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Abstract

This research was carried out to figure out the effect of chemical treatments of

hazelnut shell powders (HSPs) on the elastic properties, ultrasonic wave velocities,

and damping properties of bio-based epoxy resin (BER) biocomposites. Natural

hazelnut shells (HSs) were chemically treated using sodium hydroxide (NaOH),

and acetic anhydride (AA). Then, HSs that were chemically treated with NaOH and

AA, and HSs that were not subjected to chemical treatment were ground to obtain

HSPs. The treated HSPs (HSP-NaOH and HSP-AA), and untreated HSPs were con-

tributed to the neat BER in varied compositions such as 10–50 wt% to obtain the

BER/HSP, BER/HSP-NaOH, and BER/HSP-AA biocomposites. The effect of

untreated, and treated HSP ratios on the density, ultrasonic wave velocities, Young's

modulus, Bulk modulus, Shear modulus, Poisson ratio, microhardness, and damp-

ing characteristics (attenuation coefficient, loss tangent and quality factor) of the

novel HSP-based biocomposites, was investigated by the ultrasonic pulse-echo over-

lap method (PEOM). A significant increase in the density, ultrasonic wave veloci-

ties, and elastic modulus values of the biocomposites was seen compared to the

neat BER. Based on the obtained elastic modulus values, the most appropriate com-

bination ratio between the neat BER, and HSP-NaOHwas determined as 50:50.
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1 | INTRODUCTION

In the 21st century, eco-friendly composites made from recy-
clable sources have become a quite popular research field.
Especially, bio-filler reinforced polymer matrix is an interest-
ing area of research. Consequently, many types of research
have been conducted to fabricate biocomposites.1–3 The bio-
fillers used in eco-friendly biocomposites are plentiful,

inexpensive, light, and have high specific modulus.4 The ligh-
ter biocomposites, which reduce fuel consumption, have been
used in aircraft interiors, drug releases, military goods, food
packaging systems, etc…5,6 Althoughmany advantages of bio-
composites, their mechanical properties have not reached the
desired level yet due to the insufficient adhesion between the
hydrophobic structures of most polymers and the hydrophilic
structures of bio-fillers.7–9 Lignocellulosic materials can
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integrate effectively with the matrix because of chemical
modification, and alteration of hydroxyl groups.10 Thus, dif-
ferent chemical modification methods have been applied for
lignocellulosic materials.11,12 It is stated that treatment with
sodium hydroxide (NaOH) removes non-cellulosic compo-
nents from the surface.13 Therefore, many researchers carried
out alkali treatments on different natural bio-fillers. For
example, Van de Weyenberg et al.14 stated that the mechani-
cal properties of the flax fiber-reinforced composite were
enhanced by about 30% using alkali treatment. Similarly,
Hittini et al.15 produced polystyrene (PS)/date pit powder
(DPP) biocomposites. As a result of the treatment of the DPP
with sodium hydroxide, they have determined an improve-
ment of around 4.2%, 190%, and 55% in compressive strength,
tensile, and flexural strength, respectively. Arrakhiz
et al.16 treated the coconut shell fibers with NaOH. They have
figured out that the fiber-matrix adhesion is enhanced. Green
epoxy resin (GER)/date stone flour (DSF) biocomposites were
produced in the research where DSF fillers were treated with
different chemicals such as alkaline, benzoyl chloride, and
potassium permanganate.17 It was reported that the elastic
properties of the GER/DSF biocomposites were significantly
increased. These research results revealed that the elastic
properties of GER/DSF biocomposite were most achieved by
treating DSFs with potassium permanganate. Additionally,
different acid treatments have been conducted on bio-
fillers.18–20 For example, Melo et al.20 determined that the
functions of lignocelluloses increased with the treatment of
bio-fillers with acetic acid (AA). Additionally different acid
treatments are conducted on bio-fillers. In the chemical mod-
ification process of lignocellulosic substances with acid, the
COOH group of the acid enters the esterification reaction

with the OH groups of cellulose. Such chemical modifica-
tions cause the appearance of different reactive groups on the
lignocellulosic material surface, facilitating the bonding of
the filler with the matrix, that is, “wetting” by the matrix,
resulting in composites with better mechanical properties.1,21

Although the exact determination of all elastic coeffi-
cients of materials is not possible with destructive testing
(DTs), the influence of chemical treatments and biofillers
on the elastic properties of biocomposites is still generally
driven by DTs. Instead of these DTs, ultrasonic testing
(UT) method, which is both more economical and more
sensitive, has been developed. UT method has been proven
in isotropic material characterization.2,22,23 Recently, differ-
ent biocomposites have been investigated using UT
methods.2,17,24 For example, Souissi et al.24 determined the
Young's modulus of a polypropylene (PP)/olive wood flour
(OWF) biocomposites using both of ultrasonic and
mechanical methods. Similarly, El-Sabbagh et al.25 mixed
the flax chopped fibers with PP at different ratios ranging
from 0–50 wt.%. They investigated the effect of flax fiber
ratio using ultrasonic longitudinal wave velocity and

attenuation. They revealed an increase in both longitudinal
wave velocity and attenuation values as well. On the other
hand, the flax/PP fibers nonwoven composites were pro-
duced to develop lighter biocomposites by Merotte et al.26

They were carried out the acoustic and tensile test to deter-
mine the effect of porosity content in the biocomposites.

