirmed in a scanning electron microscope with EDX attachment) and were found to be
50.6% Ni and 49.4% Ti in terms of atomic percent and on the surface, oxygen was detected,
confirming the oxidation caused by heat-treatment from the manufacturer. Examination of the wire
surfaces suggested that the finer wires showed more surface damage (longitudinal grooves) and
that it might be related to the increased drawing of the wire needed to obtain such fine wires. It is
worth mentioning that the Nitinol 55 wires showcased super-elasticity under ambient temperature
conditions. As the oxide surface made it a challenge for gripping the wires while conducting static
and dynamic testing, considerate attention was paid toward developing a gripping methodology
that ensured efficient load application and the prevention of shear failure of the wires close to the
grip.
Three stages of testing were performed: the bundling of wires, static uniaxial tensile testing, and
cyclic dynamic testing. The properties of these SMA of interest in structural engineering applications
are transformation stresses (𝝈𝒇 , 𝝈𝒓) and transformation strain (𝜺𝒕 ). Bundles of Nitinol wires having
different diameters were prepared, with each bundle comprising of 5 wires each. The wire
diameters used were 0.25, 0.5, 0.55, and 1.0 mm. The set of wires in each of the bundles was twisted
and secured at the ends using electrical terminal blocks.
2.1 Construction of the Wire Bundles
Nitinol wire bundles made from 5 single wires of small diameters were prepared. The aim was to
investigate the structural response of the bundles by comparing them to the individual Nitinol wires.
Bundles of wires were created by twisting the wires into a helical formation. The twisting
arrangement used in this study was inspired by the methodology used for preparing cable bundles
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used in bridge structures. A hand drill was used to twist the wires to form a helical arrangement of
the bundles. Figure 3 demonstrates a typical wire bundle arrangement. Due care was taken to
ensure that the bundles had a uniform helical structure along the full length of the sample. The
geometrical properties of the wire bundles are as shown in Table 3.

Figure 3 Typical bundled wire arrangement.
Table 3 Wire bundle dimensions.
Wire Diameter
(mm)

Final Bundle Diameter
(mm)

1.00
0.55
0.50
0.25

3.50
1.665
1.05
0.60

Total Length
Bundle
(mm)
320
320
320
700

of

the
Number of Drill Turns
10
16
15
7

2.2 Laboratory Testing
2.2.1 Instrumentation for Microscope Analysis
Energy-Dispersive X-ray (EDX) Spectroscopy of the Nitinol wires was performed using a Jeol
5600LV scanning electron microscope along with an Oxford Instruments X-act thin-window detector
system. These studies were performed at the Electron Microscopy and Analysis Unit, Newcastle
University. Optical microscopy images were also captured using a Zeiss Axiovert 100A microscope
with a Leica DC295 camera.
2.2.2 Static Tensile Testing
The Nitinol wire bundles were individually subjected to a single static loading-unloading cycle to
establish the salient points in their forward and reverse transformations. The stress-strain behaviour
of the wire bundles was recorded. A series of static-cyclic tests were conducted on the second set
of wire bundles to assess their hysteresis characteristics. The final set of bundles was tested under
cyclic-dynamic testing conditions. These tests were carried out using a uniaxial Instron 8801 Servo
Hydraulic Fatigue Testing System available at Teesside University, UK. The cyclic-dynamic tests
involved 100 cycles per bundle at varying rates of extension, covering the elastic through plastic
deformation. The deformation rates implemented in this testing fell within the range of 5 to 20 mm
per minute.
3. Results
The Nitinol samples were all prepared and tested at a room temperature of 20-21 °C.
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3.1 Microstructure Analysis
Microstructural analysis was conducted on wires having diameters of 0.25 mm, 0.5 mm, and 1.0
mm and some of those results are presented here. The images in Figure 4 and Figure 5 are from the
microstructure analysis of Nitinol wires having diameters of 1.0 mm and 0.5 mm. The EDX
Spectroscopy of Nitinol wires of 0.25 mm, 0.5 mm and 1.0 mm diameter confirmed that these are
Nickel-Titanium binary alloy wires with near 50:50 compositions. As shown in Figure 4 (a) and Figure
4 (b), the Nitinol wires of 1 mm diameter are 50.6% Nickel and 49.4% Titanium in terms of atomic
composition. Figure 5 (a) shows the presence of a significant number of inclusions found within 1
mm of the wire. These inclusions appear to have been elongated to stringers during the wire- drawing process. Figure 5 (b) is indicative of the stringers found in the wires considered in this study.
The etchant that was used to reveal the microstructure of the wire was a mixture of 3% HF, 15%
HNO3 and distilled water for around 5 min. Based on the EDX Analysis, it is evident that the Nitinol
wires would be strain- hardened by the wire-drawing process before the microstructure analysis
and would contain inclusion stringers that are largely oxygen-rich affecting the mechanical
properties of these wires. The Nitinol wires having a diameter of 0.25 mm, 0.5 mm, and 1.0 mm, in
their as-received condition, have a thin layer of oxide on the surface. This finding is consistent with
the information supplied by the manufacturer.

