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IMPACT OF LASER POWER ON SURFACE TOPOGRAPHY AND MATERIAL
RESPONSE DURING THE LASER TEXTURING OF TUNGSTEN CARBIDE

Buse Ortac Bastekeli, Haci Abdullah Tasdenur, Enun Orhun Bastekels

Istanbul Technical University, Faculty of Mechanical Eng . Mechanical Eng. Dep.. 34437, Istanbul, Turkiye
Eevwords: Tungsten Carbide, Laser Surface Texturing. Laser Power

Abstract

Tungsten catbide (WC) is widely uwsed in demanding
industrial applications such as cutting tools, wear-resistant
patts, and melds, owing to its exceptional hardness, wear
reststance, and thermal stability. Howewer. modern
engineering systems increasingly require additional
mmprovements m surface functionality, mcludmg friction
reduction, better adhesion, and controlled wettability, which
can be achieved through micro- and nanoscale surface
texturing. Among the avalable methods, laser surface
texturing (LST) stands out due to its high precision
flexibility, and ability to process very hard materials like
tungsten carbide. LST enables the fabrication of controlled
micro-dimples and surface patterns by simply adjusting
process parameters such as power, frequency. and scanning
speed, making it a versatile and reproducible technique In
this study. the influence of laser power on the surface
texturing of tungsten carbide was systematically exanuned
with respect to material removal behavior, surface
morphology. and process optimization. Ten different power
levels were tested to determune the range where dimples
could be formed without inducing thermal damage such as
cracks or surface degradation Importantly, this wotk
presents the first systematic analysis of laser power—texture
formation on fungsten carbide using a 1064 nm nancsecond
pulsed fiber laser The cutcomes provide a useful reference
for future studies on laser-based surface modification of hard
materials, highlighting the cormelation between laser
parameters and functional surface properties, which is highty
relevant for applications in cuthing, forming, tribelogy, and
protective coatings.

1. Introduction

Cobalt-cemented tungsten carbide (WC-Ce) is a composite
material widely recogmized for its outstanding hardness,
excellent wear resistance, and high reliability in severe
service conditions [1.2]. Structurally, it is composed of rigid
tungsten carbide (WC) gramns that provide extreme hardness
and wear tesistance, embedded in a tongh cobalt (Co) matrix
that contributes ductility and toughness [3.4]. This unique
dual-phase structure emables WC-Co to combine the best

attributes of ceramics and metals. resulting in a material that
15 both extremely hard wet sigmificantly tougher than
menelithic WC [4,5]. The cobalt binder plays a particularly
important role. as it mitizates the brittle behavior of WC by
enhancing fracture tonghness, impact resistance, and overall
durability. thereby making the composite suitable for high-
stress enviromments.

Because of this combination of properties, WC-Co has
become one of the most important materials in modern
engineering applications. It is extensively employed in
cutting tools, mining and dnlling equipment, aerospace
components, wear-resistant dies, and precision engineering
parts [6.7]. The ability to maintain structural mtegrity under
elevated temperatures and high mechanical leads further
broadens its rangze of applications, making it indispensable
in imdustries where both strength and wear resistance are
critical.

Nevertheless, the wvery attributes that make WC-Co so
valuable also create significant challenges for conventional
machining techniques. Its high hardness and strength result
in severe tool wear, high cutting forces, vibration, and poor
tool life, which in furn increase manufacturing costs and
limit productivity [8]. Te overcome these limitations. non-
conventional machinng techmiques—most notably laser
machining and electrical discharge machining (EDM)—
have gained prominence. These methods offer more efficient
processing of hard and difficult-to-machine materials by
eliminating or reducing direct mechanical contact with the
workpiece [9,10].

In particular, laser-based machining systems have emerged
as an especially promising alternative in recent years due to
their precision, versatility, and abality to be finely controlled
through adjustable processing parameters. Laser beams can
be applied to a broad range of cperations, including turning,
muillmg, drilling, high-speed cutting, and microfabrication
processes [4]. Bevond pwe material removal, laser
technologies are also widely wutilized for surface
modification methods such as texturing, melting. alloymg.
and hardening, all of which can be tailored to improve the
fonctional properties, tribological behavier, and overall
surface gquality of WC-Co components [11.12]. As such,
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laser processmg not only provides a solution to the
challenges of machining WC-Co but also expands its
applicability in advanced engineenng and manufacturing
systems.

In recent years, research on surface texturing has gained
significant momentum [13]. The primary objectives of
creating surface textures are to reduce adhesion and the
contact area between sliding surfaces, decrease the
coefficient of friction. and trap wear debris generated during
operation [14]. Due to its ability to improve tribological
propetties, surface texturing has found widespread
application in systems involving relative motion between
components. Examples of such applications include piston—
cylinder assemblies, cuttiing toeols, beanngs, hydraulic
motors, prosthetic devices, and dental implants. Various
techmques are available for generating surface textures,
including laser beam processing, electrical discharge
machining (EDM), chemical etching, sandblasting, micro-
grinding, and micro-casting [15]. Among these methods.
laser-based surface texturing is partienlarly preferred due to
its high precision. rapid processing capabality, and suitability
for creating complex surface geometries [16]. Laser surface
texturing can be applied to a variety of cutting tocls. Stodies
in the literatmire have demonstrated its use on drill bits [17.
18], tumung mserts [19]. and mulling cutters [20]. The
textures created on material surfaces can exhibit a wide
range of shapes and geometries. These inchnde dimples [21.
22]. parallel or perpendicular grooves [23, 24]. engraved
patterns composed of geometric shapes or letters [23, 26], as
well as biomimetic structures inspired by natural forms [27,
28]

This research explores how varying laser power influences
the surface texturing of tunpsten carbide, with particular
emphasis on matenal removal mechamisms, swrface
characteristics, and process efficiency. Ten distinct laser
power values were calculated and applied to identify the
range within which dimples can be generated on the material
surface without inducing thermal damage. For the first time
m the existing literature, a systematic investigation was
conducted into the comelation between laser power and
texture formation on tungsten carbade wsing a 1064 nm
nancsecond pulsed fiber laser. The aim of this study is to
investigate the behavior of dimples formed on tungsten
carbide using different laser power levels.

1. Experimental Procedure

In the current study, cylindrical tungsten carbide specimens
with a cobalt binder. having a diameter of 12 mm and a
height of 8 mm_ were used. SEM images of the material at 2
mm and 1 pm scales are shown in Figore 1.

Figure 1. SEM images of the WC-Co specimen at 2 mm
(a) and 1 pm (b) scales.

A nanosecond Q-switched solid-state laser system was
utilized, specifically a Neodyminm-doped Yttrium
Alvminum Garnet (Nd:YAG) laser (Wuhan Raycus Fiber
Laser Technologies Co., Ltd.), operating at a wavelength of
1064 nm with an average output power of 50 W. The laser
beam was focused onto the specimen surface using an f-theta
lens with a focal length of 160 mm. The system operates in
the fundamental transverse electromagnetic mode (TEMm).
and the beam quality is characterized by an M® value of 1.6,
indicating a near-Gaussian beam profile. Dunng the
experiments. the laser spot diameter was maintaned at
approxmmately 30 pum. All processing was camed owt m
ambient atmospheric conditions, without the use of a
shielding or inert gas environment. A schematic
representation of the Q-switched Nd:YAG laser setup is
shown in Figure 2. while the technical specifications of the
laser source are presented in Table 1.

/’ Fibeer optic cabie
Laser beam

Laser head
- 1
. F-theta lens.

Warkpisce

Lazer spurce

Computer -

\ = um

Figure 1. Schematic representation of the Q-switched
Nd:YAG laser setup.

Table 1. Technical specifications of the Nd:YAG fiber
laser system used in laser machining processes.

Laser type Nanesecond laser
Mode of operation Q-switched (pulsed)
Wavelength (nm) 1060--1085
Mode of laser beam TEM,; - Fundamental mode
Pulse duration (ns) 120-150 @ kHz
Average output power 50
(W)
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Teo systematically investigate the influence of laser power
during the experiments. the laser scanning speed and pulse
frequency were maintained constant at 10 mm/s and 20 kHz,
respectively. Under these fixed conditions, the laser power
was incrementally varied for each experimental set, and a
total of ten distinet dimples were produced. For clarity in
analysis and discpssion, the dimples were sequentially
labeled frem 51 to 510. Each dimple was designed with a
nominal diameter of 200 pm. ensuring consistency in the
intended feature size across all test conditions.

The specific specimen numbers together with the
corresponding  laser power values applied during the
processing are summanized m Table 2, providing a clear
overview of the experimental matrix. Following fabrication,
the laser-textured dimples were carefolly examined using
both an optical microscope and scanning electron
microscopy (SEM) in order to assess surface morphology,
dimple geometry, and potential thermal effects. Detailed
analyses and interpretations were then carried out based en
these observations, enabling a comprehensive evaluation of
how varying laser power influences dimple formation and
overall surface quality.

Table 2. Specimen numbers and the corresponding laser

pOWers.
Specimen Laser Specimen Laser
D Power- P D Power- P
W) (W)
51 5 S6 30
52 10 57 35
53 15 58 40
54 20 59 45
55 25 510 50

The descriptions of several critical primary laser parameters
that play a decisive role i laser processing operations are
provided below:

Laser power: Refers to the total amount of energy delivered
by the laser per unit time typically expressed i watts (W),
This parameter directly governs the amount of thermal
energy transferred to the material and thus strongly
influences the extent of melting. vaperization, and ablation.
Higher power levels generally increase material remowval
efficiency. but excessive power may also cause vndesirable
effects such as surface damage, oxidation, or wocontrolled
heat-affected zones (HAZ).

Laser scanning speed: Denotes the velocity at which the
laser beam traverses across the material surface, commonly
measured in millimeters per second (mun's). Scanning speed
is crucial in determining the energy density delivered to a
specific location. Lower scanning speeds allow greater
energy accumulation and deeper ablation, whereas higher

speeds reduce the interaction time, leading to shallower
features but often better surface quality.

Laser frequency (or pulse repetition rate). Defines the
number of individual laser pulses emufted per second,
typically measured in kilohertz (kHz). This parameter
controls the pulse-to-pulse overlap duning processing,
thereby affecting the smoothness of the ablated features and
the efficiency of material removal. Athigher frequencies, the
overlap between consecutive pulses increases, which may
enhance uniformity but can alse intensify thermal
accummulation effects.

Nanosecond laser ablation is a highly dynamic process
involving complex interactions between mcident laser
pulses and materzal swfaces, primanly governed by
photothermal mechamsms. When a nanosecond laser pulse
urradiates a target surface, the mmcoming optical energy is
absorbed by the material and rapidly converted into heat,
leading to an intense temperature rise in the irradiated zone.
This rapid heating initiates melting, evaporation, and in
some cases explosive ejection of material, depending on the
thermal properties and laser parameters [30]. Owing to the
relatively long pulse duration of manosecond lasers (in
contrast to femtosecond or picosecond systems), a
considerable portion of the absorbed energy diffuses into the
surrounding bulk material. This results in the formation of a
relatively large heat-affected zone (HAZ) and often
introduces undesirable effects such as thermal damage.
microcracking, and surface oxidation [31].

