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Abstract. Ag NPs embedded in Er**/Nd** codoped lithium niobate tellurite glasses of the form (68-
x)TeO2-15Li,CO3-15Nb205-1Er203-1Nd203-(x)AgCl with x = 1, 2 and 3 mol% via conventional
melt-quenching technique. Surface roughness and mechanical properties of the glass sample are
characterized and discussed. The ultrasonic attenuation shows the rate of sound energy reduction
when an ultrasonic wave is propagating in a medium which is the lithium niobate tellurite glasses.
The glass attenuation depends on the grain size, viscous friction, crystal structure, porosity, and
hardness. The ultrasonic acoustic impedance and attenuation coefficient of particles are estimated
from an analysis of the pulse-echo technique. Simple correlation functions and the accurate scattering
theory include the effects of acoustic waves, were used separately to focus on the absorption and
scattering effects from spherical particles (Ag NPs) and thereby describe the structures of the
medium.

1. Introduction

Lately, optical behavior of rare-earth (RE) doped silicate, phosphate, borate and tellurite based glasses have
been studied thoroughly on optical absorption, luminescence and decay measurements. These interesting
hosts are used due to their remarkable characteristics and applications on solid state lasers, solar
concentrators, optical detectors, waveguide lasers, optical fibers for telecommunication and opto-electronics
devices [1-4]. Tellurite glasses possess good chemical durability, good thermal and mechanical stability,
high refractive index, good transparency in mid-infrared region (0.36-6 um), low phonon energy (700-800
cm!), low melting temperature, high linear and nonlinear refractive index, excellent transmittance in visible
and near-infrared region, wide transmission window (0.4-6 um) and high solubility for RE ions [5-6]. It is
well known that pure TeO, chemical does not form a glass on their own but when it is mixed with certain
modifier Li.CO3, MgO, PbO and Nb,Os etc, to become glass. The addition of Li,COs as network modifier,
could enhance thermal, optical and electrical properties [5,7]. The addition of Nb,Os as modifier could
further improve the optical nonlinearity, vitrification and glass stability [7-10].
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Non-destructive testing (NDT) of materials are commonly performed to identify, characterize, assess
voids, defects and damage in materials [11]. The laws of physics that govern the propagation of high
frequency sound waves through solid materials have been used to detect internal and surface discontinuities
[12-13], thickness measurements [14-15] and analyzing material properties [16]. Ultrasonic testing
techniques involve the propagation and detection of mechanical vibrations that have interacted in some way
with the structure under test [17].

The NDT characterization of materials is a versatile tool for investigating the change in microstructure,
deformation process, ultrasonic velocity, evaluation of elastic behaviour, morphological features and
mechanical properties of materials over a wide range of temperatures [17]. The propagation of ultrasonic
waves in solids such as glass provides valuable information regarding the solid state motion in the material
[18]. It is also due to the availability of different frequency range and many mode of vibration of the
ultrasonic waves to probe into the macro, micro and submicroatomic levels [19]. On the basis mode of
ultrasonic wave propagation, there are four types of ultrasonic velocities which are longitudinal, shear,
Rayleigh (surface) and Lamb (plate) wave velocity. However, the longitudinal and shear wave velocities
are more important for the material characterization because they are well related to the elastic constant and
density. The mechanical behaviour of the material can be well defined on the knowledge of ultrasonic
velocity [20].

Sound waves are simply organized mechanical vibrations that travel through a medium at a specific
speed or velocity, in a predictable direction. The longitudinal velocity of sound waves varies depending on
the medium through which it is travelling, affected by the medium elastic properties and density. As they
encounter a sudden change in different acoustic impedance, the sound waves will reflect and transmit. The
extent of the reflection depends on the difference in acoustic impedance at the location where the higher the
difference, the more the energy reflected [21]. As the sound beam propagated through the material, there
will be a reduction in sound intensity known as attenuation. The attenuation of sound wave is due to the
absorption, scattering, beam spreading, diffraction and other mechanisms that take place only after the
acoustic energy enters the second medium [22]. The amount of energy lost through absorption depends upon
the elastic properties of the material being tested [23] while loss due to scattering in materials also depends
on the ratio of grain size and wavelength [16].

