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초록: 본 연구에서는 방향성 있게 정렬된 비산화 그래핀 플레이크(non-oxidized graphene flakes, NOGFs)를 PDMS와            

복합화하여 고성능 고분자 나노 복합재를 제작하였다. 흑연 삽입화합물(GIC)을 산화 처리 없이 박리하여 합성한 NOGF는             

구조적 완전성과 낮은 결함 밀도를 유지하였으며, 단일 방향 동결주조법을 통해 3차원 에어로겔을 형성하였다. 결과             

적으로 얻어진 NOGF/PDMS 복합체는 환원 그래핀 산화물(rGO)을 기반으로 한 복합재에 비해 현저히 향상된 기계적             

물성을 나타내었다. 인장 강도는 2.0 MPa, 영률은 4.5 MPa, 인성은 2.4 MJ/m3로, rGO/PDMS 복합체의 1.7 MPa, 2.3 MPa,                 

1.2 MJ/m3에 비해 우수한 물성을 보였다. 이러한 향상은 NOGF의 구조적 완전성과 낮은 결함 밀도에 기인한다. 본               

연구는 결함이 억제된 정렬 그래핀 구조체를 활용하여, 낮은 충전제 함량에서도 기계적 물성이 우수한 나노복합체             

개발 전략을 제시한다.

Abstract: In this study, we report the fabrication of high-performance polymer nanocomposites by incorporating direc-

tionally aligned non-oxidized graphene flakes (NOGF) into a polydimethylsiloxane (PDMS) matrix. NOGF was syn-

thesized via exfoliation of graphite intercalation compounds (GIC) without oxidative treatment, preserving its graphitic 

structure and minimizing defect formation. A unidirectional freeze-casting method was employed to construct highly 

aligned three-dimensional NOGF aerogels, which were then infiltrated with PDMS to produce flexible, lightweight 

composites. The resulting NOGF/PDMS composites exhibited markedly improved mechanical properties compared to 

reduced graphene oxide (rGO)-based composites, achieving a tensile strength of 2.0 MPa, a Young’s modulus of 4.5 MPa, 

and a toughness of 2.4 MJ/m3, while rGO/PDMS composites reached 1.7 MPa, 2.3 MPa, and 1.2 MJ/m3, respectively. 

These improvements are attributed to the structural integrity and low defect density of NOGF. This work demonstrates 

that employing defect-suppressed, aligned graphene architectures offers an effective strategy for reinforcing polymer 

matrices, even at low filler content, providing a promising platform for developing mechanically robust nanocomposites.

Keywords: non-oxidized graphene flakes, reduced graphene oxide, unidirectional freeze-casting, anisotropic structure, 

mechanical properties.

Introduction

The growing demand for lightweight, flexible, and mechan-

ically robust materials in next-generation electronic devices, 

such as wearable sensors, stretchable circuits, and soft robotics, 

has driven extensive research into polymer-based nanocomposites 

reinforced with two-dimensional (2D) carbon materials.1-3 In 

this context, nanoporous 2D filler–based composites, including 

graphene aerogels and foams embedded in polymer matrices, 

have attracted increasing attention due to their three-dimen-

sional (3D) cellular architectures, which combine low density 

with enhanced stiffness and strength.

Most previous studies have focused on nanocomposites in 

which 2D or 1D carbon fillers, such as reduced graphene oxide 

(rGO), graphene nanoplatelets, and carbon nanotubes are 

randomly dispersed within a polymer matrix.4-11 Although these 

fillers possess high aspect ratios and intrinsic stiffness, their 
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reinforcement efficiency is often limited by structural defects, 

residual functional groups, and weak interfacial bonding, which

hinder effective stress transfer.12-14 Polymer-infiltrated 3D graphene 

frameworks have also been explored as load-bearing skeletons; 

however, research to date has primarily emphasized compres-

sive behavior, and systematic investigations of tensile properties 

and mechanical anisotropy remain scarce. In particular, there is 

little direct comparison of composites containing graphene net-

works derived from different synthesis routes (e.g. chemically 

oxidized rGO versus non-oxidatively exfoliated graphene) under 

the same polymer matrix and processing conditions.