In addition to sunple thermal conduction, other mechanisms
contribute to the material removal process. Plasma formation
above the nradiated surface and the resulting recoil pressure
exerted on the molten laver play a decisive role m driving
material ejection. These phenomena directly influence both
ablation efficiency and the resulting surface morphology.
making the process highly sensitive to variations in laser
settings and material properties. Consequently. the overall
ablation behavior depends strongly on parameters such as
laser power, wavelength, spot size. and pulse repetition rate,
as well as intrinsic material properties like thermal
conductivity, absorption coefficient. and melting point.

Another critical factor affecting nanosecond laser ablation is
the transverse electromagnetic (TEM) mode of the laser
beam, which dictates the spatial energy distribution within
the spot. For instance. in the case of the fundamental mode
(TEMu). the temperature distribution follows a Gaupssian
profile, as shown in Figure 3. This intensity distribution
concentrates the maximwm energy density at the beam
center, thereby creating steep thermal pradients and
promoting highly localized ablation. Such localized heating
strongly influences melting dynamics, vaporization
behavior, and the gecmetry of the ablated region, nltimately
shaping the quality and precision of the processed surface.
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Figure 3, Ganssian profile of the laser beam: 3D
representation of energy density distribution and (a), cross-
sectional views of the energy density (b) [32].

3. Resulis and Discussion

Dimples with a diameter of 200 pm were fabricated under
ten different laser power levels in order to systematically
evalunate the influence of laser energy input on feature
formation Following the texturing process, the fabricated
dimples were first examined using an optical microscope to
obtain an overall view of their geometry and vniformaty. The
correspondmg  optical images, which provide an initial
qualitative assessment of the dimple size and distribution,
are presented m Figure 4. To gain deeper msights into the
surface characteristics and fine morphological details. the
dimples were further analyzed using scanning electron
microscopy (SEM). The tesults of these examinations,
highlighting the observed changes in suiface morphology.,
texture quality, and potential thermal effects, are shown m
Figore 5.
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Figure 4. Optical microscope images of the dimples.

At the lowest applied power level of 5 W, only a barely
visible ablation region was detected on the specimen suiface,
which indicates that the interaction between the laser beam
and the material was extremely limited. At this power
sefting, the delivered energy was insufficient to reach the
thresheld required for significant material remowval, resulting
instead in a swface response that could be considered
negligible in terms of machining efficiency. When the laser

power was subsequently increased to 10 W and 15 W, faint
marks began to appear on the surface. However, detailed
examination revealed that these marks were not associated
with true material ablation but were rather the cutcome of
surface oxidation phenomena, which occuor when localized
heating canses a reaction between the heated substrate and
the surrounding atmosphere.
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Figure 5. Morphological features and their interpretation.

The presence of these cxidation-induced features is clearly
demonstrated i Figure 5, where distinet white marks can be
observed on the processed surface. These marks are further
analyzed in the SEM images presented in Figure 6. which
provide microstructoral evidence of the oxidation layer. As
can be seen from these high-resolution images. a thin surface
film has formed as a consequence of thermal exposure, yet
no evidence of dimple formation—a characteristic indicator
of laser-induced ablation—was detected. The absence of
such features confirms that, at these relatively low power
levels, the process did not impart sufficient energy to initiate
material ejection or melting, but instead led primarily to
superficial thermal modification. This observation
highlights the importance of carefully optimizing laser
power, since insufficient energy input may result in
unwanted oxidation rather than effective machining of the
substrate.

Within the applied power range of 5-15 W, the laser energy
was insufficient to generate well-formed dimples uwnder the
current set of processing parameters. At these levels, the
interaction between the beam and the substrate remained too
weak to induce stable ablation leading only to minor surface
modifications  without the development of distinet
microstiuctural features. When the laser power was
increased to 20 W, however, the onset of a shallow dimple
structure was observed, indicating that the energy input had
surpassed the minimmum threshold necessary to imitiate
controlled material removal. At 25 W, a clearly defined and
wniform dimple morphology was achieved, suggesting that
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this level of power represented the optimal condition for
producing stable and repeatable dimple features under the
given experimental configuration. Consequently, the range
of 2025 W can be identified as the most suitable window
for effective dimple formation.

White marks =

Figure 6. "311rface oxidation resulting ﬁom 10—15 W laser
texturing.

Within the applied power range of 5-15 W, the laser energy
was insufficient to generate well-formed dimples under the
cutrent set of processing parameters. At these levels, the
interaction between the beam and the substrate remained too
weak to induce stable ablation, leading only to minor surface
modifications  without the development of distinet
microstructural features. When the laser power was
increased to 20 W, however, the onset of a shallow dimple
structure was observed, indicating that the energy input had
surpassed the minimmm threshold necessary to initiate
contrelled material removal. At 25 W, a clearly defined and
vaiform dimple morphology was achieved, suggesting that
this level of power represented the coptimal condition for
producing stable and repeatable dimple features under the
given experimental configuration. Consequently, the range
of 2025 W can be identified as the most suitable window
for effective dimple formation

Further increases in laser power, however, led to progressive
deterioration of surface mtegnty. At 30 W, noticeable
surface degradation occurred, accompamied by distortion of
the dimple geometry, which compromised feature regularity
and consistency. When the power was raised to 35 W, the
initial onset of material redeposition became apparent, as
ejected molten particles resolidified on the surface. Between
40 W and 50 W, this effect intensified, resulting in a
substantial accumulation of debris and significant surface
damage that severely reduced the quality of the dimples.

Based on these observations. the threshold power for dimple
formation was determined to be 20 W, as thus represents the
minimum energy mput at which a discermible and stable
dimple structure first appears. Moreover, it was consistently

observed that increasing laser power not only affected
dumple shape but also expanded the suwrrounding heat-
affected zone (HAZ) and promoted greater accumulation of
residual material around the features. This correlation
between higher power input and enlarged HAZ is clearly
illustrated in Figure 7, where the extent of thermal influence
becomes progressively more pronounced as the power level
increases.

HAZ expansion in dimples created at 43 W (a)
and 50 W (b).

Figure 7.

4. Conclusion

Dimples were created on tungsten carbide—cobalt (WC—Co)
material uwsing a nanosecond Nd:YAG laser with a
wavelength of 1064 nm at ten different laser fluence and
laser power levels, and the resulting surface features were
examined using optical microscopy. The key findings are
summarized below.

Dimples were formed at laser power levels of 5 and 50 W
however, at 3 W, the dimples were barely distingunishable to
the naked eye At 10 and 15 W, the energy delivered to the
surface was insufficient for dimple formation and only
surface oxidation was observed. The most well-defined and
uniform dimples were obtained at fluence levels of 20 and
25 W. When the laser power increased to 30 W distortions
in dimple geometry and termal effects began to appear. At
35 W, initial signs of material accumulation were detected
on the surface. As the power exceeded 40 W, this
accumulation intensified, leading to the formation of a burn-
like layer. Additionally, the heat-affected zone, debris
formation. and material accumulation on the surface were
vispalized in a manner consistent with the temperature
distribution of the laser’s TEMpo mode.
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ANTIBACTERIAL CELLULOSE ACETATE/GELATIN NANOFIBERS
ENRICHED WITH HYPERICUM PERFORATUMESSENTIAL OIL

Aysen Akturk

stanbul Technical University, Faculty of Chemii& Metallurgical EngineeringChemicalE n g . Dep., 3
Turkiye
Keywords:ElectrospinningNanofiber Composite Essentiabil, Wound dressing

Abstract their functional properties. As a result, different type
electrospun nanofibrous scaffolds with a distinc
The development of electrospumanofibrous scaffolds architecture that resembles the extracellular
represents a promising material for wound healing becausemorphological structure and composites of m
they possess high porosity and adjustable fiber structure andiomaterials have been ddeped for a variety
mimic the extracellular matrix. In this study, nanocomposite applicationq1].
scaffolds were obtained by incorporatingypericum
perforatum essential oil(HPO), which is known for its Since infection is the most common complication tha
therapeutic potentiainto thecellulose acetate (CA)/gelatin  occur during wound healing, dressing systems cont:
(GT) chitosan electrospun nanofibers faound healing antiseptic agents are essential to delay or inhibit the g
applications.The effects of HPO concentrations between of microorganismg3]. For this reason, a wide range
10i 30 wt% on nanocompositearphological properties and  bioactive compounds with antimicrobial activities have
structural integrity and antibacterial performaneere incorporated into the structure of wound dressings to pr
evaluated.The SEM images showed that all nanofibers the penetration of bacteria into the wound and at the
maintained uniform structures with diameters between 1.44time promote the healing procefgg. It was demonstrat
and 2.16 em and achi eved hthatlessent@lrodss(EQs)y typicalyw extited froa bdiwers
which supports tissue regeneration. FTIR spectroscopyaromatic plants, possess inherent antibacterial, antifi
showed that HPO successfully incorporated ihéopolymer and insecticidal characteristics. EOs offer advantage:
matrix through specific absorption bands. The antibacterial other synthetic antimicrobial agents because they are \
tests showed that Escherichia coli and Staphylococcusavailable natural compounds with a low degree of tox
aureus growth was completely inliégdl when HPO loading  Moreover, they can be efficiently combined with polym
reached 20% and 30%his research demonstrates that matrices to form composite materials with excepti
CA/GT/HPO nanofibers show promise as wound dressingantimicrobial propertief3].
materials because they maintain structural stability while

providing bioactive properties. Gelatin (GT) serves as a popular wound dressing m:
because it possesses excellent biocompatibility togethe
1. Introduction nonimmunogenicity and biodegradability[5]. The

application of GT is restricted because it lacks st
Nanofiber and nanoscaffold dressings prepared with mechanical properties and has rapid degradation[6§
electrospinning have received considerable attention inThe electrospinability of GT also remains poor becau
various fields including regenerative medicine, tissue strong hydrogen bonding results in lgwality electrospt
engineering, biomedical applications, wound healing, and nanofibers. The combined use of GT with nature
controlled drug delivery because dfietr sophisticated  synthetic biopolymers improves its spinnability
physicochemical properties and complex architect{ftps enhanceghe mechanical, physicochemical, and biolog
Electrospun nanofibrous scaffolds possess uniqueproperties of electrospun nanofibdid. The interest i
characteristics such as a high surfaceato-volume ratio, cellulosederived fibers has increased significantly du
specific pore sizes, and particular fiber diameters that makerecent years because they offer low cost and light w
them ickal for tissue engineering applications. These properties together with easy processability and
characteristics enable them efficient in imitating the mechanical and barrier characteristics and recyclafpd]t
functions of the extracellular matrix (ECMR]. The The derivative cellulose acetate (CA) demonstrates eff
combination of nanofibers with other nanoparticles (NPs) processing capabilities to create membranes and film
and/or active biomaterials also enables the enhancement diibers from solution or melt statg§]. The drug retas
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regulation properties of CA nanofibers make them suitable 2.3 Morphological and chemical characterisation of th
for electrospun drug delivery systenj§]. From this nanofibers
perspective, several researchers developed different
composite structures for wound dressing applications by The fiber diameterand morphology of the nanocompo
electrospinning using the combination of CA and GT fibers were analyzed using Scanning Electron Micros
[5,6,9,10]. (SEM). A FEI Quanta 250 FEG microscope was
operating in high vacuum mode with an acceleration vc
Along with the structural requirements, a functional wound set at 20 kV. A thin coating of gelghlladium was ackvec
dressing should contain an active ingredient to eitherusing the Quorum SC7620. SEM images were ang
improve the healing process or even offers the antibacterialusing ImageJ to calculate fiber diameter distribution. Su
characteristics. Different kinds of chemical, biological, and porosity and pore size of nanocomposites were deter
natural componentshave used to provide biological by using their gray scale SEM images by setting a thre
functions to the dressingfd]. Hypericum perforatum  value in ImageJ. The ratio of dark pixels to total pixels
essential oil (HPO,St. John's wo)t is known for its then calculated to measure the surface porosity. To fir
antimicrobial and therapeutic activities. It was reported that pore size, an elliptical was fitted into the pores, and the
its phytoconstituents enhance collagen depositiorredse sizes of 30 pores were takarto account12, 13]. FTIR
inflammation, and modulate the immune response, thereby(Jasco FT/IR 4700, 400800 cm') was used to identify a
accelerating the wound healing procgs. confirm the presence of specific functional groups withi
nanofibers.
The present study focuses on the development of
nanocomposites by employing electrospinning method to
combine cellulose/acetate polymer blend ailO. The 2.4 Antibacterial activiy of the nanofibers
effects of HPO incorporation on the morphological,
structural, and antimicrobial, properties of the The optical density (OD) method was used to measu
nanocomposites were investigated. It was demonstrated thaantibacterial activity of nanofibers against Grapgativi
the fibrous composite scaffolds produced in this study Escherichia coli ATCC 25%®and Staphylococcus aurt
effectively inhibited the growth of both. coliandS. aureus ATCC 25922 Ten microliters of a bacterial solution (:
As a resultit can be said that the combination of the CA/GT CFU/mL) and 50ng of nanofiber samples were mixed
polymer matrix wih HPO could have potential for the 10 mL of fresh Luria Ber

biomedical applications with agitation at 100 rpm. After incubation, a Us
spectrophotometer (BioTek Technologies, Winooski,