Glasses are a material with unique properties such as high hardness and transparency at room
temperature, along with sufficient strength and excellent corrosion resistance. Due to possible applications
in various technological and engineering fields, the study of glass characterization is of great significance.
Glassy materials have acknowledged advantages such as physical isotropy and the absence of grain
boundaries [24]. The applications of tellurite based glasses have been the subject of high interest nowadays
due to their interesting electrical, optical and magnetic properties. Besides having a unique structure,
tellurite glasses also have good mechanical strength, chemical durability and low melting temperature [25].

The elastic properties of glasses are of considerable significance, because the studies yield information
concerning the forces that are operative between the atoms comprising as the solid. Hence, the elastic
properties are suitable for describing the glass structure [26]. The elastic properties, Poisson’s Ratio,
microhardness, Debye temperature and softening temperature are important material properties to
investigate the linear and anomalous variation as a function of the glass composition and have been
interpreted in terms of structure or transformation of cross- linkages in the glass network [27].

This paper examines the effect of the concentration of Ag NPs embedded in Er**/ Nd** codoped lithium
niobate tellurite glasses on the mechanical properties via non-destructive testing of prepared glass samples
using melt quenching method. The Ag NPs concentration mediates improved the absorbance of the glass.
The acoustic impedance and ultrasonic attenuation are calculated.
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2. Materials and Methods
The Er**/Nd* doped glasses of the form (69-x)TeO>-15Li,CO;3-15Nb0s-1Er;,03-(x)Nd>O3 with 0.2 < x <
1.0 mol % are synthesized via conventional melt-quenching technique. Batch of 15 g raw materials from
reagent grade powder of TeO, (purity 99%), Li»CO; (purity 99%), Nb,Os (purity 99%), Er,Os (purity
99.9%) and Nd,Os (purity 99.9%) are well mixed. The well-mixed powder is then melted in a platinum
crucible at 900 °C for 30 minutes in an electric furnace. The sample is then quenched between two steel
plates followed by annealing at 300 °C for 3 hours before slowly cooled down to the room temperature.
The ultrasonic experiment employs the pulse echo technique. The ultrasonic pulse is generated by
pulser/receiver generator of United NDT ISONIC 2020 instrument. The pulse is then converted into an
electrical signal and transmitted through the sample by straight beam contact transducer (KB-Aerotech, 2.25
MHz) and also the shear beam contact transducer (GB-MWS60°-4MHz) where the reflected from the back
or inside surface of the sample. The reflected signal is detected and converted back into ultrasonic pulse by
the transducer. After that, it is sent back to the pulser receiver generator and displayed on the ISONIC 2020
screen. Figure 1 shows the schematic diagram of typical ultrasonic pulse echo technique. The measurements
of ultrasonic velocities; longitudinal and shear, were repeated thrice to check the accuracy of the data
obtained.

-~

\,Vickers indention
mark

4Crack

Figure 1. Vickers indention mark. Figure 2. Typical time domain signal of
ultrasonic wave propagation in a sample.

Figure 2 shows the typical time domain signal of ultrasonic wave propagation in a sample. The
displayed signal represent the first and second backwall echoes are analyzed to determine the acoustic

properties of the glass sample which are longitudinal velocity (v, ), shear velocity (v, ), mean velocity (

), acoustic impedance ( Z ), ) and attenuation coefficient (& ). The longitudinal velocity, v, and shear

vmean
velocity , v, are calculated from the sample thickness, d and difference transit time for first and second
backwall echoes, Af using [29]:

2d

Vi = (D
A,
2d

v, =—o (2)
AL

The acoustic impedance Z,,, is determined from the density, p and velocity, v of the glass sample by
using [30]:
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ZIM = PV mean (3)

1

3

where v = l %+L3 .
v,

The attenuation coefficient, & of the sample is calculated from [31]:

AO
2010g10(A] @)

2d
where A, is the attenuated amplitude for first backwall echo and A is the attenuated amplitude for

o =

second backwall echo.
The elastic moduli of longitudinal ( L), shear (G ), bulk (B ), Young’s ( E) are calculated from [32-35]:

L=pv} (%)

Gm (6)

7

B=L- [EJG M

3
E=(1+0)2G ®)
where Poisson’s ratio, o = w
2(L-G)

The Debye temperature ( 6,)) are calculated [32-34]:

1
3
HD = i 3PNA vmean (9)
k, \ 4xV,

where / is Planck’s constant, k, is Boltzmann’s constant, N , 1s Avogadro number, V¥ is molar

volume calculated from molecular mass, M and density, o of the glass (i.e. M/p)and P is the number
of atoms in chemical formula [32-34].