To the best of the authors' knowledge, bio-based epoxy
resin (BER)/hazelnut shell powder (HSP) biocomposites
have not been characterized for their mechanical and damp-
ing characteristics using ultrasonic wave velocities. Thus, in
the first part of the research, a novel bio-based epoxy resin
(BER) was synthesized, and hazelnut shells (HSs) were trea-
ted with both sodium hydroxide (NaOH) and acetic anhy-
dride (AA). In the second part of the research, BER/HSP,
BER/HSP-NaOH, and BER/HSP-AA biocomposites were
obtained with a contribution in the range of 10–50 wt% of
untreated and treated HSPs with the BER. Finally, the
effects of the treatment method and proportions of HSPs on
the mechanical and damping properties of the BER/HSP
biocomposites were determined using ultrasonic wave veloc-
ities. Also, SEM and XRD analysis were used for the mor-
phological characterization of the biocomposites obtained.

2 | EXPERIMENTAL SECTION

2.1 | Materials

A novel synthesized bio-based epoxy resin (BER)2 was
used as the matrix material. Also, the 2,4,6-tris (dimethyl
aminomethyl) phenol, and the aromatic m-xylene diamine
(MXDA) were used as accelerator and hardener, respec-
tively. A basic analytical mill (IKA A11) and a 230-mesh
sieve were used for grinding Hazelnut shells (HSs) pro-
vided from the nearby local market to obtain hazelnut
shell powder (HSP) bio-fillers with particle size <63 μm.

2.2 | Production process of the BER

BER was synthesized by the esterification reaction using
bio-based sebacic acid and epichlorohydrin. The detailed
information about synthesis and characterization was
given in the previous study of authors.2

2.3 | Chemical treatment of hazelnut
shells

2.3.1 | Sodium hydroxide (NaOH) treatment

Since an alkali concentration ratio of more than over 6%
significantly reduces lignocellulose fiber strength,12
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untreated hazelnut shells particles which were cleaned
from waste and crusted into small pieces were kept in 5%
NaOH solution for 72 h with shaking at room tempera-
ture. Afterward, particles were washed with distilled
water, dried, and sieved after grounding. Thus, alkali-
treated hazelnut shell powder (HSP-NaOH) was obtained.

2.3.2 | Acetic anhydride treatment

HSP-NaOHs were kept in glacial acetic acid for 1 h, then
separated by decanting and soaked in acetic anhydride
(AA) containing 2 drops of concentrated H2SO4 for 2 min.
After, particles were removed, cleaned with water, and
dried at 80�C. Finally, the hazelnut shells treated with
AA (HSP-AA) were milled and sieved.

2.4 | Preparation of biocomposites

Crushed raw HSs were ground and sieved (≤63 μm) to
obtain untreated filler HSP. Afterward, the HSPs were
added to the BER at different ratios (10–50 wt%) and
blended by mechanical stirring for 1 h. An ultrasonic
bath was applied to this mixture for 1 h at 60�C. After
that, 30 wt% epoxy curing agent, and 1 wt% of accelerator
are contributed to the mixture as well. This whole mix-
ture was blended again for 15 min. Finally, the samples
were obtained by transferring these mixtures in the stain-
less steel molds which have been prepared based on the
ASTM D638-14.27 The obtained the BER/HSP biocompo-
site samples (BC-1, BC-2, BC-3, BC-4 and BC-5) were
cured at 60�C for 1 h. The same procedure was carried
out by the addition of HSP-NaOH and HSP-AA into BER
at different ratios (10–50 wt. %) to obtain the BER/HSP-
NaOH biocomposites (BC-6, BC-7, BC-8, BC-9 and BC-10)
and the BER/HSP-AA biocomposites (BC-11, BC-12,
BC-13, BC-14 and BC-15).

2.5 | Characterization

2.6 | Morphological and chemical
structure analyses

Surface morphologies of the BER and biocomposites
(BER/HSPs, BER/HSP-NaOHs, and BER/HSP-AAs) were
investigated with Scanning Electron Microscope (SEM)
device (Zeiss Evo LS 10, Germany) using ASTM
E766-1428 magnification standard. On the other hand,

the X-ray diffraction (XRD) analysis which uses the
Cu-Kα radiation (power source = 40 kV, λ = 1.5406 Å,)
was used for the XRD analysis of the obtained materials
(Bruker D8 Advance, Germany).

2.6.1 | Measurements of densities

A semi-analytical balance (Radwag AS220/C/2, Poland),
and a kit of density (Radwag 220, Poland) were used for
density measurements of the BER and biocomposites.
Density measurements were conducted based on Archi-
medes' principle using the ASTM D792-20.29 Density
measurements were done ten times to increase the accu-
racy value of measured densities.

2.6.2 | Measurements of ultrasonic wave
velocities

Ultrasonic wave velocities in obtained biocomposites were
determined based on ASTM E494-2030 by the pulse-
echo-overlap method (PEOM).31 A pulser/receiver with
35 MHz (5800PR-Panametrics Olympus, USA), an oscillo-
scope with 60 MHz (GW Instek GDS–2062, Taiwan), a lon-
gitudinal wave transducer with 20 MHz (V116-Panametrics
Olympus, USA), and a shear wave transducer with 5 MHz
(V155-Panametrics Olympus, USA) were used in as part of
velocity measurements. The glycerin (BQ Panametrics
Olympus, USA) and shear wave (SWC Panametrics Olym-
pus, USA) coupling fluids were applied between trans-
ducers and biocomposite samples for longitudinal wave and
shear wave velocities measurements, respectively.
Equation (1) was used for the calculation of longitudinal
and shear wave velocities. Velocity measurement was car-
ried out ten times for each sample to increase the accuracy
value of measured velocities.

v¼ 2d
Δt

ð1Þ

where v, d, and Δt are the ultrasonic wave velocity, the
thickness of the sample, and the time-of-flight between
subsequent back wall signals of the oscilloscope,
respectively.