2. Experimental Procedure USA) was used to evaluate the suspension's omt@aity
at 600nm.

2.1.Materials

Cellulose acetate (CA, Mn = 30,000, Sigma Aldrich), bovine 3. Results and Discussion

gelatin (GT, 220 Bloom Alfasol), 1,1,1,3,31@xafluore2-

propanol (HFI P, purity 099, SBkmigograph wereduse eralpateghe morghelagy
John's wort essential oil (Florame) were used to preparethe CA/GT and HPO loaded CA/GT nanofibers (Figur

electrospun nanocompess. The nanofibers displayed uniform morphology together
a smooth surface angborous structure.The averac
2.2. Electrospinning diameters ofCA/GT, CA/IGT/HPO1Q CA/GT/HPO20anc

CA/GT/HPO30PCL/GT/FLA40 nanofibers were measuee
CA and GT with a weight ratiof 3:4 was dissolvedinHFIP 1. 69 N 1. 05, 1.94 1MAND. &r@
to obtain a final polymer concentration of 14% w/v. HPO respectively. The morphological characteristics
was added to the polymer solutions at weight ratios of 10,electrospun fibers play a crucial role in determining
20, and 30% w/v with respect to the total polymer amount. behavior It is known that maller fiber diameters, such
Electrospinning was performed in a single nozzle gsetu 700 nm, promote a more dispersed and elon
(Nanospinner 24 Touch, Inovenso Caipder ambient  morphology in human skinliroblastswhich can enhan
conditions The applied voltage, tifp-collector distance,  cell migration. HoweverGao et al. found thathile smalle
and flow ratewere 20 kV, 130 mm, and 3 mLtth fibers support cell morphology, larger fibers (3000
respectively. The obtained nanofiber membranes were actually exhibit a higher migration speed and effe
named as CA/GT, CA/GT/HPO10, CA/GT/HPO/20, and migration rate due to their reduced specific surface are

CA/GT/HPO30, based on HPO concentration. lower adhesion protein adsorption. Thus, the relatio
between foer diameter and cell migration is complex, | | I
larger diameters showing enhanced migration capak
[14]. Moreower, the porosity and pore size of electrospu I a
‘O
<
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nanofibers play a significant role in scaffold designs and Pore diameters of-22 e m ar e i deal
long-term success of biomaterials. The range é0960% is promoting cell migration, nutrient transport, E!
recognized as the appropriate porosity for cell proliferation deposition, and skin structure organization [15].
[13]. Surface porosity percentages ofCA/GT,
CA/GT/HPO1Q CA/GTHPO20 and CA/GTHPO The FTIR spectra ofCA/GT and HPO loaded CA/C
nanofibers were calculated as B3%, 84.86 %, 8417 %, nanocompositeere obtained and the spectrums giker
and 8.06 %, respectively, showing that the nanofibers are in Figure 2 It can be said that the peak4 @41, 1625 1545
highly porous and acceptable for tissue engineering137Q 1194, 1054and 899 cn! belongto both of thes
applications. The pore sizes @A/GT, CA/GT/HPOD, polymers CA indicated the characteristic bands attribut
CA/GT/HPO20andCA/GTMHPO nanofibers were foundas t he acetate group. The s
5.36N4.51, 4.94N1.4Q 5.01N1.54 and5.67N1.71¢ m,  stretching) at 1741 ¢rh methyl bending at 1370 ém(Ci
respectively. CHa3 stretching), the alkoxyl stretch of the ester at 119
7 5 S 1 (Ci Oi C antisymmetric stretching ester grpugnd the C
SEM Tmoge Alber Dameter Disglburlon O functional group in the absorption region of 10541
were observed for the CA electrospun nanofipeés On
the other hand, the pesafit 1625 (amide l)and 1545cn?
(amide 1) showingstretcling vibrations of the €O bonc
and the bending of thei bond and the stretching of
Ci'N bond, respectivelyxonfirmed the presence GfT in the
sample 17]. All membranes exhibited the characteri
peaks of polymersOnly with the addition ofHPQ, the
% intensity of thepeaks at 2950 and 2857 ¢increased whic
are GH stretching bands specific to HPQS§]. In this
context,it can be concluded that HPO is integrated int
16 structure.

Fiber Diameter (um)

lcasaT oF Il

N \fw“f\f‘\f\
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Figure 2. FTIR analysis of CA/GT and HPO loaded
CA/GT nanofibers

Frequency (%)

(=T -]

lﬁbe,zDimieter ?um)) Nanocompositesraimicrobial efficacy against two bacte
was evaluated byOD method and percent bacteris
inhibitionsareshownFigure 3 It wasobserved that theea
CA/GT membrane has an effect on both bacteFiae
antibacterial effect observed tinis membranesuggests th
HFIP, used as a polymer solvent during the electrospi
process, was not completely removed from the mem
structure Moreover, it can be seen ththe addition of HP
has a positive effect on the antimicrobial activity
membranes CA/GT/HPO20 and CA/GT/30 composi
showed complete antimicrobial activitpgainst bott
bacteria. CA/GT/HPO10 composite was more efie
againstS. aureusthan E. coli. It was reported thaHPO
demonstrates superior effectiveness agajnain-positive
bacteria than againgframnegative bacteriaThe oute
membrane ofram-negative bacteria contains

[ w
(=) o

—
(=]

Frequency (%)

0%

i T2 73
Fiber Diameter (um)
Figure 1. SEM imagesndfiber distributions of CA/GT

(a), CA/IGT/HPO10 (b), CA/IGT/HPO20 (c), and
CA/GT/HPO30 nanofibers
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lipopolysaccharides which prevent antibacterial agents from[6]
entering Additionally, HPO components hypericin and
hyperforin show better binding properties to peptidoglycan
layers thus enabling better penetration aaiivity [18].

120

00 | ™ E. coli [7]
20 W 5. qureus
60
20
0

CA/GT CA/GT/HPO10  CA/GT/HPO20  CA/GT/HPO30

Figure 3. Antibacterial activity oHPO loaded CA/GT
membraneggainstE. coliandS. aureus

Bacterial inhibition (%)

E)

4, Conclusion

This researchnvolved on the fabricatioaf cellulose acetate
(CA)/gelatin (GT) nanofibers with Hypericum perforatum [10]
essential oil (HPO) through electrospinning for wound
dressing application§he composite membranes displayed
smooth and porous structures which had suitable surfacd11]
porosity and appropriate pore dimensions that supported cell
attachment and proliferation. FTIR analysis confirmed HPO
addition which strengthened the antibacteri@perties of

the nanofibers especially against S. aureus. The

CA/GT/HPO20 and CA/GT/HPO30 samples showed [12] L. GhasemiMo b ar ak e h,

complete bacterial inhibition because HPO displayed
powerful antimicrobial activity. The combination of

biocompatible polymers with natural bioactive oil presents a
promising approach to develop advanced wound dressings.

[13]M. R.
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Abstract engineemg via electrospinningMuscle tissues are requil
to respond to electrical signalsr proper functioning ¢
In the present study, thermoplastic polyurethane (TPU) cellular signaling in the human bodwd this necessitates
nanocomposite structuresntaining copper nanoparticle use of conductive biomaterial in muscle tissue engine
(CuNPB and multiwalled carbon nanotube (MWCNWere [1]. Through the electrospinning technique, a nanc
fabricated by using electrospinning method for skeletal membrane was successfully fabricated using a po
muscle tissuengineering TPU was used as the polymeric matrix combined with the selected reinforceme@atbotr
structure due to high mechanical strength. The enhancementanotubes are condixe materials and their incorporat
in angiogenic properties and facilitation of cell signaling in into electrospinning solution enables fabricatioof
muscle cells were aimedith the incorporations of CUNP  conductive nanofiber scaffold][ Copper nanoparticl
and MWCNT into nanocomposite structure, respectively. possess inherent antibacterial and antimicrobial props
The characterization studies, including scanning electron making them particularly advantageous in muscle t
microscope (SEM), Fourigransform infrared (FTIR), X engineering applications where infection risk is a cor
Ray Diffractometer (XRD) and ion release, demonstrated [3]. The combination of TPU, CuNP and MWCNTSs in
fabrication of nanofiber composite structures integrated with electrospun nanofibers offers a promising approac
CuNPs and MWCNTSAntibacterial activity was increased developing advanced materials with tailored propertie
againstS. aureusand hermogravimetric analysis (TGA) tissue engineering applications. The det:
pointed out a slightlevationin thermal stability due to  characterization and testing methodologies enge
MWCNT and CuNP additionsAlthough the 1% CuNP provide valuablénsights into thanorphological structural
incorporated TPU/MWCNT nanocomposite exhibited antimicrobial, and release properties of the nanocom|
enhanced properties mpared with the other samples, material, which are essential considerations for its pot
further investigations will be conducted to optimize copper use intissueengineeringapplications
and MWCNT concentrations that may establish them as
promising candidates for skeletal muscle tissue engineering2. Experimental Procedure
applications

2.1. Fabrication of MWCNT/TPU/CuNP electrospun
1. Introduction scaffolds
In recent yearselectrospun scaffolds have been used TPU-based nanocomposites werdabricated by using
effectively in tissue engineering applications. Electrospun MWCNTSs in various ratiosSMWCNT was added to th
polymeric micro/nanofiber scaffolds can incorporate various dimethyl formamide (DMF)/tetrahydrofuran (THF) (60
therapeutic additives into both synthetic and natural polymerv/v) solution at 0.5%, 1%, 2%, 3%, 5% and 10% w/w o

structures, enabling the release bége additives for a
variety of applicationsDue to its excellent mechanical
properties and good biocompatibility synthetic
thermoplastic polyuretharf@PU)is widely used in a variety
of biomedical applicationscluding skeletal muscléssue