To overcome these issues, non-oxidized graphene flakes (NOGF), 

produced via liquid-phase exfoliation of graphite intercalation 

compounds (GICs), were employed as an alternative to rGO. Unlike 

rGO, which undergoes aggressive chemical oxidation and thermal 

reduction steps, NOGF preserves the intrinsic sp²-hybridized 

carbon lattice with minimal disruption. This structural integrity 

imparts higher intrinsic strength and stiffness, as well as improved 

compatibility with the polymer matrix, making NOGF a supe-

rior candidate for mechanical reinforcement.

In this study, both NOGF and rGO foams were prepared using 

a unidirectional freeze-casting technique, which produces anisotrop-

ically aligned porous structures. These foams were then infiltrated 

with a polydimethylsiloxane (PDMS) precursor to fabricate compos-

ite specimens with highly ordered filler alignment. PDMS was 

selected as a matrix due to its low stiffness; when the matrix has 

a low Young’s modulus, the reinforcing effect of the filler can 

be readily observed. Additionally, the composite was produced 

via aerogel infiltration, which allows for reduced filler loading. 

Because the NOGF and rGO produced in this study are microscale, 

a typical compounding system is not favorable, as it usually 

requires a large amount of fillers. The resulting NOGF/PDMS 

composites exhibited substantially improved mechanical per-

formance, including higher tensile strength (2.0 MPa), Young’s 

modulus (4.5 MPa), and toughness (2.4 MJ/m3) compared to 

rGO/PDMS counterparts (tensile strength: 1.7 MPa, Young’s 

modulus: 2.3 MPa, toughness: 1.2 MJ/m3). This enhancement 

is attributed to the superior structural quality of NOGF and the 

formation of an aligned, percolated filler network that enables 

efficient load transfer along the longitudinal direction. These findings 

underscore the importance of both filler quality and micro-

structural anisotropy in achieving mechanically robust nano-

composites. The use of defect-minimized graphene and directional 

alignment offers a practical and scalable route to developing 

high-performance polymer composites for flexible and wear-

able mechanical systems.

Experimental

Materials. Natural graphite flakes (80%, +50 mesh), poly-     

vinylpyrrolidone (PVP), and poly(vinyl alcohol) (PVA, Mw = 

31000–50000) were purchased from Sigma-Aldrich. Addi-

tional natural graphite powder (2–15 μm) and bulk potassium 

metal were obtained from Thermo Fisher Scientific. Naphtha-

lene and hydrochloric acid were sourced from Samchun Pure 

Chemical Co. Anhydrous tetrahydrofuran (THF), phosphoric 

acid, and hydrogen peroxide were supplied by Daejung Chem-

icals Co. Cyclohexane, dimethyl sulfoxide (DMSO), sulfuric acid, 

and potassium permanganate were provided by Duksan Pure 

Chemical Co. The PDMS (Sylgard 184) used in this study was 

procured from Dow Corning Inc.

Preparation of Graphene Oxide and Non-oxidized Graphene     

Flake. Graphene oxide (GO) was synthesized from graphite     

(natural, 2–15 μm) via an improved Hummer’s method devel-

oped by James Tour.15 In this procedure, graphite flakes were 

dispersed in a mixed acid solution consisting of sulfuric acid 

and phosphoric acid in a 9:1 volume ratio. Potassium perman-

ganate was then gradually introduced into the mixture, and the 

oxidation reaction was maintained at 50 ℃ for 16 hours. Upon     

completion of the reaction, deionized water and hydrogen per-

oxide were added to terminate the oxidation. The resulting sus-

pension was thoroughly washed multiple times with deionized 

water, hydrochloric acid, and ethanol to remove residual reac-

tants and byproducts, yielding purified GO.