In addition, the theoretical micro-hardness ( /7, ) and softening temperature (7 ) are also calculated [32-
35]:

E
H, =(1-20) Sixo) (10)
M,
T =|—=«
s (Cp}’s (11
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where M, is the molecular weight of the glass (g/mol), the constant C of proportionality is equal to

507.4 ms' K'? [30]. Thermal expansion coefficient (&, ) can be obtained as:
a, =23.2(v, —0.57457 ) (12)

Vickers hardness is measured by determining the diagonal lengths of an indent that occur when a
diamond pyramid indenter with a specified load is applied into the sample material measured by using

Shimadzu micro-hardness tester with test load 980.7 mN (0.1 H ) for 15 second. From deformation-

fracture patterns in Vickers indenter tests, the Vickers hardness, / for the glasses are evaluated by using
equation [36]:

H, = 1.854§ (13)

where P is the applied indention load (Newton) and D is the measured indention diagonal.

Fracture toughness, K. is one the macroscopic properties that characterize the fragility of a material.
The fracture toughness of the samples is determined from the indention fracture using Vickers micro-
hardness tester. A typical Vickers indention marks is shown in Figure 1. K. is calculated using the

following equation [37],
2
K, =0.016H, < (14)
c
where a is the half length of diagonal of the indent and ¢ is the crack length from the center of the
indentation to the crack end.

Brittleness, B of glass is the ratio of Vickers hardness to the fracture toughness and calculated using the
following equation [38-39],
H
B=— 15
K, 15)
The measuring the attractive or repulsive forces between the tip and sample are measured using Atomic
Force Microscope ARIS, Model 3300. The experiment was carried out on a glass bulk sample, highly
transparent and shiny glass samples of thickness ~2 mm.

3. Results and Discussion

3.1. Surface Plasmon Resonance

It is well known that the absorption in the UV-Vis spectra is the most reliable tool to analyze the function
of metallic nanoparticles and observing the existence of surface plasmon resonance (SPR) band [40]. Figure
3 shows the absorption spectrum of glass without both dopant of Er** and Nd** ion. This shows the surface
plasmon resonance (SPR) of the TLNA sample which confirms the existence of nanosize silver particles in
glass matrix. The SPR bands centered at 558 nm and 597 nm is observed corresponding to the transverse
and the longitudinal SPR oscillations of the Ag NPs, respectively. The strong absorption band shows the
characteristics of fine metallic particles in a dielectric medium [41].
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As the dielectric function of Ag NPs and the refractive index of glass system weigh, the SPR band of the
isolated Ag NPs can be located. Based on the report previously, the SPR band observation of the isolated
Ag NPs is in the region of 400-500 nm [42-44]. The significantly red shifted as compared to the classic one
is observed related to different refractive index in the glass system where the position of the plasmon band
is compared and positioned in the visible region [44]. This might be due to the higher refractive index
possess by most tellurite glasses which normally lie approximately in the range of 2.0 to 2.5 [45-48].

This is particularly reliable since the higher refractive index will cause the SPR to shift to a longer
wavelength [49-50]. It should however be noted out that the intensity of the SPR peaks are not so immense.
This is due to the existence of spherical and non-spherical types of Ag NPs in the glass matrix as appears in
insert figure in Figure 3, previously. Furthermore, the absorption coefficient of the samples is expected to
be very much higher than those in the form of thin film as suggested by El-Hagary et. al. [51]. The existence
of various sizes and shapes of Ag NPs are highly potential for generating a shift in SPR wavelength via
overlap between plasmon [52-53].