Figure 4 (a) EM Image of the bulk area of 1 mm diameter Nitinol wire section; (b) DX
elemental analysis of 1 mm diameter Nitinol wire.
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Figure 5 (a) The optical microscope image of the etched 1.0 mm diameter Nitinol wire;
(b) electron Microscope Image of particles in the stringer of 0.5 mm diameter Nitinol
wire.
As shown in Figure 5 (b), EDX indicated the presence of cubic titanium dioxide (LHS) and titanium
nickel oxide, Ti2NiO (middle region).
3.2 Tensile Tests on Nitinol Single Wires
Initial mechanical characterization of the properties of the unbundled wires was conducted at
the Structures Laboratory of Newcastle University, UK [18]. Key phase-transition points, elastic and
plastic behaviours and tensile strength were measured and studied by developing a static test
procedure. Wires having diameters of 0.25, 0.5 and, 1 mm were chosen for the mechanical
characterization. Nitinol wires were subjected to incremental tensile loading using an Instron 100kN dynamometer. Three specimens were tested for each of the wire diameters.
Table 4 and Figure 6 report the results of the stiffness properties (Young’s moduli). Four different
stiffness values were found. The first elastic behaviour showed a stiffness that varied between 39.3
and 52 GPa. A subsequent plastic plateau with an equivalent stiffness of 0.5-1.6 GPa was measured.
Finally, stiffness increased to approximately 25 GPa in the following phase.
Table 5 reports the results in terms of limit stresses and tensile strengths. The maximum stress
incurred was within the range of 1000-1500 MPa. It can be noted that specimens with a smaller
diameter typically exhibited a higher tensile strength. The 0.25 mm diameter specimens had an
average tensile strength of 1556.4 MPa. This trend was supported by the literature on thin wires
[39, 40]. It was proposed that the effect may be due to one, or both of the following reasons:
a) that the oxide layer on the wires as received had a greater contribution to the strength of the
smaller wires because of the surface area to bulk ratio effect.
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b) that smaller wires contain a smaller number of defects or insignificant defects and hence
appear to have a higher tensile strength.
Table 4 Mechanical characterization of Nitinol wires (stiffness characteristics).
Wire
(mm)
0.25
0.50
1.00

Diameter EA
(GPa)
47.6
52.0
39.3

EB
(GPa)

EC
(GPa)

ED
(GPa)

1.6
0.5
1.1

27.3
25.6
21.7

10.9
7.7
-

Figure 6 Stress vs. strain (tensile testing of single wires).
Table 5 Results of the mechanical characterization of Nitinol wires (stress limits).
Wire
(mm)
0.25
0.50
1.00

Diameter σA
(MPa)
492.3
520.3
489.1

σB
(MPa)
590.1
550.3
556.2

σC
(MPa)
1491.2
1242.2
1012.8

Tensile Strength
σD (MPa)
1556.4
1342.7
1012.8

3.3 Tensile Tests on Nitinol Wire Bundles
The variability in the effectiveness of the bundling action could adversely collectively affect the
ultimate tensile strength of the wires in individual bundles. The wire bundles having a smaller
diameter were much easier to grip and demonstrated optimal behaviour under static test
conditions.
Three-wire bundles were tested under tension, using the same method as the one used to test
single wires. A total of 12 bundles were tested. Table 6 shows the mean strength results of static
tensile tests on the wire bundles. It can be noted that wire bundles exhibited a tensile strength that
is smaller compared with the tensile strength of the corresponding single wire. For bundles having
a diameter of 3.5 mm (made of 1 mm diameter wires), the reduction was large: from 1102 MPa to
212 MPa. For bundles having smaller diameters and wires, the ratio between the tensile strength
of the bundle and the wires was closer to 1, demonstrating a smaller reduction of strength due to
the arrangement in the bundles. For 0.6 mm bundles, the tensile strength (1501 MPa) was similar
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to the one measured on the corresponding single wires (0.25 mm in diameter) (1556.4 MPa).
Table 6 Wire bundle: Static.
Wire
Bundle
Diameter (mm)
3.50
1.665
1.05
0.60