The synthesis procedure for is outlined in Figure 1. NOGF 

was derived from a ternary GICs (t-GICs), as described in pre-

vious literature.16 To begin, potassium metal and naphthalene were 

dissolved in anhydrous THF to generate a potassium-naphtha-

lenide solution. Once full dissolution of potassium was achieved, 

natural graphite flakes (80%, +50 mesh) were introduced into 

the solution at a carbon-to-potassium ionic ratio of 5:1. The mix-

ture was maintained under reaction conditions for 16 hours to 

ensure complete intercalation of the graphite. Following the 

intercalation process, the excess potassium-naphthalenide solu-

tion was removed, and the resulting t-GICs was briefly rinsed 

with excess cyclohexane to eliminate surface-bound naphtha-

Figure 1. Illustration of the NOGF preparation method.
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lene residues. The cleaned t-GICs was then dispersed in a 

PVP–DMSO solution, maintaining a 1:1 weight ratio between 

graphite and PVP. The dispersion underwent bath sonication 

for 45 minutes to facilitate exfoliation. After resting for two days 

to allow sedimentation of unexfoliated residues, the superna-

tant was collected and centrifuged at 10000 rpm for 45 minutes 

to isolate the few-layered NOGF.

Preparation of Reduced Graphene Oxide/PDMS, Non-     

oxidized Graphene Flakes/PDMS Composites. The GO     

solution was cast into a Teflon mold and subjected to unidirectional 

freeze-casting by placing the mold on a metal plate submerged 

in liquid nitrogen. After complete solidification, the frozen sam-

ples were freeze-dried for 96 hours to yield a porous GO foam 

structure. This foam was then thermally reduced in an argon 

atmosphere at 900 ℃ to obtain the rGO foam. In parallel, the           

PDMS precursor was prepared by mixing Sylgard 184 base 

and curing agent at a weight ratio of 10:1 and subsequently 

infiltrated into the rGO foam to fabricate the composite.

Using a procedure analogous to that employed for the GO 

foam, the NOGF foam was fabricated by dispersing few-layered 

NOGF in a PVA–deionized water solution, followed by freeze-

drying and subsequent infiltration with PDMS. The overall 

fabrication process of the rGO/PDMS and NOGF/PDMS com-

posites is illustrated in Figure 2.

In the case of the rGO foam, thermal reduction is necessary 

to eliminate oxygenated groups, as described above. This leads 

to significant mass loss in the rGO foam after reduction. In 

contrast, the NOGF foam did not require a reduction step, as 

the flakes were already in a non-oxidized state. Therefore, to 

compensate for this loss of rGO foam and achieve a similar 

filler content, a higher initial concentration of rGO was required. 

Both types of composites were degassed in a desiccator for 5 

minutes and thermally cured at 80 ℃ for 6 hours. The cured     

composites were then sectioned into rectangular specimens 

with two orientations: longitudinal (L), cut parallel to the direc-

tion of ice crystal growth, and transverse (T), cut perpendicular 

to it. All composite samples used in this study are summarized 

in Table 1.

Characterization. The morphology and lateral dimensions     

of individual rGO and NOGF sheets were examined using 

transmission electron microscopy (TEM, JEM-F200, JEOL). 

X-ray diffraction (XRD, Ultima IV, Rigaku) was performed to 

investigate the crystalline structures of graphite, rGO, and NOGF 

foams. Raman spectroscopy (NRS-5100, 532 nm, JASCO) was 

employed to evaluate the degree of structural defects and dis-

order in the foams. Scanning electron microscopy (SEM, MIRA3 

LMH, TESCAN) was utilized to observe the microstructures 

of both the foams and their corresponding PDMS composites. 

Mechanical properties were assessed via stress-strain measure-

ments using a universal testing machine (UTM, 36SC-1, Instron) 

Figure 2. Schematic illustration of fabrication process for the composites prepared in this study.

Table 1. Graphene/PDMS Composites Investigated in This Study

Filler Composites
Filler concentration

(mg/mL)
Direction of specimen

cutting
Loadings of 

graphene (wt%)
Thickness

(mm)

rGO
R1.7 (L) 45 Longitudinal 1.7 2.5

R1.7 (T) 45 Transverse 1.7 2.9

NOGF

N1.9 (L) 20 Longitudinal 1.9 2.1

N1.9 (T) 20 Transverse 1.9 2.3

N2.1 (L) 30 Longitudinal 2.1 2.1

N2.1 (T) 30 Transverse 2.1 2.5
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equipped with a 1 kN load cell and operated at a crosshead 

speed of 5 mm/min under ambient conditions. Specimens were 

cut into rectangular dimensions of 22.7×10×2.0 mm³, and a 

minimum of five samples per composite type were tested to 

ensure reproducibility.