The excitation of localized surface plasmon (LSP) by an electric field (light) at an incident wavelength
where resonance occurs resulting in strong light scattering in the appearance of intense surface plasmon
(SP) absorption bands and an enhancement of the local electromagnetic fields [54-56]. The maximum
absorption and the intensity of SP absorption bands are the characterization of the silver material and it is a
highly sensitive to size, size distribution and nanostructures to the environment surrounding them [54-55].
In addition, when considering the size effects, the SPR of Ag NPs smaller than about 5 nm lose much of
their fine spectral features due to the broadening of plasmon bands. This effect is common in real silver
nanoparticles synthesized by usual methods and it is stabilized by strong interacting ligands [42, 57].

Figure 4 revealed the topological variations of NPs in dielectrics to promote the local electric field further
by lightening rod effects at the surface of spherical NPs which in turn enhanced the velocities (longitudinal
and shear) of the ultrasonic analysis. The increase in both velocities shows the structure of the glass is more
compact with the addition of Ag NPs in the glass system. Consequently, a correlation between an increase
in the reflected echo intensity and the structural of the glass is established as shown in Figure 5.

3.2. Ultrasonic Analysis

Table 1 shows the ultrasonic properties of the (68-x)TeO,-15Li,CO3-15Nb,0s-1Er,03-1Nd,03-(x)AgCl
glass system. Ultrasonic non-destructive characterization of material is a versatile tool of inspection of their
microstructures and their mechanical properties [58]. Moreover, it is possible due to the close association
of the ultrasonic waves with the elastic and inelastic properties of the materials [58].

From Table 1, it can be seen that the density increases with the increasing concentration of Ag NPs from
5035 to 5047 kg/m’. It is commonly known that the density of a material is very much depending on the
molecular weight of that material [59]. In this case, the increase in density is due to the substitution of lower
molecular weight AgCl (143.32 g/mol) by a higher molecular weight TeO, (159.60 g/mol). The higher in
connectivity in the glass structure causes tighten in density as reported by others [60-61]. This increment is
due to the increase in the compactness of the glass, presumable due to a formation of bridging oxygen [62].
Moreover, this is due to the fact that the number of Te-O linkages is increased which means the decrease in
non-bridging oxygen in the glass network.

The ultrasonic velocity of longitudinal and shear are displayed in the Table 1 increased from 3542 to
3804 m/s and 2291 to 2532 m/s, respectively as the concentration of Ag NPs increases. Nadia et.al. states
the larger concentration of metal oxide, the metal oxide ions cluster and a sort of de-mixing occurs [58].
Therefore, due to a small increase of Ag NPs in the glass system, the process of de-mixing between the Ag”
ions and the strained Te-O linkages are happening. In addition, the Ag NPs embedded in the glass system
are resulting in more close structures as in agreement with the increased in density. The close structures
increase the resistance of the network deformation, resulting the structures are more rigid.
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Figure 4. Schematic diagram of Ultrasonic pulse in correlation with TEM analysis.

The acoustic impedance is increased from 15.36 to 16.91 (><1()6 kg/m?s) as the Ag NPs concentration
increased as it is complimentary with the density values. The attenuation coefficient of ultrasonic waves is
due to absorption and scattering phenomena. The attenuation coefficient of the glass increased from 4.52 to
5.60 dB/cm as the Ag NPs concentration increased. The absorption converts the acoustic energy into heat.
The absorption which converts acoustic field is irreversibly lost since it is dissipated in the medium where
the absorption is essentially independent of particle size, shape and volume [16, 63]. In addition, scattering
converts the energy of the coherent, collimated beam into incoherent, divergent waves which resulting with
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the wave interaction with non-uniformities in the glass material. Moreover, the scattering from boundaries
between small and randomly distributed particles (Ag NPs) in the glass system may create a small ripples
in the reflected ultrasonic which is known as the structure noise where the noise limit detection of small
cracks, pores (bubbles) or other discontinuities [63]. Therefore, as the attenuation coefficient increased, the
absorption also increased as shown in Figure 6. As mentioned in previous paragraphs, the peak amplitude
received is based on both velocity and attenuation coefficient of the glass where it is affected greatly by a
minor difference in the microstructures of the glass system [64].