TPU in the polymer solutionTPU polymer solution wi
added to this solution at 8% w/vSubsequent

determination obptimum conditiondMWCNT ratio), the
addition of CuNP into polymer solutionwas performer
CuNP addition wasperformedat 1% and 5%of polymel
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content to the 3% MWCNT-doped TPU polymer polymer jet, resulting in easier fiber formation due tc
composition. The synthesis oMWCNT and CuNP are fibers being more easily stretched and elongated. Hov
described in the previous studi¢4-5]. These polymer  when the MWCNT content is 5%, the fiber diam
solutions were taken into Bl syringes and membrane increases due to deterioration of nanofiber morpha
fabricaton was carried out by electrospinningevice When MWCNTswere added above 3%, electrospint
(Nanospinner 24 Touch, Inovensa) 23 kV voltage, 1.5 becomes more difficult due to the increase in viscosity

ml/h flow rate and 160 mm tipollector distance. polymersolution, and a uniform nanofiber structure ca
be achieved. Based on the higiagnification SEM imag:
2.2. Characterization studies of a nanofiber containing 3% MWCNT (Figure 2),

surface of the nanofibergas coated with uniformly plac
The obtaied nanofiber composites were characterized by MWCNTSs. Therefore, it was decided to continue the ¢
using various analysidhe fiber morphology was analyzed with samples containing 3% MWCN’
using a scanning electron microscope (SEM, Quanta FEGMWCNT/TPU/CuNP nanocomposite  structures \
250), and ImageJ software was used to measure fibewbtained by adding 1% and 5% CuNPs to the 3% MW«
diameters.The functional groups of the nanofibers were added sample. Based on previous priglary studies, it w:
investigated by Fourigransform infrared (FTIRPerkin decided to use 1% and 5% CuNPs as two diff
Elmer, Spectrum 1Q0spectroscopy.The characteristic  concentrations for electrospinning nanofibibricetion.
phases and crystallinity of nanofibers were examined usingThe meandiametes for the sample containing 1% and
X-Ray Diffractometer (XRD, Panalytical Xpert Pro). CuNP were determined a®25 and 193 nmrespectively
Analyses were conductetho s ampl es at 2d The hgdase iCuNPedntet @edreased the fiber diam
1 0A a T@A aBalyges were performed to determine the resulting in a more porous structure. It is thought the
thermal properties of polymier nanofber membranes reason for the decreaisefiber diameter is that CuNRith &
containing MWCNT and CuNPTGA analyses were conductive structure, such as MWCNT, enable the fib
performed between 30 and 6 &tén@ndelsngafegnor@easliyhA | nst r ume
SDT Q600 Model instrument at a heating rate of 10A
under a nitrogen atmospherd.o investigate copper ion ' =2950m || b (@ Mean D= 554 nm || ¢ B Mean D =396 nm |
release, samples were placed in phosphate buffer salin \' > :;"ﬁk =y ‘:1
(PBS 7.4) for 2, 4, 6, and finally 24 hours in a shaking water ||} N | 4 : XA
bath at 37AC. The amount o@%
PBS after this period was measured using Inductively
Coupled Plasm#lass Spectrometry (IGMS, Perkin
Elmer Optima 2100 DV)The antibacterial activities of the

e

| d /‘, Mean D = 399 nm |

nanofiber membranes agairStaphylococcus aureusnd D% UL
Escherichia colwere quantitatively analyzed using the OD X7 f“?
techniqug6]. L /;

GEHN

3. Results and Discussion

The membrane morphology did not change significantly | ]
with the addition of different amounts of MWCNTS to the
TPU polymer(Figure I-d). SEM images shoed that the
nanofibers were homogeneously distributed, and no-bead
like structures formed on thégrs.It was observed from the
SEM micrographshat the nanofibers were homogeneously . :
distributed in tle sample prepared with 3% MWCNgut as Figure 1. SEM imagesand mean fiber diameteo$ TPU
the  MWCNT content increased, the fiber structure Bjank(a), TPU/%0.5MWCNT (b), TPU/%1MWCNT (c),

deteriorated, and beditte structures formed on the fibers TPU/%2MWCNT (d), TPU/%3MWCNT (e),
(Figure 1eg). Additionally, MWCNTswere detecte on the TPU/%5MWCNT (f), TPU/%10MWCNT (g),
fiber surfaces of the sample prepared with 3% MWCNT. The TPU/%3MWCNT/%1CuNRh), and
meandiameters of the nanofibers were determined using TPU/%3MWCNT/%5CUNKi)

ImageJ software using SEM images and resultse
p_resented on _each_ related Images (F_|gur§' te. na_n_oflber Comparative FTIR analysis results of thbtaired TPL
diameters initially increased slightlyith the addition of Blank, TPU/MWCNT, TPU/MWCNT/1%CuNP, &

0.5% MWCNT, but as the amount of MWCNihcreased,  TPU/MWCNT/5%CUNP nanofibers wegivenin Figure 3
the nanofiber diameters began to decrease. The decrease ifthe characteristic peaks of TPU show the NH stret

nanofiber diameter is thought to be due to the conductiveyibration at 331%m?, the C=0 stretching at 173812, the
properties of MWCNT increasing the charge density on the c-N stretching and N-H bending at 1529 cmr?, the
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Figure 2. SEM images of nanofibsrontaining 3%
MWCNT at high-magnificationof 2500 x (a), 10 000 x (b),
40 000 x (c) and 80 000 x (d)

asymmetric @0-C stretching at 1102n71. The absorption
peaks observed at the wavelength of 3848 indicate the

-OH functional group present in MWCNT. Similarly, the

absorption peaks observed at 34%i#! correspond to the
-NH functional group present in TPRUlntermolecular
hydrogen bonding betweerOH and -NH groups in
MWCNT/TPU composite films leads to etching vibration

4000
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TPU Blank — TPUSIMWONT TPUASIMWONT ] CulP TPUMGIMWCNT %3CuNP

Figure 4. XRD analysis offPU Blank TPU/%3MWCNT,
TPU/%3MWCNT/%1CuNPand
TPU/%3MWCNT/%5CuUNP

E. coli and S. aureus the most widely researched mc
microorganisre for biological materialsg], were used fc
the antibacterial analysigFigure 5) When comparir
samples with TPU and TPU/MWCNT nanofiber structt
the antibacterial activity increased agaistaureusbut nc
inhibition was obtained for E. coli However, whe
comparing samplesith the CuNP, the incorporation of t
nanoparticle into thecomposite structure demonst
antibacterial activity against both bacterial species. St
examining the effectiveness of CutdBded samples agai
E. coliand S. aureusshowed that the samples were n
effective agains8. aureusiue to the different compositi
of the cell wall structures of these bacteria.

&~ -
7.
L

absorption FTIR analysis results indicatéhat MWCNTSs
were successfully incorporated into the polymer matrix. 50

40 BE. coli BS. aureus

TPUAIMWCNT#4SCUNP

TPUAGIMWCNT 4 ICuNP

TPUASIMWCNT

TPU BLANK

: '
0
50,00 ‘6\“&(‘\{'

N\ e
Figure 3. FTIR analysis off PU Blank TPU/%3MWCNT, N N\
TPU/%3MWCNT/%1CuNPand Figure 5. Antibacterial activity analysis ofPU Blank
TPU/%3MWCNT/%5CUNP TPU/%3MWCNT, TPU/%3MWCNT/%1CuNPand
TPU/%3MWCNT/%5CuNP
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XRD analysis was performed for TPU Blank,
TPU/3%MWCNT, TPU/3%MWCNT/1%uNP, and TGA analysis was performed on TPU blank, TPU/MWC
TPU/3%MWCNT/5%CUNP (Figured). The carbon peak TPU/MWCNT/1%CuNP, and TPU/MWCNT/5%Cul
can beseen irFigure 4 It was observed that the carbon and nanofiber membranes. An examination of all curves i
copper peaks increasith increasing copper conters TGA graph(Figure 6)revealedhat the nanofibers exhibit
can be seen in the comparative XRD patterns of all samples@ weight loss of approximately 5% in the temperature |
carbon and copper peaks are visibldmgraphs. This result  of 30-3 0 0 Al weight loss in this region walue to th
showed that the copper nanoparticles were successfully removal of physically adsorbed water molecules. The
incorporated into the structure. curves of the samples indicdtea weight loss behavi
corresponding to the disruption of the polymer cf
bet ween 300 and 450AC
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When the DTG resultwere compared with the DTG curves characterization of the prepared nanocomposite meml
of pure TPU, the results for both TPUMWCNT and was investigatedby using SEM, FTIR, XRD TG/
TPU/MWCNT/CuNP showd a decrease in the thermal antibacterial and ion release tests. The op
degradation rate and increased stability. Thus, it wasnanocomposite scaffold sample was determined to k
concluded that the addition of CuNP and MWCNT slightly MWCNT. Fiber diameter and morphology changed witl
increased the thermal stability of the TPU nanofiber addition of MWCNT and CuNP. FTIR graphs pointed

structure. successful incorporation of MWCNTS into the TPU witt
altering the chemical structure of the polyméRD analysi
100 ————_ indicated theCuNPs integration into the nanocompc
X ‘ structure. It was observedhat the incorporated Cul
E imparted antibacterial properties to the nanocomg
250 samples. Copper ion release tests akseeakd that the
§ copper concentration was below tleic level that woulc
 IPUBluk kill muscle cells. TGA and DTG results determined tha
0 | —— TPURIMWCNT/ICUNP S addition of MWCNTs and CuNPs increased the the
——— TPU/%3MWCNT/%5CuNP stability of the nanocomposite samplédthough the 1%
2.0; ——— TPUP3MWCNT CuNPadded TPU/MWCNT nanocomposite samgtiewe!
—_ / better properties than those of the samples based
g | obtained results, further analyses will benducted t
< 1.0 investigate the different concentrations of copper
ol }\ MWCNT that may render them potential candidatiex
S . ) skeletalmuscletissueapplications.
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Figure 7. Copper ion releasanalysis results
4. Conclusion
In this study, a electrospun nanocomposite scaffold was
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holding a potential as skeletal muscle tissue material. The
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EXTRACTION OF CELLULOSE FROM AGRICULTURAL WASTES FOR
APPLICATION IN BIOMATERIAL -BASED FORMULATIONS

Sila Kilic Cevirgel? Ebru Turkoz Aca?, Gultekin Gdler® A

! Istanbul Technical University, Faculty of Chemistry & Metallurgy, Metallurgical and Materials Eng. Dep., 344t
Kst anbiyel , Tur k

2YeditepeUniversity, Faculty of Pharmacy, Department of Pharmaceutical Analytical Chemistry, 34755 Ata
Istanbul, Turkey.

Keywords:Biomaterials,Cellulose, Extraction, Agricultural waste.