2.6.3 | Measurements of elastic properties

The elastic moduli and Poisson's ratios of all materials
used in this research were calculated using the
Equations (2–6)32–34:
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L¼ ρvL
2 ð2Þ

G¼ ρvS
2 ð3Þ

K ¼L�4
3
G ð4Þ

μ¼ L�2G
2 L�Gð Þ ð5Þ

E¼ 2G 1þμð Þ ð6Þ

where L, G, K, μ, and E are longitudinal modulus, shear
modulus, bulk modulus, Poisson's ratio, and Young's
modulus, respectively.

On the other hand, the characteristic acoustic imped-
ance (Z), and ultrasonic micro-hardness (H) values of all
materials were calculated using Equation 7 and 832–34

as well:

H ¼ 1�2μð ÞE
6 1þμð Þ ð7Þ

Z¼ ρvL ð8Þ

2.6.4 | Measurements of damping properties

The attenuation constants (α) of all materials used as a
part of this research were calculated using amplitudes of
a sinusoidal ultrasonic longitudinal wave obtained with a
longitudinal wave transducer having 20 MHz frequency.
The attenuation constants of all samples were calculated
using Equation (9)35,36:

α Np=mð Þ¼
Ln Am

An

� �

2d n�mð Þ ð9Þ

where Am and An, are amplitudes of mth and nth back
wall reflections (n > m) and d is the thickness of the sam-
ple in a unit of the meter. α constant is related to the loss
tangent (tanδ) and the relationship between α and tanδ is
defined with Equation (10)37–39:

Tan δð Þ¼ 2αvL
ω

¼αvL
πf

ð10Þ

where f, α and vL are frequency, attenuation coefficient,
ultrasonic longitudinal wave velocity, respectively. The
viscous damping that causes attenuation in polymers is
related to loss tangent, as well.38

Since the Quality factor (Q) value gives important
information about the molecular mobility in the polymer
chain in polymeric materials and the strength of the
bonds between the matrix and the filler material in poly-
mer composites, Q values of biocomposites were deter-
mined performing Equation (11)37:

Q¼ 1
tan δð Þ¼

πf
αvL

ð11Þ

3 | RESULTS AND DISCUSSION

3.1 | SEM analysis results

Figure 1 displays the morphology of the synthesized BER,
and biocomposites. The surface of neat BER seems slightly
rough (Figure 1a), and unlike Bisphenol type epoxy resins,
it does not have a structure in the form of overlapping
layers, which indicates a brittle structure.40 Since the sur-
face can hinder crack propagation, the BER has a slightly
rough surface indicating a more ductile structure. The
samples with unmodified HSP had a relatively large-sized
void (Figure 1b). SEM images prove that treatment carried
out on HSP has reduced the size and number of pits,
aggregation, which improves interfacial adhesion between
treated HSP fillers and the BER matrix. Also, SEM images
indicate a better wetting of chemically treated HSP filler
particles with neat BER (Figure 1c,d), which lets us obtain
biocomposites with better mechanical properties.41

It can be seen from the SEM images of the composites
that the compatibility between the untreated HSP and
the matrix is weaker compared to the treated HSPs
(Figure 1b). The filler heaps, holes and voids in the struc-
ture prove this situation. It is thought that the interfacial
adhesion of the filler with the matrix improves with the
reduction in size, number of pits and aggregation in
the composites after the alkali treatment of HSP
(Figure 1c). In the case of modification with AA, this
trend continued, and it is determined that the best result
is obtained with this modification, since no pits and voids
are formed (Figure 1d). The absence of a visible gap in
the interfacial region may indicate good adhesion
between the BER and the HSP-AA filler.42 Regardless of
the HSP filler type, the distribution of particles above
30% is uneven in the entire volume of the samples and
agglomerate formation was observed in all composites.

3.2 | XRD analysis results

Since determining the isotropic structure of the tested
material has crucial importance in the ultrasonic

4 of 13 ORAL ET AL.
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method, the isotropic structure of the tested material
should be figured out. One of the most effective ways
to figure out material's isotropic structure is using
XRD analysis. Thus, the XRD analysis of neat BER
and obtained biocomposites were analyzed. XRD

patterns of the neat BER and composites are given in
Figure 2.

Epoxy resins have an amorphous structure and do
not have sharp peaks. Confirming this amorphous struc-
ture, a broad and strong peak centered at around

FIGURE 1 SEM images of the neat BER and biocomposites: (a) Neat BER, (b) BER/HSP biocomposite samples (BC-2, BC-3 and BC-4),

(c) BER/HSP-NaOH biocomposite samples (BC-7, BC-8 and BC-9), (d) BER/HSP-AA biocomposite samples (BC-12, BC-13 and BC-14).

FIGURE 2 XRD patterns of the

neat BER and biocomposites: (a) Neat

BER, and BER/HSP biocomposite

samples (BC-2, BC-3 and BC-4),

(b) BER/HSP-NaOH biocomposite

samples (BC-7, BC-8 and BC-9),

(c) BER/HSP-AA biocomposite samples

(BC-12, BC-13 and BC-14). [Color figure

can be viewed at

wileyonlinelibrary.com]
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2θ = 22�, and a weak peak at 2θ = 42� are seen in the
XRD curve of the epoxy resin (Figure 2a). It has been
reported that a peak at 2θ = 23.06� of type I polymorph
cellulose is observed in the XRD spectrum of hazelnut
shell powder.43 When the peaks of the BER system are
compared with the diffraction peaks of the biocompo-
sites, it is clearly seen that the biocomposites have the
same diffraction (XRD) patterns as the matrix. Biocompo-
sites contain dense peaks of cellulose I and BER centered
around 22–230. This is also a proof that the original crys-
tal structure of cellulose (cellulose I) is preserved in com-
posites. In addition, peaks at 42–440 also correspond to
BER (Figure 2a-c). According to the data of XRD images
given in Figure 2a-c, it can be stated that the obtained
biocomposites are isotropic materials, which have amor-
phous structures.