—— TLNENALI Nb-O S 14Geh2G — TLNENAL1
\ el 512 G772
—_ —— TLNENA2 oW —— TLNENA2
= — TLNENA3 ~ [Ta —— TLNENA3
] =
b 2[5\ | synt
8 S | 32> Y772
E 5| & [
g 4 2 2
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2 E 2, 4
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Wavenumber (cm™) Wavelength (nm)

Figure 5. Infrared transmission spectra of Figure 6. The UV-Vis-NIR absorption spectra the
TLNENA1, TLNENA2 and TLNENA3 glass glass system.
sample.

Table 1. Density (o), Longitudinal velocity (v, ), Shear velocity (v, ), mean velocity (v,,),

acoustic impedance (Z,,,) and attenuation coefficient () of TLNENA1, TLNENA2 and
TLNENA3 glass sample.

Z,, (£0.10
o (@10 v, @1 v, @12 v, (10 e o

Sample 3 mean %10° (=0.04
kg/m°) m/s) m/s) m/s) kg/m’s) dB/cm)
TLNENAL1 5035 3542 2291 3051 15.36 4.52
TLNENA2 5039 3750 2481 3287 16.57 5.40
TLNENA3 5047 3804 2532 3350 16.91 5.60

Table 2 shown the computed values of longitudinal modulus ( L), shear modulus (G ), bulk modulus (
B), Young’s modulus ( £'), Poisson’s ratio (o ), softening temperature (7,) and thermal expansion

coefficient (¢,). The L and G modulus increased from 63.17 to 73.03 GPa and 26.43 to 32.36 GPa,

respectively, as the Ag NPs concentration increased. The increased of L and G are due to the formation
of sufficient number of bridging oxygen, BO which caused the increased in rigidity and stiffness of the glass
and offsets the effect of the increase in density on the velocities [34]. The L and G modulus showed a
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similar behavior as the v, and v_, respectively where it is dominated by the changes in the independent

modulus [34]. The B and E shown a slightly change where increases from 27.93 to 29.89 GPa and 60.27
to 71.33 GPa, respectively as the Ag NPs concentration increased.

The increased of elastic moduli: L, G, B and E is due to the formation of sufficient number of
bridging oxygen (BO) could justify the increase in rigidity and stiffness of the glass sample and offsets the
effect of increase in density [34]. The influence of BO on the elastic moduli with the addition of Ag NPs is
evidenced in the FTIR results where the FTIR spectra (Figure 4) shown increase in the transmittance
intensity. The TeO4 and TeOs; both shown increased in the transmittance intensity which indicates an
increase of BO where influence the elastic moduli. Moreover, as the Ag NPs concentration increase, the
larger the number of BO ions compared to the non-bridging oxygen (NBO) in the glass network. The
intensity of Nb-O increased as the Ag NPs concentration increased as shown in Figure 5. It is suggests to
more creation of Te-O-Nb linkages with the increasing of Ag NPs which contribute to the increased of
connectivity of the glass network. Based on it, it indicates the increased in elasticity of the glass through the
formation of stronger covalent Nb-O bonds [34].

Table 2. Experimental elastic moduli [longitudinal ( L ), shear (G ), bulk (B ) and Young’s ( £)],
Debye temperature (,,), Poisson’s ratio ( o ), Softening temperature (7', ) and Thermal expansion

coefficient («,) of TLNENAT, TLNENA2 and TLNENA3 glass sample.

Sample (Gll;a) (Gclia) (Glf’a) (G%a) (015) d (,TQ) (XIEZPK.I)
TLNENAI 6317 2643 2793 6027 1773 014 342 82.16
TLNENA2 7086  31.02 2951 6891 1909 0.1 400 86.99
TLNENA3  73.03 3236 2989 7133 1946 0.10 416 88.24

To determine the atomic vibrations as the temperature at which all lattice vibration modes are excited is

by calculate the Debye temperature, Op [34]. In addition, O is an important parameter to confirm the
elasticity and rigidity of the solid [35]. As shown in the eq. (9), the Debye temperature depends on the

change of V’”, P and Vmean as the Ag NPs content increase in the glass system. Based on the calculation,
as the Vo and P values decreases, the Debye temperature is increase as the Ag NPs increase together with

v . v - . . .
mean The behavior of ¢ and Op are closely similar, therefore as a conclusion the change in Op is

0

dominated with the values of "7 [33-34]. The increase of P is due to the strength of the glass network
structure as it increase of rigidity of the glass with the addition of Ag NPs in the glass system [33, 35]. It is
complementary with the increase of density. The increase of rigidity of the glass can also be proving as the

L and G also increases [35, 65].