Abstract Plant cell walls are mainly composed of cellul
hemicellulose, and lignin. While cellulose is
The demand for biocompatible, biodegradable, and predominant fraction, hemicellulose consists
economically sustainable raw materials has been steadilyheterogeneous polysaccharides with various sugar uni
increasing for pharmaceutical formulations. Among these lignin is a crosdinked phenolic polymer thatontributes t
materials, cellulose, which is a naturally occurring rigidity and hydrophobicity3].
polysaccharide, is a striking candidateedto its wide
availability and physicochemical properties. In this study, As a semicrystalline polymer, cellulose contains &
cellulose was extracted from agricultural wastes of wheatamorphous and crystalline domains, with their ratio va
and corn, and its potential application in ptaased according to plant species, geographical origin, and a|
biomaterial formulations was investigated. Extraction extraction methods. For instance, hardwoods typi
experiments imolving alkali treatment, bleaching, and acid contain 4050% cellulose softwoods about 4@5%, an
hydrolysis were performed in each experimental group by cotton up to 90%3]. Agricultural residues such as ¢
modifying a single parameter, such as solution concentrationhusks and wheat straw also exhibit relatively high cell
or temperature, in order to assess its specific impact on thecontents (3645%), together with hemicellulose, lignin,
quality of cellulose extractionThe extracted cellulose minor organic constituents, thereby representirsgasnabl
samples were characterized using Fourier Transformand costeffective sources for highuality cellulos
Infrared SpectroscopfFTIR) and Xray Diffraction (XRD) biopolymer productiofil,4].
to assess their chemical and structural properties. Optimal
extraction conditions were identified, and the applicability Cellulose extraction typically involves three main st
of the extracted cellulose in the development of alkali treatment, bleaching, and acid hydrolysis. A
pharmaceutical biomaterials was evaluated based on thereatment with sodium hydroxide removes hemicellt

characterization results. and part of the lignin, isolating cellulose. Bleaching ful
enhances purity and whkitess by eliminating residi
1. Introduction lignin, hemicellulose, pectins, and waxes; this step is

repeated to optimize quality. Finally, acid hydrol
Cellulose is the most abundant biopolymer in nature andselectively cleaves amorphous regions, yielding cell
represents the primary structural component of plant cellnanocrystals (CNCs) with high crystallinity, sur
walls, providing mechanical strength and stability hydroxyl enrichment, and nanoscale dimensions. ¢
(Gbenebor et al., 2023). Structurally, it is a linear exhibit exceptional mechanical strength, biodegradal
homopol ymer -¢& MfngedBglucasdunifs and dispersibility, making them valuable for advai

with the general for muicha (dplicdfions Sich as -drug TdBlifery, hin8corlpsites
backbone facilitates extensive intrand intermolecular  systainable packagirg].

hydrogen bonding, resulting in insolubility in water, a

fibrous morphology, and high tensile strength. These |n this study, cellulose was extracted from wheat and
characteristics @ake cellulose highly attractive for agricultural residues using this multistep process, ar
applications in composites, biofilms, coatings, and yesulting samples were characterized to assess their pc
biomedical deviceflL,2]. as sustainable biomaterials.
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2. Experimental Procedure defined temperature and duration of reaction tha
indicated in Tablel. The mixture was allowed to cool ¢
The corn husk and wheat straw weeed as agravastesn filtered using excess distilled water. For EXBnd EXR

extraction processeand they wereobtained from local experiment seighis process was repeatedunderstand tt
mar ket ( Eski Bodibm mydroxide aCe y ) effect ofstep repttion.
hydrogen peroxideH>O,) andhydrogen chloric acidHCI)
were purchased frorverck, Turkey.All other chemicals  2.3. Acid hydrolysis (d )
were of analytical reagent grade and usedrexeived,
without further purification. During the fltration and The acid hydrolysis treatment was conducted after
neutralization process distilled watemwasused. treatment and bleaching process using hydrogen chlori

(HCIl) concentration 10% w/v and indicated reactior
Cellulose extraction has three main parts as alkali treatmenttemperaturewith a range of reaction time (60 and
bleaching, and acid hydrolysi$he corn husks and wheat minutes) under continuous stirring. The ratio of the obt:
straws were used in the extraction processes to get celluloseellulose to liquor washanged according to Table The
There are six experiment sets for waste type and each setydrolyzed material was washed with distilled wate
which have different experiment parameters (Table 1). remove solvents residues till neutralization.
EXP1 and EXB are reference experiments for wheat and
corn respectively. Based on these reference sets, one of thall extracted celluloses were grinded by homogenizith
parameters was changed in other sets and this set wa20.000rpm and dried under the vacuum obtain micr
compared with reference set to observe effecmmmeter crystalline cellulose (MCO).
changing.

2.4. Characterization

Table 1. Parametersf experiment sets.

_ Fourier Transformation Infrared Radiation(FTIR)
g | ey Changing ~ .
§§ cogés Exp. U C d Untreated, alkaltreated, bleached, and atigdrolyzec
5 Parameter corn husk and wheat samples were analy#édure la
< using a Perkin Elmer Fourier Transform Infrare
80 C, 70C, 60 C, spectrometer within the wavelength range of 4@00
EXP1 Z:f‘;’fm“gﬁt (;ﬁ?)' (é'%fr’)v (11%?)' ¢ m The.analysis was performed using the Attenuated
P 2% wiv | 8% wiv | 10% wiv Reflectance (ATR) probeThe obtained spectra wi
70 C, considered reliable for identifying characteridtinctiona
= EXP2 | Bleaching ) (1:10), ) roups of the extracted materials.
5 group
@ repetation 3h,
= %8 wiv . .
EXP3 | I/s ratio from 1:20 1:20 1:20 X-Ray Diffraction (XRD)
1:10to 1:20 ) ) )
EXP4 | ooactiontimel 3 hr 4 hr > hr Thg crystalljnjty of extract.ed celluloses was analy;ed [
i a Rigaku Miniflex XRay Diffractometer equipped with M
EXPS5 zﬁgggure 100c° | 90C° 100C° filtered CuK radiation in the stegcan mode with ad
U Alkali treatment G Bleaching d: Acid hydrolysis angle ranging from 10 to
resolution of oltaQe?aAd. curréri we
2.1.Alkali treatment (U) 30 kV and 15 mA, respectively. The crystallinity index

calculated5] with Eq. (1)
The corn husk and wheat straw were washed with distilled
water and dried at room temperature for 24 hours. After Cr =
washing and dryingorocesseswastes were ground and
sieved with grinder and stored at room temperature. Therpe xrp analysis further elucidated the crystalline stru
groundwastesweretreated with 4%w/v sodium hydroxide of the nanocellulose. Prominedti f f r acti o
(NaOH) alkali solution at defined temperature and duration val ues of 16A 292 A and
of reaction that are indicated in TallleThe solid was then | 4 Crystallinity Index (Crl) ’calculated ’using the St
filtered and washed several times in distilled water till the methodby Eq 1. '
pH of filtrate was be neutralized.

002 @4

@)

Where Cr is the crystallinity indexggbis the maximur
intensity of the diffraction from th@02 plane, anduh is the

. . . intensity of scattered by the amorphous part of the san
Following alkali treatment, the bleaching treatment was

carried out using % w/v hydrogen peroxidgH-0,) at

2.2. Bleaching(Q)
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3. Results and Discussion . T

Spectroscopic analysis
Structural analyses were performed using FTIR . =
spectroscopy, with particular attention to lignin removal,
cellulose purification, and crystallinity. T
Figure 1. FTIR spectrum ohanocellulose iEXP 8(a),
When standard conditions were appl{&KP1 and EXPG) Comparisionof FTIR spectrums of each extraction ster
the FTIR spectra displayed persistent aromatic peaks at EXP8(b).
~1619 cm T, indicating i ncompl et e delignification
limited cellulose purity. This observation demonstrates that Overall, the results demonstrate that repeated blea
conventional processing is insufficient for achieving high higher reagent volumes, extended reaction times,
quality cellulose, regdiess of the agricultural source. elevated temperatures all contributed positively to cell
purification, albeit with varying degrees of effectiven
The introduction of a second bleaching s(&XP 2 and Among these, prolongedurations and high temperatt.
EXP7) substantially improved structural purification. The produced the most crystalline cellulose, whereas blee
suppression of aromatic C=C bands, accompanied by theepetition and reagent volume adjustments pro
emergence o-fjl ywc asiisdiicn cp e abk pragtical and €@able improvements. The suppressi
confirmed more effective lignin removal. This result aromatic C=C (~160 6 50 cm T ) , ™H
highlights that repeated oxidative treamhfacilitates higher ~ stretchiyp ( ~3300 c¢cm 1) , eglycdsidi'r
cellulose puritywithout altering other parameters, offeringa CiOiC signals (10508 00 c¢cm T ) wer €
straightforward strategy for process improvement. indicators of successful cellulose purificatiffigure 1b).
These findings underline the necessity of parar
Increasing the reagent volur(EXP3 and EXP8)achieved optimization to obtain higipurity cellulose suitable f
by adjusting the S/L ratio from 1:10 to 1:20 while pharmaceutical biomaterial applications.
maintaining constant concentrations, enhanced the
efficiency of extraction. FTIR spectra revealed weaker X-Ray Diffraction (XRD)
aromatic signals and more symmetricHCand G O bands,
suggesting improved reagent difims and more effective  Figure 2a presentsthe XRD patterns ofintreated wasj
interaction with the biomass. This finding emphasizes the alkali-treated, bleached, aelydrolyzed samples, a
importance of sufficient reagent accessibility to the substratenanocellulose.The XRD patterns of the samples w
and suggests scalability of the method for larger productionanal yzed wusing the Xo0Per
volumes. evaluation of diffraction peaks and crystallinity parame
The diffraction data were compared with the stan
Extending the reaction times ektractionsteps(EXP4 and reference from the JCPDS databased the result
EXP9) further contributed to cellulose quality. Prolonged confirmed that the diffraction peaks of the sample ma
treatments resulted in the complete disappearance othe characteristic JCPDS card numi§@€PDS: 00050
aromatic signals and significant intensification of the 22417) of cellulose, thereby verifying its crystalline struct
glycosidic QOiC region (10509 0 0 cm 7). Thethasacteristic diffrac
observations indicate that longer durationsowallmore 22A, and 35A correspond
thorough removal of lignin and hemicellulose, while cellulose I, confirming that the extracted nanocellt
simultaneously exposing crystalline cellulose domains. retained its crystalline structure. The crystallinity ir
However, extended times may increase energy consumption(Crl%) of each sample was calated using the Se
which should be coiidered in largescale applications. method,and thebestresultwas giverin Table2.