3.3 | Density and ultrasonic wave
velocity results

The propagation of ultrasonic waves in polymeric mate-
rials not only depends on elastic modulus but also visco-
elastic behavior and density as well.44 Thus, the variation
in density values depending on HSP amounts can help
explain the variation in ultrasonic wave velocity and elas-
tic modulus values as well.

The data of Table 1 and Figure 3a presents that the
densities of the BER/HSP, BER/HSP-NaOH, and
BER/HSP-AA biocomposites are higher than the neat
BER. The density value of neat BER is determined as

1242.96 kg/m3. Density values ranged between 1262.98–
1295.88, 1252.20–1301.78, and 1276.10–1301.88 kg/m3 for
the BER/HSP, BER/HSP-NaOH, and BER/HSP-AA bio-
composites, respectively. A remarkable increase was
obtained in densities about 4.26%, 4.73%, and 4.74% for
BC-5, BC-10, and BC-15 biocomposites, respectively, com-
pared to the neat BER matrix. These results agree well
with the density results of related literature.2,17

The interface adhesion between the HSP filler and
the neat BER is one of the possible reasons for greater
density of biocomposites. The other possible reason is
related to the structure of HSP. Because densities of
hazelnut shells may differ according to their types. For
example, Hebda et al.45 tested six varieties of selected
hazelnut shells and their bulk densities were found in the
range of 368.44–425.07 kg/m3.

Also, Çelik et al.43 have explained that metal content
such as Ca, K, Na, Fe, and Si mainly affects the various
natural shells' properties. Therefore, the presence of these
metals in HSP can be a reason for the increase in the den-
sity of biocomposites as well. Chemically modified fillers
eliminate micro-voids due to better filler/polymer adhe-
sion, resulting in a slightly higher density of biocompo-
sites.46 This behavior in density can also be attributed to
the HSP treatment with AA, which eliminates the num-
ber of voids in the composites (Figure 1d).

The vL and vS values of neat BER were obtained as
2507.60 and 981.00 m/s, respectively. The ultrasonic wave
velocities (vL and vS) were increased with increase in HSP
filler amount (Figure 3b). The higher the HSP ratio, the
more vL and vS increase. The vL values of HSP-NaOH

TABLE 1 The density (ρ) and

ultrasonic wave velocities (vL and vS)

values of the BER, and biocomposites.

Samples Sample ID ρ (kg/m3) vL (m/s) vS (m/s)

Biomatrix BER 1242.96 ± 2.85 2507.60 ± 8.78 981.00 ± 7.81

BER/HSP BC-1 1262.98 ± 2.88 2573.20 ± 4.26 1121.37 ± 2.13

BC-2 1275.88 ± 2.96 2621.20 ± 5.98 1152.80 ± 5.98

BC-3 1281.04 ± 2.58 2626.20 ± 1.47 1154.40 ± 3.38

BC-4 1291.18 ± 3.95 2653.80 ± 3.97 1193.20 ± 2.79

BC-5 1295.88 ± 3.19 2646.00 ± 3.19 1215.20 ± 9.17

BER/HSP-NaOH BC-6 1252.20 ± 3.19 2488.00 ± 9.08 1082.00 ± 2.53

BC-7 1272.00 ± 1.90 2570.40 ± 3.14 1107.00 ± 1.67

BC-8 1277.82 ± 1.60 2608.20 ± 7.62 1141.20 ± 1.94

BC-9 1293.86 ± 2.38 2634.20 ± 8.11 1149.00 ± 2.61

BC-10 1301.78 ± 3.01 3009.40 ± 4.09 1374.60 ± 9.20

BER/HSP-AA BC-11 1276.10 ± 7.44 2528.60 ± 7.14 1108.20 ± 2.23

BC-12 1281.30 ± 2.36 2575.20 ± 6.13 1116.20 ± 3.82

BC-13 1282.68 ± 2.10 2617.00 ± 8.83 1172.40 ± 1.62

BC-14 1295.84 ± 3.54 2608.80 ± 4.80 1188.60 ± 4.54

BC-15 1301.88 ± 2.43 2702.80 ± 5.72 1227.40 ± 6.47

6 of 13 ORAL ET AL.
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biocomposite samples ranged from 2488.00 to
3009.40 m/s while the vS values ranged from 1082.00 to
1374.60 m/s. On the other hand, the vL values of the
BER/HSP and BER/HSP-AA biocomposites were deter-
mined as 2573.20 to 2653.80 m/s and 2528.60 to
2702.80 m/s, respectively. Also, the vS values of the
BER/HSP and BER/HSP-AA biocomposites were deter-
mined as 1121.37 to 1215.20 m/s and 1108.20 to
1227.40 m/s, respectively.

As shown in Table 1 and Figure 3b, the highest vL and
vS values were measured in the BC-10 biocomposite sample.
The vL and vS values in BC-10 were increased by approxi-
mately 20.01% and 40.12%, respectively whereas the vS
value of the BC-6 was decreased approximately 0.78%.