Poisson’s ratio is defined as the ratio between lateral and longitudinal strain produced when tensile force
is applied and it is usually inversely proportional to density of cross links in the glass network [33].
Moreover, the Poisson’s ratio is known as the expansion of the sample in perpendicular direction to an
applied stress [65]. Based on the data calculated, Poisson’s ratio is decrease as the Ag NPs content increased.
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As previously stated, many oxide glasses including network former, TeO2 and network modifier such as
Nb205 and Na20 have an approximate value @ = 0.2 where it is due to the formation of non-bridging
oxygen runs parallel to reduction in dimensionality [35]. The highest Poisson’s ratio is 0.14 where has the
lowest Ag NPs (1 mol %) and it is in the agreement with other researchers [29-30, 35, 65]. When the mol
concentration of Ag NPs increase in the glass system, the Poisson’s ratio decreases where the concentration
have the least destines of the glass series, allowing a large relaxation of the structure at the applying of the
sound waves which makes the lateral (shear) strain becomes larger than the longitudinal strain [30].

Softening temperature, L is defined as the temperature point at which viscous flow changes to plastic
flow where in actual practices, it plays a crucial role in determining the temperature stability of the glass.
As the softening temperature of a glass increase from 342 K to 416 K, the stability of its elastic properties
also increases [66]. Values of softening temperature for lithium niobate tellurite glasses were calculated and
presented in Table 2. The softening temperature increases with the increasing of Ag NPs content. This shows
that the stability of the glasses increases as the doping salt (metallic nanoparticles) content increases. This

change is what may be expected from the increase of elastic moduli, L, G , B and £ [66]. The thermal

3
expansion coefficients, %p increase from 82.16 to 88.24 X10" k™" ag Ag NPs content increases and listed
in Table 2.

3.3. Atomic Force Microscopy Analysis

The surface structure of a glass is generally believed to control a variety of chemical and physical changes
that occur during the preparation of the glass sample. Therefore, a better understanding is needed on the
surface characteristics of glass samples. One technique that can provide high-resolution, three-dimensional
imaging of material surfaces is atomic force microscopy (AFM). AFM requires no specific sample
preparation procedure and provides information about the sample surface in a relatively non-destructive
fashion. Another advantage of this technique is that imaging can be done in dry or in liquid environments
[67].

The surface topography of (68-x)TeO,+15Li,CO3+15Nb,0s+1Er03+1Nd»03 +(x)AgCl glass system
were taken by atomic force microscopy and the change of surface roughness (average and root-mean-square)
with annealing temperature is presented in Figure 7 where (a, c, €) were 2D images and (b, d, f) were a 3D
images. The AFM images indicate that both the surface roughness and the average size of the features
increase with increasing of Ag NPs concentration. The size of the features is consistence with the average
diameter size of Ag NPs gathered from the TEM images as shown in Table 3 agreed by other researchers
previously [67-69].

Table 3. TEM size distribution and mean diameter of AFM of TLNENAI,
TLNENA2 and TLNENA3 glass sample.

Sample Average Ag NPs sizesin  Mean Ag NPs diameter in
TEM (£0.01 nm) AFM (£0.01 nm)
TLNENAL1 3.70 3.83
TLNENA2 3.50 3.34
TLNENA3 1.18 1.24