Number of Single
Wire
wires
Diameter (mm)
5
1.00
5
0.55
5
0.50
5
0.25

Single Wire Cross
Sectional Area (mm2)
0.785
0.237
0.196
0.049

Bundle Ultimate
Stress (MPa)
212
438
1167
1501

The ability of a material to dissipate energy transmitted toward it during a dynamic action such
as a seismic event is characterized by its hysteresis curve. Tests were conducted on the wire bundles
under static-cyclic testing conditions, and the results for a 0.25 mm wire bundle are shown in Figure
7 and Figure 8. The samples were subjected to cyclic tests, each at different amounts of maximum
strain, to ensure that the martensitic transformation led to the strain recovery and that the material
was prevented from undergoing permanent deformation.

Figure 7 Typical hysteresis behaviour of 0.25 mm Nitinol wire bundles.

Figure 8 Typical cyclic-dynamic testing of 0.25 mm Nitinol wire Bundles (4% strain).
The wire bundles were also subjected to cyclic-dynamic tensile tests at varying levels of
maximum strain with each bundle receiving 100 cycles of loading and unloading. It should be noted
that the wire bundles demonstrated non-linear, hysteretic behaviour even under the action of
dynamic loads. The test results of 0.25 mm wire bundles are as shown in Figure 8 and Figure 9 for a
maximum strain of 4% and 6%, respectively.
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Figure 9 Typical cyclic-dynamic testing of 0.25 mm Nitinol wire bundles (6% strain).
4. Conclusions
Nitinol is one of the most commonly used SMA with a wide range of applications in several
engineering disciplines. Particular interest is taken by authors regarding the applications of Nitinol
in earthquake engineering. It is possible to recommend dampers that can be designed using Nitinol
wires due to their recoverable deformation and hysteresis properties.
The tested Nitinol wires exhibited high tensile strength (up to 1550 MPa) and hysteretic
behaviour under dynamic loading. A basic methodology for assembling and bundling the Nitinol
wires was developed as a part of this study. The wire bundles showed a significant reduction in
strength compared with the strength of the single wires used for the assemblage. This reduction
varied between 3.5% (for 0.25 mm diameter wires) and 79% (for 1 mm diameter wires),
respectively. The EDX analysis revealed that the wires considered in this study were Nickel-Titanium
binary alloy wires, which were composed of 50.6% Ni and 49.4% Ti. The wires in their as-received
condition had a thin layer of oxide on the surface. It is worth noting that when used in devices such
as dampers, the wear of the oxide surface layer on individual Nitinol wires within wire-bundles
induces fretting corrosion and hence, incurs a loss of stiffness and deterioration of the damping
device. Appropriate precautions may be taken to address this potential for induced corrosion. The
presence of oxygen-rich inclusion stringers suggests that the data presented is not of a bulk alloy
sample; instead, they represent the wires, which gained inclusions during the drawing process.
Upon completion of the cyclic-dynamic tests, the elemental composition and surface deterioration
of wires were studied using a scanning electron microscope along with an EDX attachment. Finer
wires (of 0.25 mm diameter) displayed more surface damage compared with wires having a
diameter of 1 mm. Despite the reduction in strength compared with the single wires and the
apparent surface damage incurred after cyclic-dynamic loading, all wire bundles demonstrated nonlinear, hysteretic behaviour under the dynamic loading. This confirms that Nitinol wires would be
suited for seismic applications, although further controlled testing and modeling should be carried
out to better explain the reasons behind the reduction in strength and optimize the wire-bundle
layout and the energy dissipation behaviour. The authors recognize the significance of having a
consistent approach during the formation of wire bundles, and hence, further tests are
recommended to understand better the effect of the geometry of wire bundles on the mechanical
properties of Nitinol wire bundles.
The super-elastic and re-centering capabilities of the SMA make them particularly suitable for
those applications where the energy is to be absorbed from civil engineering structures. The
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previous work of Vemury and Renfrey [18] established the energy dissipating capabilities of the
individual, Nitinol wires of small diameter. In this case, bundled wires have been subjected to static
tensile and cyclic-dynamic tensile tests to confirm their super-elastic behaviour and their response
toward dynamic loading conditions.
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