As a result, the increase in vL, and vS values in bio-
composites by the linear contribution of HSP in neat BER
is like the increase in ρ values. This behavior is due to
the greater density of materials lead rapid propagation of
ultrasonic waves because of smaller chain motions.47

Therefore, the significant relationship figured out
between uniaxial compressive strength and longitudinal
wave velocities of various rocks supports this view.37,48

Since the propagation velocity of ultrasonic waves in
materials is affected differently by the internal structures
of the materials, ultrasonic velocities can be used not
only for material densities, but also for the determination
of various material properties.47 For example, in the
research conducted by Haines et al.,49 it wa stated that
there is a direct proportional relationship between the
ultrasonic wave velocities and the densities of wood
materials. On the other hand, another study conducted
by Oral and Ahmetli50 involving polyethylene terephthal-
ate char powder reinforced composites revealed a linear
correlation between electrical conductivity and ultrasonic
longitudinal wave velocity (R2 = 0.67), as well as
between ultrasonic-microhardness and ultrasonic shear
wave velocity (R2 = 0.96).

3.4 | Elastic moduli of the BER and
biocomposite samples

The variation in elastic moduli (L, G, K, E) of the
obtained biocomposites as a function of untreated and
treated HSP which shows the effect of these HSP fillers,
is given in Table 2 and plotted in Figure 4. The findings
shown in Table 2 and Figure 4a indicate that except L
value of the BC-6 biocomposite sample, L and G values of
other biocomposite samples are greater than the L and
G values of the neat BER matrix.

The L value for neat the BER was calculated as
7.82 GPa. The L values of the BER/HSP, BER/HSP-
NaOH, and BER/HSP-AA biocomposites were deter-
mined as 8.36 to 9.09 GPa, 7.75 to 11.79 GPa, and 8.16 to
9.51 GPa, respectively. The G value for neat the BER was
calculated as 1.20 GPa. The G values of BER/HSP,
BER/HSP-NaOH, and BER/HSP-AA biocomposites ran-
ged between 1.59 and 1.91 GPa, 1.47 and 2.46 GPa, and
1.57 and 1.96 GPa, respectively. Findings of Table 2
and Figure 4a show that except L value of BC-6, the mea-
sured elastic modulus values of biocomposites reveal a
proportional increase with the HSP weight ratio for both
biocomposites. We observed that the L values of BC-10,
BC-15, and BC-5 were increased about 50.77%, 21.61%,
and 15.98% compared to the neat BER, respectively. Simi-
larly, among the biocomposite samples, the G value
increased about 105.00%, 63.33%, and 59.17% for BC-10,
BC-15, and BC-5 compared to the neat BER, respectively.
One of the remarkable results obtained from Figure 4a is
that the highest G values of biocomposites were obtained
by adding 50 wt% of the treated and untreated HSP filler
to the neat BER.

As shown in Table 2 and Figure 4b, except the BC-6
and BC-11 biocomposites, the K values of all other bio-
composites were determined as greater than of the neat
BER. The K value of neat BER was obtained as 6.22 GPa.

FIGURE 3 Variation in density (ρ), vL and vS values of the BER and biocomposites depending on the HSP ratio. [Color figure can be

viewed at wileyonlinelibrary.com]
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The K values of BER/HSP, BER/HSP-NaOH, and
BER/HSP-AA biocomposites ranged between 6.25
and 6.64 GPa, 5.80 and 8.51 GPa, and 6.07 and 6.90 GPa,
respectively. The obtained values of the E show a propor-
tional increase with the HSP ratio, for the BER/HSP,
BER/HSP-NaOH, and BER/HSP-AA biocomposites. The
E value of neat BER was obtained as 3.37 GPa.

The E values of BER/HSP, BER/HSP-NaOH, and
BER/HSP-AA biocomposites ranged between 4.39 and
5.23 GPa, 4.06 and 6.73 GPa, and 4.33 and 5.37 GPa,

respectively. An increase of about 36.82%, 10.93%, and
4.82% was seen in the K values of BC-10, BC-15, and BC-5
biocomposites compared to neat BER, respectively. The
E value increased about 99.70%, 59.35%, and 55.19% for
BC-10, BC-15, and BC-5 compared to the neat BER,
respectively. However, the E values of all biocomposites
were determined higher than those of neat BER. Among
all obtained biocomposites, the highest value of E is
found for the BC-10 obtained by treatment of HSP with
NaOH. Thus, it can be stated that the most suitable

TABLE 2 The elastic moduli (L, G,

K, E) values of the BER and

biocomposites.

Samples Sample ID L(GPa) G(GPa) K(GPa) E(GPa)

Biomatrix BER 7.82 ± 0.05 1.20 ± 0.03 6.22 ± 0.02 3.37 ± 0.06

BER/HSP BC-1 8.36 ± 0.05 1.59 ± 0.03 6.25 ± 0.03 4.39 ± 0.05

BC-2 8.77 ± 0.06 1.70 ± 0.04 6.51 ± 0.03 4.68 ± 0.06

BC-3 8.84 ± 0.05 1.71 ± 0.05 6.56 ± 0.02 4.71 ± 0.06

BC-4 9.09 ± 0.06 1.84 ± 0.05 6.64 ± 0.04 5.05 ± 0.05

BC-5 9.07 ± 0.06 1.91 ± 0.04 6.52 ± 0.03 5.23 ± 0.05

BER/HSP-NaOH BC-6 7.75 ± 0.05 1.47 ± 0.04 5.80 ± 0.03 4.06 ± 0.05

BC-7 8.40 ± 0.06 1.56 ± 0.04 6.33 ± 0.04 4.32 ± 0.06

BC-8 8.69 ± 0.06 1.66 ± 0.03 6.47 ± 0.03 4.60 ± 0.06

BC-9 8.98 ± 0.06 1.71 ± 0.05 6.70 ± 0.04 4.72 ± 0.05

BC-10 11.79 ± 0.05 2.46 ± 0.03 8.51 ± 0.03 6.73 ± 0.06

BER/HSP-AA BC-11 8.16 ± 0.05 1.57 ± 0.03 6.07 ± 0.04 4.33 ± 0.05

BC-12 8.50 ± 0.06 1.60 ± 0.04 6.37 ± 0.03 4.42 ± 0.06

BC-13 8.78 ± 0.06 1.76 ± 0.04 6.43 ± 0.03 4.85 ± 0.06

BC-14 8.82 ± 0.05 1.83 ± 0.04 6.38 ± 0.03 5.01 ± 0.05

BC-15 9.51 ± 0.05 1.96 ± 0.03 6.90 ± 0.02 5.37 ± 0.05

FIGURE 4 Variation in L, G, K and E values of the BER and biocomposites depending on the HSP ratio. [Color figure can be viewed at

wileyonlinelibrary.com]
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combination ratio between the neat BER and treated
HSP filler with NaOH is 50:50.