Figure 8 (a), (c) and (e) shows the TEM image of TLNENA1, TLNENA2 and TLNENA3 glasses,
respectively where the black spots signify the occurrence of Ag NPs having different sizes and shapes. This
indicates the nucleation of spherical and non-spherical NPs within the glass matrix. The existence of various
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sizes and shapes of Ag NPs are highly potential for generating a shift in SPR wavelength via overlap
between Plasmon resonance [52-53, 70-71]. During the melting processes first Ag* ions are formed (from
the dissociation of AgCl) and then reduced to Ag® via redox reaction. Moreover, when considering the
intrinsic size affects, the SPR of Ag NPs smaller than 5 nm is losing their fine spectral features due to the
broadening of plasmon bands where this effect is common in Ag NPs [72-73]. Figure 8 (b), (d) and (f) The
glass samples show irregular grains and bubbles on the surface due to cubic crystalline structure of the
doping salt of Ag NPs. The Ag NPs are observed loosely bound cylindrical and tiny pyramid shape for the
glass samples as the Ag NPs concentration increased from 1.0 to 3.0 mol% which may be the cause of the
effect [67].

(b)

Figure 7. (a, c, e) the 2D images and (b, d, f) the 3D images of the glass samples.

Roughness parameters are being presented as obtained results of AFM analysis in Table 4 where R,
(arithmetic average roughness), R, (maximum height of the profile/ maximum peak), R, (mean height of

roughness in ten points) and RMS (root mean square roughness) for the glass sample as the Ag NPs
concentration increased. From presented results in the Table 4, it can be said that lowest values of roughness
parameters have the lowest Ag NPs concentration as expected based on the TEM and contact angle analysis

11



ILATOSPM 2020 IOP Publishing
Journal of Physics: Conference Series 1892 (2021) 012035  doi:10.1088/1742-6596/1892/1/012035

whereas the Ag NPs concentration increases, the surface roughness also increases shown in the previous
paper [74].

The average surface roughness of the glass sample is found in the range 0.86 to 4.40 nm and observed
to increase with Ag NPs which indicates three-dimensional growth of the glass sample. The microstructure
of these glass samples did not change significantly and the glass sample showed small grains with equiaxed
(same dimensions) grain morphology and grain size is to be order of 0.86 to 4.40 nm. From the 3D images,
it is observed that the size of the island is increased with the increase of Ag NPs concentration which may
be attributed to the saturation of diffusion and recrystallization [69]. The TLNENAT1 glass is observed to
have larger and non-uniform grains as well as random orientation as compared to the TLNENA2 and
TLNENA3 glass. The results are in accordance with the TEM average diameter size. The number of grains
is also observed to increase with Ag NPs which indicated that the smaller grains tend to decrease in
concentration as recrystallization become more effective [69]. A similar behavior of surface topography was
reported by other researchers [68, 75-77].

As the size distribution of Ag NPs getting smaller as the Ag NPs concentration increases shows the
surface roughness of the glass sample also increases and the water contact of the glass sample surface also
increases as shown in previous paper [74]. It is due to the Ag NPs are distributed at all over the glass sample
which brings to the confirmation of self-cleanliness ability of the Er**/ Nd** codoped lithium niobate tellurite
glass embedded with Ag NPs.

3.4. Mechanical Properties

Table 5 shows the variation of measured theoretical micro-hardness ( /1, ), Vickers hardness ( /7,), fracture
toughness (K, ) and the brittleness ( B') of the glass samples as shown in Figure 9 and Figure 10. The
values of H, is increase from 2.94 to 3.60 GPa as the Ag NPs content increase. The steady increase of

micro-hardness indicates the increased in stress needed to eliminate free volume as Ag NPs increased in the
glass system [34]. Vickers hardness is increases as the Ag NPs content increase from 3.66 to 3.78 GPa. This
can be attributed to the increase in resistance against the deformation with the increase distribution of the

Ag NPs [47,78]. Both of the data /,, and H , are in good agreement with @, which it may be attribute to
the strength of the network structure as the rigidity of the glass increase [35].

Table 4. Surface roughness parameter of TLNENA1, TLNENA2 and TLNENA3 glass sample.

Roughness parameter (+£0.01 nm)

Sample R, R, R RMS
TLNENAI 2.93 1.10 5.39 5.55
TLNENA2 4.37 2.84 6.27 7.19
TLNENA3 6.65 5.63 8.48 8.93

Table 5. Theoretical micro-hardness (H, ),Vickers hardness ( /), fracture toughness ( K. )
and brittleness ( B )of TLNENA1, TLNENA2 and TLNENAS3 glass sample.