Elevated processing temperatur@@XP5 and EXP10)  Atthe baseline conditio(&XP 1 and EXPgwhere a sing
proved to be the most effective parameter in promoting rapidbleaching step was applied, the Crl values were rela
delignification and cryst alldwi This butcomeTdengoastrates that limited r&nfod
and 90 AC (bl eaching) r esulighirahd hemicetumseprbne the amerphoys megis!
aromatic peaks and pronounced intensification of crystallineinsufficient to enhance crystallinity, and highlights
cellulose bads, indicating accelerated structural ordering inadequacy ba single bleaching treatment for comp
within shorter durations. Nevertheless, discoloration of purification.
sampl es during subsequent acid hydrol ysis at 100
suggested partial thermal degradation. When bleaching was applied twi¢EXP2 and EXP7)e
pronounced increase in crystallinity was observed.
additional oxidative step facilitated more effective remc
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of residual lignin and hemicellulose, enabling the prolonged durations or elevated thermal treatm
rearrangement of crystalline domains and producing sharpelConsistency between FTIR and XRD reshl®ippressic
diffraction peaks. This finding indicates that repeated of aromatic C=C (~160d 6 50 c¢cm T ), 1iH
bleaching not only improves delignification but also st r et ching (~3300 c mglytopidic
contributes significantly to preseng the structural integrity  Ci Oi C vibrations (1050900 en d gonfirms that thes
of cellulose. optimized conditions produce highurity, crystalline
cellulose suitable for advanced biomaterial application:
Adjusting the solieto-liquid ratio from 1:10 to 1:2QEXP3
and EXP8) while keeping reagent concentrations constant, 4. Conclusion
also improved the Crl values. The increased liquid volume
enhanced reagent diffusion and accessibility, therebyThis work confirmed that cellulose can be extracted
promoting more uniform interaction with the lignocellulosic comparable success from both corn husk and wheat
matrix. As a result, cellulose cingi were more effectively  when appropriate processing conditions are applied.
purified, and crystalline domains were better preserved. Thisanalyses demonstrated that sirgflep treatments we
highlights the importance of optimizing reagent accessibility insufficient for either sourcewhile repeated bleachi
for scalable and efficient cellulosgteaction. cycles and higher solitb-liquid ratios consistent
improved cellulose purity in both cases. These modifice
provided effective and scalable improvements wit

Table 2. Crystallinity Index (Crl %)Values of EXP 8.
U c

EXp. Raw G d Micro introducing additional complexity.
Codes | waste repetition cellulose
EXP8 | 78,66 | 79,49 | 83,74 83,75 | 90,00

Similarly, extended treatment times and elev

. . . temperatures enhanced crystallinity for both eoamc
In contrast, extending the reaction duratigEXP4 and \ heaiderived cellulose, indicating that parameter che

EXP9) did not yield further improvement in crystgllinity. _exert parallel effects regardless of biomass type. How
Instead, prolonged exposure to alkali and bleaching mediaese conditions also carried wtzacks, including increas
led to relatively lower Crl values, suggesting partial energy consumption and partial thermal degradation.

depolymerization or degrao_lation of cellulose chains. \;hije high temperatures and prolonged durations impi
Although FTIR spectra confirmed enhadcremoval of ordering, repeated bleaching and optimized re:

lignin and hgmlcellulose, the decline in crystallinity |mplles accessibility represent more sustainable strategies, €
that excessively long treatments may compromise the tactive for both agricultural residues.
structural order of cellulose.

- . References
Similarly, processing at elevated temperatures accelerated
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step for EXP8 (a)XRD patternof EXP 8 (b)
Overall, the highest Crlvalues were obtained under (51
conditions involving repeated bleaching and increased
reagent volume. These results demonstrate that optimization
of bleaching frequency and liqutd-solid ratio plays a more
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Abstract

In this study, the potential use of abundantly available palm
tree fibers as natural reinforcement in polyurethane-based
polymer matrix composites was investigated. The primary
objective is to develop environmentally friendly and
sustainable composites and evalvate their mechanical
behavior. Compoesite specimens were prepared by
incorporating 1%. 3%, and 3% palm fibers into a two-
component pelynrethane matrix using a mannal mixing and
casting method. Mechanical properties were evaluated
through tensile (ASTM D638), flexural (ASTM D790), and
Charpy impact (ASTM D256) tests. Test results revealed
that palm fiber significantly enhanced mechanical
performance. Tensile strength reached 17.676 MPa with 3%
fiber (35% increase); flexural strength reached 50.914 MPa
with 5% fiber (86% increase); impact strength reached
43.632 El/m*® with 5% fiber (57% increase). These findings
show that palm fibers effectively improve strength and
toughness in bio-based composites. The experimental results
were also supported by ANSYS software.

1. Introduction

Today, increasing environmental concerns and linmted
resonrces necessitate sustainable solutions in the field of
materials science. In this context, biodegradable, renewable,
and eco-friendly materials have gained sigmficant
importance. Natural fiber-reinforced composites attract
attention due to their light weight and economic advantages
[1]: Composites can achieve superior performance by
combining components with different properties; while the
matrix phase ensures integrity, the reinforcement phase
enhances strength [2.3]. To maintain the imtegrity of the
matrix phase, polymer matrices can be preferred. Polymer
matrix compesites stand oot with their wide range of
applications and processability, while environmental
concerns have encouraged the use of natural reinforcements

[4]. Numerous studies in the literature have focused on the
use of natural reinforcements as reinforcing agents. Research
has shown that oil palm fibers improve the mechanical
properties of composites [5], sugar palm fibers can enhance
matrix compatibility through various chemical treatments
[6.7.8], and Carica papaya fibers yield favorable results in
epoxy matrices [9]. With advantages such as low density and
recyclability. natural fiber composites are considered
important for sustainable industrial applications [10]. In
addition to fibers such as flax, jute, and sizal, palm tree
fibers, with thetr high cellulose content and biodegradable
structure, also stand owt as potential reinforcements. As
agricultural waste, these fibers provide both environmental
and economic benefits; however, more smdies are needed
regardmg their performance in composites [11]. Within the
scope of this thesis. palm fibers were reinforced into a
polyurethane matrix for the first time to produce composite
matertal, and their mechanical properties were investigated.
Experimental studies revealed significant improvements in
tensile, flexural and impact strengths at different fiber
ratios; in particular, a 3% fiber ratio improved tensile
strength by 35%. a 5% fiber ratio enhanced flexural strength
by 86%, and impact strength by 37%.

1. Experimental Procedure
2.1. Mold Preparation

For the preparation of composite specimens, molds
compliant with ASTM D638 (tensile)) ASTM D790
(flexural). and ASTM D256 (impact) standards were
modeled in SclhidWorks and produced using a 3D printer.
The models were placed on a flat surface and swrounded
with cardboard plates to prevent silicone overflow. The
silicone was mixed with 2% hardener at low speed for 18
minutes, poured onto the models, and left to cure for 48
howrs. After curing, the hardened molds were removed and
made ready for composite production
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Figure 1. A} A'STM D633 Teusile mold, B) ASTM D256
Charpy impact test mold, C) ASTM D790 Three-point
bending mold

2.2. Calculation of Ratio=s

In the experimental study. remnforcement ratios were
determined as 0% (control), 1%, 3%. and 5%. For each ratio,
three control specimens were prepared in accordance with
ASTM D638, D790, and D256 standards. The composite
compenents were calenlated on a mass basis according to the
targeted ratios.

Table 1, Material quantities used at different reinforcement
ratios according to ASTM D256 Standard

Feinforcement | Palm | Polyurethane Total
Ratio (%) Fiber () Mixture (g)
(=)
1 0.20 19.87 20,07
3 0.60 19.47 20,07
5 1.00 19.07 20,07

Table 2, Material quantities used at different reinforcement
ratios according to ASTM D638 Standard

Reinforcement | Palm | Polyurethane Total
Ratio (%) Fiber (g) Mixmure
(z) (=)
1 0,10 10,23 10.33
3 0.31 10,02 10.33
5 0,52 9.81 10.33

Table 3, Material quantities used at different reinforcement
ratios according to ASTM D790 Standard

Feinforcement | Palm | Polywrethane Tatal
Ratic (%) Fiber (g) Mixture
(g) (=)
0.06 6,20 6,35
0.19 6,16 6,35
5 0.32 6,03 6,35

2.3, Production

Palm fibers. previously prepared and cut to approximately
10 mm in length were weighed according to the
reinforcement ratios specified in the experimental design
(1%, 3%, and 5%). The weighed fibers were mechanically
mixed with the A and B phases of a two-component
polyurethane system During the mixing process, the
homogeneous dispersion of fibers within the matrix phase
was ensured, thereby maintaining the structural integrity of
the composite material. The prepared fiber—polyurethane
mixture was carefully poured into the pre-fabricated silicone
molds, and surface smoothness was ensured. The casting
process was camried out at room temperature, and the
composite specimens were left to cure for approximately 30
minutes. After curing the specimens were carefully
removed from the molds, surface burrs were cleaned. and the
samples were made suitable for mechanical testing. In this
way. structurally intact and testable composite specimens,
compliant with standards, were obtained.

Figure 3. Composite specimens produced with 1%, 3%,
and 3% fiber content
3. Results and Discussion

31.1. Tensile Test Results

The tensile tests demonstrated that palm fiber reinforcement
had a positive effect on the tensile strength of pelyurethane
composites. As shown in Figure 4, neat polyurethane (PU)
reached a maxinmm tensile stress of 13.107 MPa. while the
specimen containing 1% PF achieved 16.164 MPa. The
highest strength was recorded at 3% PF reinforcement, with
a valoe of 17.676 MPa, whereas the specimen contamming 5%
PF exlubited 16.487 MPa. which was still superior to neat
PU.

drresi| Mifs |

Maksirrars {chire (e

ST

Figure 4. Maximum tensile stress (MPa) of composite
specimens with different palm fiber contents
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When the stress—strain curves in Figure 5 are examined, the
neat PU specimen exhibited the highest strain capacity and
demonstrated ductile behavior. In contrast. the reinforced
specimens achieved higher stress values but fractured at
lower strains. In particular, the specimen with 3% PF
reinforcement displayed the highest stress capacity,
indicating an improvement in strength_

- PL(%1)
PL(%3)
- PLI%S)
*1 POy
g
&
" | _-"d’-'-_'__ T
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o R E— |
: Gerinim | T
Figure 5. Stress—strain curves of composite specimens with
different palm fiber contents

The findings obtained from the force—elongation curves in
Figure 6 also support this situation Although neat PU
exhibited greater elongation the force it conld withstand was
lower. In the reinforced specimens. particularly at 3%
reinforcement, both the load-bearing capacity and stiffness
of the material increased. However. the elongation capacity
decreased slightly.

ak

5 I

II‘.‘"""'

e (M)

Lizama dmm|
Figure 6. Force—elongation curves of composite specimens
with different palm fiber contents

3.2, Three-point bending test

Three-point bending tests revealed that palm fiber
reinforcement enhanced the flexural strength of the
composites. As shown in Figure 7, the neat PU sample
reached a flexural stress of 27.315 MPa, while thiz value
increased to 39,981 MPa with 1% PF and 42.223 MPa with
3% PF. The highest value was obtamned with 3% PF
reinforcement, reaching 50 914 MPa. This increase indicates
a significant improvement in flexural strength with higher
fiber comtent..