Recently, the ultrasonic characterization of elastic
modulus of different biocomposites has been suc-
ceeded.2,17 The elastic modulus values of biocomposites
obtained in this research agree well with related
literature results.3,4 For instance, Rabhi et al.17 have
determined L, G, K, and E values of green epoxy resin
(GER)/date stone flour (DSF) biocomposites. They have
measured the L, G, K, and E values in the range of 8.12 to
8.89 GPa, 1.39 to 1.45 GPa, 6.26 to 6.96 GPa, and 3.89
to 4.06 GPa, respectively. It has been reported that wheat
and corn hulls3 as well as apricot and walnut shell pow-
der4 significantly improve Young's modulus of starch-
based films. Since E is a material coefficient that
expresses the strength of a material, the graph of the
function of E relative to HSP shows the effect of these
HSP fillers on strength (Figure 4b). The strong bonds
formed between the matrix and the additives in poly-
mer composites provide an improvement in all
mechanical properties as well as an increase in
E values. Because of the strong bonds, the movement
of the polymer chains decreases, which gives the mate-
rials mechanical strength.51 Therefore, it can be said
that very strong bonds were formed between the HSP
treated with NaOH and the BER matrix in the BC-10
biocomposite material obtained. Similarly, Ali et al.42

explained the increase in the stiffness values of pome-
granate peel/ starch-based films by the strong chemical
bonds formed between the pomegranate peel and the
starch matrix.

3.5 | Poisson's ratio, ultrasonic micro-
hardness, and acoustic impedance

The μ, Z, and H values of neat BER and biocomposites
are given in Table 3. Moreover, the variation of these
variables (μ, Z, and H) with HSP ratio is plotted in
Figure 5, respectively. As seen in Figure 5a, the Poisson's
ratio(μ) value for the neat BER was determined as 0.410.
The μ values of BER/HSP, BER/HSP-NaOH, and
BER/HSP-AA were determined between the ranges of
from 0.366 to 0.383, 0.368 to 0.386, and 0.369 to 0.384,
respectively.

As seen in Table 3, and Figure 5b, the Z value of neat
BER was determined as 3.12 MRayl, while the Z values
of BER/HSP, BER/HSP-NaOH, and BER/HSP-AA ranged
from 3.25 to 3.43 MRayl, 3.12 to 3.92 MRayl, and 3.23 to
3.52 MRayl, respectively. Acoustic impedance value was
determined for epoxy resin as 2.95 MRayl52 and for modi-
fied BER as 3.37 Mrayl.2 The H value of neat BER was
determined as 0.14 GPa, while the H values of BER/HSP,
BER/HSP-NaOH, and BER/HSP-AA ranged from 0.24 to
0.32 GPa, 0.22 to 0.40 GPa, and 0.24 to 0.32 GPa, respec-
tively. Meanwhile, Rabhi et al.17 have also determined μ,
Z, and H values of the GER/DSF biocomposites. They
have measured the μ, Z, and H values in the range of
0.395 to 0.411, 3.07 to 3.33 MRayl, 0.078 to 0.097 GPa,
respectively. This result indicates a significant difference
between the BER/HSP and GER/DSF biocomposites in
favor of BER/HSP biocomposites in terms of H values.

A general decrease was observed in Poisson's ratio
value of the neat BER with the HSP incorporation

TABLE 3 The Poisson's ratio (μ),

ultrasonic micro-hardness (H), and

acoustic impedance (Z) values of the

BER, and biocomposites.

Samples Sample ID μ H (GPa) Z (MRayl)

Biomatrix BER 0.410 ± 0.010 0.14 ± 0.01 3.12 ± 0.03

BER/HSP BC-1 0.383 ± 0.011 0.24 ± 0.01 3.25 ± 0.03

BC-2 0.380 ± 0.010 0.26 ± 0.02 3.34 ± 0.02

BC-3 0.380 ± 0.012 0.26 ± 0.03 3.36 ± 0.03

BC-4 0.373 ± 0.010 0.29 ± 0.02 3.43 ± 0.04

BC-5 0.366 ± 0.012 0.32 ± 0.01 3.43 ± 0.02

BER/HSP-NaOH BC-6 0.383 ± 0.010 0.22 ± 0.02 3.12 ± 0.03

BC-7 0.386 ± 0.012 0.23 ± 0.01 3.27 ± 0.02

BC-8 0.382 ± 0.011 0.25 ± 0.01 3.33 ± 0.03

BC-9 0.383 ± 0.011 0.26 ± 0.02 3.41 ± 0.03

BC-10 0.368 ± 0.013 0.40 ± 0.02 3.92 ± 0.04

BER/HSP-AA BC-11 0.381 ± 0.011 0.24 ± 0.02 3.23 ± 0.03

BC-12 0.384 ± 0.010 0.24 ± 0.02 3.30 ± 0.02

BC-13 0.374 ± 0.012 0.28 ± 0.01 3.36 ± 0.03

BC-14 0.369 ± 0.011 0.30 ± 0.01 3.38 ± 0.02

BC-15 0.370 ± 0.013 0.32 ± 0.02 3.52 ± 0.03
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(Figure 5a). A decrease of 10.73%, 10.24%, and 10.00%
was determined in the Poisson's ratio value of BC-5, BC-
10, and BC-14 biocomposites, respectively.