Sample H, (£0.03GPa) H, (£0.01GPa) K, (MPam'?) B (um'?
TLNENAI 2.94 3.66 2.708 135.16
TLNENA2 3.45 3.68 3.544 103.96
TLNENA3 3.60 3.78 4.174 90.65

12



ILATOSPM 2020 IOP Publishing
Journal of Physics: Conference Series 1892 (2021) 012035  doi:10.1088/1742-6596/1892/1/012035

The crack initiation and crack propagation are the two main factors which are used to evaluate the
strength of glass samples. Fracture toughness is defines the ease with which a crack can propagate through
a material is used for the evaluation of crack propagation through the glasses. In addition, the crack initiation
in glass samples is determined by calculating the brittleness index due to the crack initiation in material
mainly depends on their brittleness [78].

»

Rty
$rs x
-

[#m]

[um]

Figure 8. (a, c, ¢) the TEM images and (b, d, f) the AFM images of grain Ag NPs
of TLNENA1, TLNENA2 and TLNENA3 glass sample

Fracture toughness values of the glass samples increases as Ag NPs content increase from 2.708 to 4.174
MPa m'?2. The increase in Vickers hardness and decrease in measured crack length, results the marginal
increase in the fracture toughness of glass samples with the increase of Ag NPs content. Moreover, reduction
in the crack length is explained using the concept of generation of compressive stress around the particles
present in the glass matrix due to the rapid quenching of the glass melting [ 78]. Thermal expansion mismatch
between glass matrix and metal particles during rapid quenching of glass melt from the high processing
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temperature leads to the generation of compressive stress around the particles in the glass matrix. These
stresses are compressive in the glass matrix and tensile in the particles. The compressive stress in the glass
matrix increases whereas tensile stress of metal particles decreases with increased in distribution of these
metal particles, Ag NPs. When generated, the radial-median crack due to Vickers indentations encounter
Ag NPs, the crack front penetrates first between the particles and once it reaches a critical penetration depth,
it overcomes the trapping effect and start propagating again. This reduces the crack propagation through the
Ag NPs embedded glasses [78-79]. Hence thermal residual stresses improve the mechanical properties of
Ag NPs embedded lithium niobate tellurite glass codoped Er**/ Nd*".
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Figure 9. Theoretical micro-hardness and Vickers Figure 10. Fracture toughness and brittleness
hardness against Ag NPs concentration. against Ag NPs concentration.

Small reductions in brittleness observed for the glass samples as it is decreases from 135.16 to 90.65 pm-
12 as the Ag NPs content increases is attributed to the improvement in plastic flow caused by the formation
and growth of silver nanoparticles in the lithium niobate tellurite glass codoped Er*"/ Nd*" glass matrix [78-
80]. Brittleness of glasses depends on densification and plastic flow modes of deformation before the crack
initiation process.

In conclusion, the results clearly showed the increase in distribution of Ag NPs, the shorter the median
crack length of the glass samples. Therefore, the presence of thermal residual stress is considered as the
toughening and strengthening mechanisms in the improvement of mechanical properties observed
experimentally.

4. Conclusions

The ultrasonic, surface, mechanical, optical and photocatalysis properties of Ag NPs incorporated LNT
glass with Er**/ Nd*" co-doping are determined. As the Ag NPs content increase, the ultrasonic properties:
longitudinal modulus ( L), shear modulus (G ), bulk modulus ( B), Young's modulus ( £) and Debye
temperature (@), ) were observed to be increase. FTIR showed formation of both bridging oxygen (BO) and

non-bridging oxygen (NBO), but the former was found to be more dominant. It is suggested that recovery
of rigidity of the glass system was due to formation of bridging oxygen as a result of Ag NPs addition. The
surface roughness of the glass sample is in the range of 0.39 to 4.40 nm and observed to increase with Ag
NPs which indicates three-dimensional growth of the glass sample as the AFM analysis shown. The
mechanical properties of the glass sample displayed the strong influence of Ag NPs on the glass structure.
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The relationship between Ag NPs concentration on ultrasonic, surface and mechanical properties is
established. These findings may be useful in the development of promising environment glass application.
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