G bovera 140 P

Figure 7. Maximum flexural stress (MPa) of composite
specimens with different palm fiber contents

The force—elongation curves presented in Figure § illustrate
the deformation behavior of the composites. While the neat
PUJ sample exhibited ductile behavior with high elongation
capacity, the reinforced samples withstood higher forces but
fractured at lower elongation valoes. This indicates that fiber
reinforcement increases stiffness while reducing ductility. In
particular, the sample containing 3% PF carried the highest
force during bending and reached the maximum stress level.

vt )

Vamna jrv)

Figure 8. Bending test force—elongation curves of
composite specimens with different palm fiber contents

3.3, Charpy Impact Test Results

Charpy impact tests demonstrated that palm fiber
reinforcement enhanced the impact energy absorption
capacity of the composites. As shown in Figure 9. the neat
PU sample exhibited an impact strength of 27.317 kI/m?®,
which increased to 37.645 kI/m® with 1% PF and 38487
EX'm?® with 3% PF. The highest impact strength was obtained
with 5% PF reinforcement. reaching 43.632 kl/'m’.

g b C e

Figure 9. Charpy impact energy (kI'm®) of composite
specimens with different palm fiber contents
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3.4, ANSYS cimulation results

Figure 10. Equivalent stress (von Mises) and total
deformation analysis of the tensile specimen reinforced
with 3% palm fiber in ANSYS

e
AL
2%
R
EAS2T16 Min

Figure 11.Equivalent stress (von Mises) and total
deformation analysis of the 5% palm fiber-reinforced three-
point bending specimen in ANSYS

Figure 12 ANSYS Explicit Dynamics simation of the
Charpy impact test for the 3% pa].ru fiber-reinforced
composite specimen

4. Conclusion

In this study, aiming for sustainable and eco-friendly
composite production, the usability of palm tree fibers as
reinforcement in  polyurethane-based polymer matrx
composites was investigated through experimental and
mumerical methods. The effects of fiber contents (1%, 3%,
and 3%) on mechanical properties were evaluated. and the
findings were supported by ASTM standard tests and
ANSYS analyses. Tensile tests revealed that the specimen

with 3% fiber achieved the highest strength of 17.676 MPa,
providing a 35% increase compated to neat polyurethane.
Three-point bending tests showed that the specimen with 3%
fiber reached 50.914 MPa. representing an 86% increase
over the uvareinforced sample. Charpy impact tests
demonstrated that with 3% remnforcement. an energy
absorption capacity of 43632 kIlm® was achieved,
mdicating a 57% higher impact strength compared to the
neat sample.
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ABSTRACT

Composite materials are multiphase engineermg products obtained by combining at least two components with
different properties. In this study, the utilization of organic waste generated from Brazil espresso production as a
reinforcement material in wood-like polyurethane mafrixz composites was investigated. The waste, ground into fine
powder, was mixed homogeneously with the polyurethane matrix at ratios of 5%, 10%, 15%, 20%, and 25% using
a mechanical mixer, and the composite specimens were produced by casting into silicone molds. Mechanical tests
revealed that the highest tensile, flexural, and impact strength values were achieved at the 3% remforcement ratio.
The carbon-based structure of the Brazil espresso waste and the flexibility of the polyurethane enhanced the
mechanical performance of the composite system. This study offers significant contributions in terms of
environmentally friendly material production and the valorization of industrial waste.

Kevwords: Brazil Espresso, Polyurethane, Sustainability, Composite Material
LINTRODUCTION strategies and the development of environmentally
friendly alternatives.

Industrialization and technological advancements
have significantly increased energy and raw material
consumption, leading to global challenges such as
climate change environmental pollution, and
resource scarcity [1. 2]. In this context the

I MATERIALS AND METHODS

In this study, commercially available polyurethane
resin was used as the matrix material while Brazilian

development of environmentally friendly, cost-
effective, and recyclable materials m line with
sustammability principles has gamed crtical
importance. Composite materials stand out with
advantages such as lightness, strength, and thermal
resistance, while polymer matrix composites,
particularly pelyurethane (PU), are widely utilized
due to their high mechanical and chemical durability
[3]. The mnovative aspect of this study lies in the
utilization of DBrazilian espresso waste as a
reinforcement material Globally, millions of tons of
coffee consumption generate substantial amounts of
this by-product [4. 5]. Bich i cellulose and phenolic
compounds, these wastes can be processed into
fimctional reinforcement elements for composites
[6]. Thus, both waste recovery and the production of
sustainable, cost-efficient materials are achieved,
while also contributing to domestic manufacturing

espresso waste served as the reinforcement. Based
on the literamre, reinforcement ratios were
determined m the range of 5-23% with 3%
ncrements; thus, composites were prepared with
ratios of 955, 90-10, 85-15, 80-20, and 75-23,
respectively. The Brazilian espresso waste obtained
after brewing was naturally dried for one week at
recin temperature in a well-ventilated enviromment
without any chemical treatment. This process aimed
to remove free moisture, thereby improving
mterfacial bonding with the matrix and preventing
defects during curing. The dried waste was sieved to
achieve a homogeneous particle size and then mixed
with the polyorethane matrix i the specified
proportions. The molds for specimen preparation
were designed in accordance with ASTM D638
(tensile). ASTM D790 (kending), and ASTM D256
(impact) standards wusing SolidWoerks software
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(Figure 1) and produced with a 3D printer (Figure 2). Tensile Test
Silicone-based molds were subsequently fabricated The tensile test is applied to evaluate the elastic—
from these prototypes. plastic behavior, strength. and ductility of matenials.

In this study. the specimens were prepared and tested
i accordance with ASTM D638. During the
experiments, the maximum tensile stress and
elongation at break were determined ensuring both
the reliability of the results and their comparability
with the literature.

Figure 1. Mold design created using SolidWorks
software.

Y

The homogenized mixtures were cast into the
silicone molds, and the specimens were kept at room
temperature for 1 hour before demolding. They were
then cured under ambient conditions for 10 days to
ensure complete polymernization and enhanced
mechanical properties. After curing, the specimens

I

Maksimum Cekme Gerllmes: (MPa)

were prepared for mechanical testing m compliance Numuneler
with the relevant ASTM standards (Figure 3).

Figure 4. Graph of tensile test results for composite
material reinforced with Brazilian espresso waste.

Stress—strain graph of composites reinforced with
5% Brazilian espresso waste.

Genlme (MPa)

Y TR T > TR e 0 412 e Qe
Ciarmun (mmimm |

Figure 5. Stress—strain graph of composite
reinforced with 5% Brazilian espresso waste.

Force—elongation  graphs of  composites
reinforced with 3% Brazilian espresso waste.

Figure 2. (a) Mold prototype produced with a 3D
printer; (b) specimens prepared after casting with
Brazilian espresso waste.

bl

3. RESULTS AND DISCUSSION
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Figure 6. Force—elongation graph of composite 18 o
remforced with 5% Brazlian espresso waste. - [ Kv{ss)
< [ Kwimtg)
Flexural Test 2" = Eﬂ}::ﬁ:
& 10+ | KW%25)
The three-point bending test is a mechanical testing a ]
method applied to determine the flexural strength of gz ]
a material In this study, the composite specimens & 54
were prepared in accordance with ASTM D790 and B
subjected to three-point bending tests. The E | ]
specimens were cut to the standard dimensions, and 24 ﬂ e
the tests were performed accordmgly. This ol :
procedure ensured the reliability of the obtamed data i

and its comparability with the literafure. Figure 8. Impact energy values of wood-like

polyurethane matrix compesites reinforced with

ny . |PU Bramlian espresso waste at different reinforcement
] S R ratios

W KV 10) .
| KB 5]

A4 T w20 NSY o
|  vi%25) ANSYS Analysis Results

25+ Tensile Test Analysis

| Rl e

Huimrm neles
Figure 7. Flexural stress values of wood-like
pnl}'methm matrix composites reinforced with
Brazilian espresso waste at different reinforcement
ratios.

Maksimum Edilme Garlimast (MPa)

't

Figure 9. ANSYS analysis of composite material
reinforced with 5% Brazilian espresso waste.

Impact Test
Three-Point Bending Test Analysis

The notched impact test is a mechamical testng
method applied to determine the frachure resistance
of a material under sudden and impact-type loadings.
In this study, the specimens were prepared in
accordance with ASTM D236 and subjectsd to
notched mpact testmg. The specimens, notched to
standard dimensions, were tested at Toom
temperature. This test was conducted to evaluate the
effect of quartz powder reinforcement on the impact
performance of polyurethane matrix composites.

)

Figure 10. ANSYS analysis of composite material
reinforced with 5% Brazilian espresso waste.
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1 Marmolejo, L. F., Diaz L F., Torres, P., & Garcia,
M. (2012). Perspectives for sustamable resource
recovery from municipal solid waste m developing
countries: Practices and altematives. In Waste
Management — An Integrated Vision {(pp. 133-166).

Analyvsis of Notched Impact Test

2. Yiicel, M., & Ekmekgiler, U. S. (2008). A holistic
approach to the concept of environmentally friendly
products: Clean production system, eco-label, and
green marketing. Electronic Joumal of Social

l Sciences, T(26), 320-333.
P

3. Engels, H W. (2013). Polyurethanes: Versatile
materials and sustanable problem solvers far
teday’s  challenges.  Angewandte — Chemie
International Edition, 32(36), 9422-9441.

Figure 11. ANSYS analysis of composite material
reinforced with 5% Brazilian espresso waste.

Comparison of Results 4. Delavarde, A., Savin, G, Derkenne, P, Boursier,

M.. Morales-Cerrada. F_. Nottelet. B.. ... dz Callol.

5. (2024). Sustamable polyurethanes: toward new
"0 - — cutting-edge opportunities. Progress in  Polymer
) gy Science, 151, 1018035,

5. Barbero. 5.. & Fiore. E. (2013). The flavours of
coffes groumds: The coffee waste as accelerator of
new  local  businesses. ANNALS  of  Faculty
Engineering Hunedoara-International Journal of
P ey PPl Engineering, 13(1), 57-63.
6. Ravindran. F.. Desmond, C., Jaswal, 5. &
Jaiswal. A K. (2018). Optimisation of crzanosclv
pretreatment for the extraction of polyphenols from

Figure 11. Comparison of results.

4.CONCLUSION

In this study, Brazilian espresso waste was used as a
reinforcement material in wood-like polyurethane
mafrix composites. Specimens with reinforcement
raties of 5-23% were prepared and tested according
to ASTM D638, ASTM D790, and ASTM D236
standards. The resuolts showed that at 3%
reinforcement, the tensile strength reached =21 MPa
and the flexural strength =39 MPa; however, at
higher remforcement rafios, the mechamical
performance decreased At 23% reinforcement, the
tensile strength dropped to =7 MPa and the impact
energy to =1.5 kl/m* These findings indicate that
Brazilian espresso waste can Improve composite
performance at low contents. whereas higher
amounts lead to brittleness and reduced strength

Similarly, the literature reports that nahural waste
powders can enhance the mechanical properties of
polymer composites. Prabhu [7] studied coconut
shell powder, Salih et mvestigated rice husk ash, and
Olaitan  [8] examined peanut shell powder, all
reporting the best performance at low to moderate
reinforcement ratios. Thus, these findings also
support the present study.

spent coffee waste and subsequent recovery of
fermentable  sugars. Bioresource  Technology
Reports, 3, 7-14.

7. Prabhu, F.. Bahul, M. P, Aethas, A Summy, B,
Alok, J., & Bhat T. (2017). Investigation of
tribological property of coconut shell powder filled
epoxy glass composites. Ame J Marer Sei, 7(3), 174-
184

8. Olaitan, A J. Terhemen A, King G, &
Oluwatovin, O. (2017). Comparative assessment of
mechanical properties of groundmut shell and rice
busk remforced epoxy composites. dm. J Mech.
Eng, 5(3), T6-86.