As it can be seen from Table 3 and Figure 5b, a linear
increase in Z values with increasing amount of untreated
and treated HSP filler in neat BER was observed as well.
Most biocomposites have higher Z values compared to
the neat BER. Moreover, an increase of approximately
9.94%, 25.64%, and 12.82% was observed in the Z value of
BC-5, BC-10, and BC-15, respectively.

Acoustic impedance is defined as the difficulty shown
against sound waves traveling in a medium, similar to
the resistance shown to electric charges traveling in a
conductive medium.53 Acoustic impedance is a very
important material property for materials used in acous-
tic applications. Because the less the sound reflection at
the interface between the two environments where the
acoustic waves propagate, the higher the ultrasonic wave
energy passing to the second medium.

The higher H values of all biocomposites compared to
the neat BER is another remarkable result of this
research. Because the higher H values also indicate the
stronger bonding between matrix and fillers in polymer
composites. Also, a linear increase for H value is observed
with the increasing amount for both untreated and trea-
ted HSP filler in neat BER. A significant increase of about
128.57% was observed in the H value of both BC-5 and
BC-15, while a quite significant increase of about 185.71%
was observed in the H value of the BC-10 sample as well.

3.6 | Damping properties of the BER and
biocomposites

The ultrasonic wave velocity values (vL, vS), the charac-
teristic acoustic impedance (Z), the attenuation coeffi-
cient (α), loss tangent (tanδ), and quality factor (Q) are

the most important acoustical properties for sound appli-
cations, such as musical instruments and building inte-
riors. The obtained data related to damping properties (α,
tanδ, and Q) is given in Table 4 and plotted in Figure 6.

According to the data given in Table 4 and Figure 6,
the α value of the neat BER was determined as
299.46 Np/m using longitudinal waves of 20 MHz fre-
quency. The α values of the BER/HSP, BER/HSP-NaOH,
and BER/HSP-AA were determined in the range of
216.39 to 289.64 Np/m, 241.86 to 267.87 Np/m, and
231.41 to 261.55 Np/m, respectively. As it can be seen in
Table 4 and Figure 6, the α values of all biocomposites
are lower than of the neat BER. Also, a significant
decrease of 27.74%, 22.72%, and 19.23% was observed in
the α value of BC-5, BC-11, and BC-8, respectively. Con-
trary of this behavior of the α, Oral et al.2 determined an
increase of 6.52% in the α value of biocomposites
obtained using modified coconut shell powder at combi-
nation ratio of 70:30 compared to the treated epoxy resin.
Attenuation is a phenomenon which is defined as expo-
nential reduction in the amplitude, and energy of ultra-
sonic waves during the propagation of ultrasonic waves
through a medium.54 The main factors responsible for
ultrasonic attenuation are scattering, absorption, refrac-
tion, reflection, and divergence. However, the two main
factors caused the attenuation in this research are scatter-
ing and absorption.

Rayleigh scattering is predicted in the BER/HSP,
BER/HSP-NaOH, and BER/HSP-AA biocomposites since
average diameter of HSP bio-fillers, and the wavelength
value of ultrasonic longitudinal waves used in this
research are about 63 μm, and 130 μm, respectively.

Also, the neat BER matrix is predicted to be responsible
for ultrasonic energy absorption determined in biocompo-
sites. Considering this prediction, the reason for the
decrease in attenuation could be due to the decrease in
the amount of energy absorbed by the BER matrix with the

FIGURE 5 Variation in μ, Z and H values of the BER and biocomposites depending on the HSP ratio. [Color figure can be viewed at

wileyonlinelibrary.com]
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increase in the HSP ratio in the biocomposites. Thus, it can
be stated that the attenuation coefficients of the obtained
biocomposites depends more on the energy absorbed by the
matrix system than the actual Rayleigh scattering.

One of the important data related to damping proper-
ties of the neat BER and obtained biocomposites is the
tanδ value. The tanδ value can be measured by both
Dynamic Mechanical Analysis (DMA)55 and ultrasonic
methods.37 In this research, the tanδ of neat BER was
determined as 0.01195 (Table 4).

Crawford and Escarsega56 determined the neat epoxy
resin's loss tangent as 0.039 using DMA. Since the lower
loss tangent value indicates better mechanical properties,

it can be stated that the BER used in this research have
better mechanical properties compared to neat ER. Loss
tangent values of all biocomposites except BC-3 are smal-
ler than of the neat BER (Table 4). Thus, this result
proved that except BC-3, all biocomposites obtained have
better mechanical properties compared to the neat BER.
As can be seen from Equation (11), the Q-factor value
which is another important damping coefficient, is equal
to the inverse of the tanδ. Since the Q-factor is equal to
the inverse of loss tangent, one can state that higher
Q-factor means stronger bonds between matrix and filler
in a polymer composite57 which leads to better mechani-
cal properties.

Figure 6 illustrates the Q-factor values of the neat
BER, BER/HSP, BER/HSP-NaOH, and BER/HSP-AA bio-
composite samples. The Q-factor value of the neat BER
was obtained as 83.67. The Q-factor values of BER/HSP,
BER/HSP-NaOH, and BER/HSP-AA ranged from 82.60
to 109.74, 84.27 to 99.60, and 93.29 to 107.38, respectively.
Figure 6 revealed that Q-factor values of all biocompo-
sites except BC-3 are greater than neat BER. This result
agrees well with the results of the loss tangent given in
Table 4 and approves the result obtained for the BC-3
sample as well. Higher tanδ or lower Q-factor value indi-
cates higher loss energy.37 The research carried out by
Ali et al.4 confirms this result as well.

Accordingly, it can be stated that the Q-factor values
agrees well with α values obtained for biocomposites. A sig-
nificant increase of 31.16%, 28.34%, and 19.04% was
observed in the Q-factor value of BC-5, BC-11, and BC-8,

TABLE 4 The attenuation coefficient (α), loss tangent (tanδ), and quality factor (Q) values of the BER and biocomposites.

Samples Sample ID α (Np/m @ 20 MHz) Tan(δ) Q

Biomatrix BER 299.46 ± 20.14 0.01195 ± 0.00108 083.67 ± 09.63

BER/HSP BC-1 275.77 ± 19.70 0.01129 ± 0.00108 088.54 ± 09.45

BC-2 252.76 ± 18.65 0.01054 ± 0.00090 094.84 ± 10.00

BC-3 289.64 ± 20.04 0.01211 ± 0.00100 082.60 ± 09.79

BC-4 235.12 ± 18.32 0.00993 ± 0.00108 100.70 ± 10.05

BC-5 216.39 ± 19.38 0.00911 ± 0.00100 109.74 ± 09.84

BER/HSP-NaOH BC-6 260.19 ± 20.75 0.01030 ± 0.00080 097.06 ± 10.06

BC-7 267.87 ± 21.08 0.01096 ± 0.00100 091.26 ± 09.65

BC-8 241.86 ± 20.64 0.01004 ± 0.00108 099.60 ± 09.21

BC-9 252.12 ± 20.14 0.01057 ± 0.00090 094.61 ± 09.45

BC-10 247.77 ± 19.90 0.01187 ± 0.00108 084.27 ± 09.92

BER/HSP-AA BC-11 231.41 ± 20.24 0.00931 ± 0.00100 107.38 ± 09.32

BC-12 261.55 ± 19.80 0.01072 ± 0.00108 093.29 ± 09.68

BC-13 241.63 ± 19.50 0.01006 ± 0.00100 099.36 ± 10.00

BC-14 251.06 ± 19.20 0.01042 ± 0.00090 095.93 ± 09.59

BC-15 246.27 ± 20.41 0.01059 ± 0.00100 094.40 ± 10.12

FIGURE 6 Variation in α and Q values of the BER and

biocomposites depending on the HSP ratio. [Color figure can be

viewed at wileyonlinelibrary.com]
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respectively. However, a decrease of 1.28% has been mea-
sured for the BC-3 sample compared to neat BER. The
decrease in the Q-factor of the BC-3 sample could be due to
increasing happened in the attenuation coefficient due to
scattering because of insufficient interaction between the
matrix and the filler. The greatest α value obtained for BC-3
among all biocomposites supports this prediction as well.

As a result, small α, small loss tangent, and high
Q-factor values are due to the low mobility of molecules
in the polymer chain which causes a bigger resistance to
movement. The more resistance to the mobility of mole-
cules proves the formation of strong bonds between the
matrices and fillers in polymer composites. Also, it is
expected to obtain composites with better mechanical
strength, greater hardness, and modulus of elasticity by
the strong bonds between matrices and fillers.

4 | CONCLUSIONS

The HSs were treated with NaOH, and AA. These HSs
chemically treated with NaOH and AA, and untreated
HSs were ground to obtain HSPs. Then, untreated HSPs
and treated HSPs were added to the novel BER matrix to
form the BER/HSP, the BER/HSP-NaOH, and the BER/
NaOH-AA biocomposites. The effect of untreated and
treated HSP filler on the density, ultrasonic wave veloci-
ties, elastic moduli, and damping characteristics of the
novel HSP-based biocomposites, was investigated by
the ultrasonic wave velocities. SEM and XRD analysis
were used for morphological characterization. The gen-
eral results of the research can be given as follow:

1. XRD images proved the isotropic structures of the
BER and biocomposites obtained.

2. Except L value of the BC-6 biocomposite sample, the
measured density, ultrasonic wave velocities (vL and vS),
and elastic modulus values of biocomposites revealed a
proportional increase with the HSP weight ratio for all
biocomposites.

3. The vL and vS values in BC-10 increased by approxi-
mately 20.01% and 40.12%, respectively.

4. The E values of BC-10, BC-15, and BC-5 increased
about 99.70%, 59.35%, and 55.19% compared to neat
BER, respectively. Also, the E values of all biocompo-
sites are greater than the E value of neat BER.

5. A general decrease was observed in Poisson's ratio
value of neat BER with the HSP incorporation. More-
over, a significant decrease of 27.74%, 22.72%, and
19.23% was observed in the α value of BC-5, BC-11,
and BC-8, respectively.

6. A linear increase in H and Z values with an increasing
amount of HSP filler in neat BER was observed.

7. A significant increase of 31.16%, 28.34%, and 19.04%
was observed in the Q-factor value of BC-5, BC-11,
and BC-8, respectively.

8. Overall, based on the obtained elastic modulus values,
the most appropriate combination ratio between the
neat BER, and HSP treated with NaOH was determined
as 50:50.

To sum up, it was figured out that the density and
ultrasonic wave velocities of biocomposites obtained have
great importance because they are important clues that
prove the improvement in elastic modulus compared to
the values of neat BER. The results of this study, encour-
age the chemical treatment of natural bio-fillers, produc-
tion of the eco-friendly biocomposites by novel bio-based
matrices, and using ultrasonic methods for the character-
ization of obtained biocomposites.
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