PuN

Ac

S.REFERENCES

WWW.imtme.tr




4" INTERNATIONAL MATERIALS iTU
TECHNOLOGIES AND METALLURGY CONFERENCE /

2-3 October 2025 K"’

— ITU SULEYMAN DEMIREL CONFERENCE CENTER \\ NNV
Tnner ating Tomorwow's W aterials %/{f«y ISTANBUL - TURKIYE N——

MECHANICAL PROPERTIES AND ENVIRONMENTAL AGING BEHAVIOR
OF NANOCLAY REINFORCED POLYMER COMPOSITES

Deniz Aktas!, Hacé Abdulll ah Tasdemir

YIstanbul Technical University, Department of Mechanical Engineering, 34437, Istanbul, Turkiye

Keywords:Polymer nanocomposites, environmental aging, nanoclay reinforcement

Abstract micro-cracking and embrittlement under stress [3,4]. Bl

such as P@BS and polymers like ABS also exhi
In this study, polycarbonate (PC), acrylonitrile butadiene sensitivity to environmental degradation, especially \
styrene (ABS), and PC/ABS blends were reinforced with used in chemically demanding service conditions [5].
1%, 3%, and 5% nanoclay via melt compounding.
Mechanical properties were evaluated through Shore DTo mitigate the detrimental effects of environmental a
hardness (unaged), thrpeint bending, an€harpy impact recent research has highlighted the potential of nan
tests (on aged and unaged specimens). Chemical aging wascorporation as an effective strategy. For inste
simulated by immersing samples in methanol and sodiumhalloysite nanotube (HN¥einforced PA6 nanocomposi
lauryl ether sulfate (SLES) for up to 240 hours. Comparedto( & 4 wt %-fuAcomaizZsl HNT) exhibited reduc
their neat counterparts, hardness increased consistently withvater uptake and preserved molecular weight and »
nanoclay loading across systems. Aging led to distinct rheological properties even after prolonged hydrothe
degradation trends depending on matrix type andaging (1680 h), thereby demonstrating improved dura
environment. P@ased composites exhibited notable loss in under moisturariven degradation [6]. Similarly, t
impact strength and moderate changes in modulus undemtroduction of organically modified montmorillon
methanol exposure, while ABS composites maim@in  (OMMT) into crosslinked polyethylene (XLPE) has be
impact performance and partially recovered stiffness overshown to mitigate wateree aging, as evidenced by lo
time. PC/ABS blends demonstrated the most balanced agingnitiation probability and shorter tree lengths compare
resistance, especially at low nanoclay concentrations. Theneat polyethylene systems [7]. Thes®lings confirm th¢
results highlight how matrix selection and nanofiller nanofillers not only enhance the barrier performanc
concentration govern the durability of polymer polymer matrices but also play a crucial role in exter
nanocomposites in aggressive environments. service life under chemically and moistuneluced agin

conditions.
1. Introduction

The present study aims to provide a systematic evalua
Polymer composites have become essential engineeringhe mechanical performance and environmental
materials in modern industries due to their high strength tobehavior of nanoclayeinforced PC, ABS, and PC/AI
weight ratio, tunable properties, and ease of processingcomposites. To this end, three different nanoclay loa
Among them, amorphous thermoplastics such as(1, 3, and 5 wt%) were incorpoeat into the matrices, a
polycarbonate (PC), acrylonitrile butede styrene (ABS),  Shore D hardness, flexural strength, and Charpy impac
and their blends (PC/ABS) are extensively used in were conducted on both unaged and chemically
automotive, electronic, and consumer applications. Thesespecimens. Aging environments included methanol
polymers offer an excellent balance of stiffness, toughness sodium lauryl ether sulfate (SLES), chosen to represent
and dimensional stability, yet their long term performance solvent and surfactarinduced degradation, respectively.
can be gnificantly compromised under environmental directly comparing different polymer matrices and nanc
factors such as chemical exposure or thermal oxiditi@h concentrations, this work seeks to clarify how filler loa
One of the most critical degradation mechanisms in influences stiffness and impact retention under aggre
polymers is environmental aging. This process involves environments. Throug this approach, the study not c
exposure to aggressive solvents, surfactants, or humidextends recent findings on nanofiliessisted durability, b
conditions, which can trigger plasticization, chain scission, also provides new insights into the design of chemi
and ultimately environmental ress cracking (ESC). For robust nanocomposites for demanding indu:
example, methanol or isopropanol can rapidly degradeapplications.
polycarbonate (PC) and other glassy polymers such as
poly(methyl methacrylate) and polystyrene, leading to
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2. Experimental Procedure The granules were molded into standard test specime
using a Yuhdakvertical injection molding machine.
2.1.Materials Injection molding was conducted at a barrel temperature

260 AC and a mold temperat
Polycarbonate (PC), acrylonitrile butadiene styrene (ABS), speed of 100 mm/s. Flexural, and notched Charpy impa
and a commercial PC/ABS blend were employed as basespecimens were prepared according to BS 1SQ 4ii@ BS
matrices for nanocomposite preparation. The PC grade wasSO 1791/2eA standards, respectively.
SABI Cos ELEBXANM 330 with a density of 1.19 g/ cmj
The PC/ABSblendwaBay bl endE T65 XF é§@h\§rﬁl(§a|tA§|® )Drot%blt h
a density of 1.13 g/ cmj, matri X was
CYCOLACE MGA7F (SABIC) with a density of 1.04 qpe aging behavior of the s eumens was |nvest| ated |
g/ cmj. The nanofiller “SEd'm'érsn’fght irs fwd midhRy
140 (Esan Eczacebake 1 ndus iyhaad wdd thbseNad & rredre%éntsottlve pTouar swe
organically ~modified ~montmorillonite  (MMT), was  iqely recognized for its strong interaction with polymer
incorporated into these polymers at loading levels, 8,1 chaing and its ability to acceleratgingrelated degradation
and 5 wt%. All materials were used as received without phenomena in glassy matrices. In parallel, an aqueo

further purification, and polymer granules were dried prior g, tion of sodium lauryl ether sulfate (SLES) was employe
to compounding according to supplier recomméioda 10 {4 simulate surfactantich conditions, thereby reflecting
minimize moistureinduced degradation. environments relevant to detergent exposure and househ
cleaning applications. All specimens were fully immersed ¢
ambient temperature for a maximum of 240 hours. A

redetermined intervals (72, 120, and 240 hours), sampl

ere carefully removed, dried to eliminate residual surfac
liquid, and subsequentlysubjected to mechanical
characterization.

2.2. Nanocomposite Preperation

Nanocomposites based on PC, ABS, and PC/ABS matrice
were prepared by melt compounding with a-$ahle twin

screw extruder (Gulnar Machine, Turkey; screw diameter 16
mm, L/D ratio 40). The extrusion process was performed at
a screw speed of 150 rpm, witharrel temperatures set 4 hanical i
bet ween 240 and 260 AC f ro%.l\{leﬁgmc?‘léeglgq ng zone to the

Organically modified montmorillonite (MMT, EsanNANO . .
1-140) was incorporated at loading levels of 1, 3, and 5 wt%. The surface hardness of the specimens was evaluated wi
Sample notations and compositions are defined in Table 1. MACRONA durometer according to 1SO 868 standard. Fc

each specimen, ten different points were measured across
sample surface, and the mean values were taken

Table 1.Sample notation and compositions representative.
Compositions Sample Nano filler Flexural strength was assessed through tho#et bending
P Code ratio (Wt%) tests using a universal testing machine (ShimadzuXAG
PC 1 0 Plus) at room temperature. The crosshead displacement r
1B1 1 was maintained at 1.5 mm/min, with a support span of €
mm. Streskstrain curves we obtained directly from the
PC+MMT 1B3 3 testing software, and flexural properties were determined
accordance with the relevant standafsninimum of five
1B5 5 replicates per composition were tested to ensul
PC/ABS 2 0 reproducibility, and averaged results are reported.
2B1 1 Impact behavior was determined using a Charpy impa
PC/ABS+MMT 2B3 3 tester (Devotrans DVT CD D 50IC, Turlkey) with notchec
specimens prepared in accordance with ISO-1L7%he
2B5 5 equipment was fitted with a pendulum having a drop ang
ABS 3 0 of 150A, a ma x i mu mandham impdctt
velocity of 3.8 m/s. A & impact hammer was employed for
3B1 1 precise measurements. The impact strength (a k J / m])
ABS+MMT 383 3 calculated from the absorbed energy during fracture using
3B5 5

G = g2 10° W
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where W, (J) is the corrected energy absorbed during of the PCrich matrices, where rigid clay platelets can r
fracture,h (mm) is the thickness of the specimen, and b effectively restrict chain mobility and reinforce load tran:
(mm)is the remaining width of the specimen after notching. The increase in modulus was accompanied, however

reduction in strain at yield, particularly aigher cla
3. Results and Discussion contents, indicating a stiffening effect at the expen:

ductility.
3.1. Effect of Nanoclay on Hardness

When subjected to chemical aging, the response ¢
Shore D hardness measurements on the unaged specimef8Mposites showed strong dependence on both the p
revealed distinct responses of the three polymer systems téhatrix and the aging medium. In methanol, a pronot
nanoclay incorporation. For the PC matrix, the addition of deterioration in flexural properties was observed acro
nanoclay led to a noticeable increase in hardness at 3 wtoeSysStems. Pdased samples, wdti initially exhibited th
while a slight reductio was observed at 5 wt%, suggesting highest stiffness, suffered severe modulus loss togethe
that moderate filler loadings promote effective @ dr_astlc reduction in ylel_d stress and strain. T_he effec
reinforcement, whereas higher concentrations may induceParticularly strong at higher nanoclay loadings, w
partial agglomeration and limit chain packing. In the instead of prowdlng a barrier effect,_ the ridjiter appeare
PCIABS system, improvements were also evident at 1 and 30 accelerate embrittlement, most likely by promoting
Wt% loadings, but the hardness dropped markedly at 5 wt% Stress concentrations and faC|I|t.at.|ng. microcrack initii
indicating that excess filler can disturb the multiphase Under —solvent induced plasticization. Interestin
morphology and weaken interfacial compatibility. In the formulations containing 3 wt% nanoclay showed relat
ABS matrix, the incorporation of nanoclay increased !€ss severe modulus loss compared to 1 i 5 wto
hardness compared to the neat polynmenvever, values  Suggesting that a balance between barrier action and
obtained at 1, 3, and 5 wt% were very close to each 0ther’lnduced brittleness may exist at intermediate loadings.
indicating that beyond the initial reinforcement effect, o . i
further additions of nanoclay did not produce a significant In contrast, aging in SLES solution produced milder eff
incremental change. This suggests that the stiffening effectVhile reductions in modulus and yield stress were
in ABS may quickly reach a saturation level, after which detected, the magnitude of deterioration was sn
additional filler does not meaningfully alter the surface compared to methanol exposure. Moreover, certain -

rigidity. based nanocomposites exhibitedrtigh stabilization ¢
flexural modulus with prolonged immersion, which ma
80 attributed to mild surfactaninduced swelling leading
stress relaxation or secondary ordering effects ir
fay¢:] amorphous domains. Overall, SLES aging proved
o aggressive,lBwing nanoclay reinforcement to retain pal
276 its mechanical benefit.
n
074 These results indicate that while nanoclay incorpor
%72 —e—PC !mproves the flexura! stiffnes; of amorphous thermoplz
= in the unaged state, its effectiveness under chemical a
T —4—PC/ABS highly environmentand compositionrdependent. PC a
—m—ABS PC/ABS systems benefited most from moderate
68 additions,_particqlarly under SLES exposure, \_Nhg
0 1 5 3 4 5 methanol immersion revealed the strong susceptibili

rigid, clayfilled structures to solvermduced embrittlemer
The detailed stresstrain responses together with

corresponding values of yield stress, yield strain,
Figure 1. Shore D hardness of PC, ABS, and PC/ABS Young6s modul us for all

nanocomposites as a function of nanoclay loading. following figures and tables

Nanoclay loading (wt%o)

3.2. Flexural Properties Before and After Aging

Threepoint bending tests demonstrated that the
incorporation of nanoclay enhanced the flexural modulus of
all three polymer systems in their unaged state, with the most
pronounced improvement observed in polycarbonate (PC)
and PC/ABS blends. This outcomedlects the high stiffness
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