Results and Discussion

Material Characterizations. The exfoliation of NOGF and      

rGO with few layers was confirmed by the TEM in Figure 3(a) 

and (b). A comparative analysis of the individual graphene 

sheets revealed no substantial disparities in size.

Figure 3(c) displays the XRD patterns of pristine graphite, 

rGO, and NOGF, highlighting the structural changes that occur 

during the exfoliation process. For both rGO and NOGF, the 

(002) diffraction peak shows a marked decrease in intensity and 

noticeable broadening, which suggests the breakdown of the gra-

phitic layered structure as a result of exfoliation. The interlayer 

spacing (in Å) was determined using Bragg’s law, while the 

crystallite thickness along the c-axis (D) was calculated using 

the Debye–Scherrer equation (Eq. 1),

(1)

where λ represents the X-ray wavelength, and β denotes the 

full width at half maximum (FWHM) of the corresponding dif-

fraction peak.17-19 For sp2-hybridized carbon materials, the D 

value is indicative of the average thickness of the graphitic 

stacking. Under the assumption of regular stacking with con-

sistent interlayer spacing, the number of graphene layers can 

be estimated by dividing the D value by the interlayer distance 

(Eq. 2).

Number of layers = (2)

Table 2 presents the interlayer structural parameters of graphite, 

rGO, and NOGF, which were calculated based on Bragg’s law. 

To investigate the structural characteristics of the carbon-

based materials in more detail, Raman spectroscopy was uti-

lized to evaluate their level of disorder and defect concentra-

tion,20,21 as shown in Figure 3(d). The analysis focused on the 

G-band, which corresponds to the in-plane stretching of sp² 

carbon–carbon bonds, and the D-band, which is typically asso-

ciated with lattice imperfections and structural disorder. The 

intensity ratio of the D-band to G-band (ID/IG) was used as an 

indicator of defect density. The measured (ID/IG) values were 

D
0.89

cos  
-------------------=

D

Interlayer distance
--------------------------------------------

Figure 3. TEM images of (a) NOGF; (b) rGO; (c) XRD; (d) Raman 
spectra of pristine graphite, rGO and NOGF, respectively.
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0.93 for pristine graphite, 1.14 for rGO, and notably lower at 0.19 

for NOGF. This low ratio for NOGF suggests that the material 

retained a highly ordered structure with minimal oxidative dam-

age to the basal plane. A summary of the Raman spectral param-

eters is provided in Table 2.

Morphology of NOGF Foam and NOGF/PDMS Composites.      

The microstructures of the rGO and NOGF foams, as well as 

their corresponding composites, were examined via SEM, with 

attention given to both longitudinal and transverse cross-sec-

tions. As shown in Figure 4(a) and (c), the longitudinal sec-

tions of the rGO and NOGF foams display distinct structural 

alignment, while the transverse sections are presented in Fig-

ure 4(b) and (d) respectively.

The freeze-casting technique produced a directionally aligned 

porous architecture along the freeze direction, characterized by 

elongated pores and interconnected graphene walls. SEM images 

also reveal that the graphene layers are uniformly distributed 

within the pore channels, confirming that the unidirectional 

freeze-casting method effectively induces anisotropic structur-

ing.

Figure 4(e) and (f), as well as 4(g) and (h), show the internal 

morphology of the rGO/PDMS and NOGF/PDMS composites 

in the longitudinal and transverse orientations, respectively. In 

the longitudinal views, the PDMS matrix appears relatively 

dense and smooth, with only minor disturbances caused by the 

embedded graphene framework. Likewise, the transverse images 

reveal a uniform dispersion of graphene within the matrix, indicat-

ing that the foam was effectively impregnated during the com-

posite fabrication process. These findings collectively confirm 

that the anisotropic structure imparted by the freeze-casting pro-

cess is preserved after PDMS infiltration and composite for-

mation.

Mechanical Strength. Figure 5 shows the stress-strain curves     

of the rGO and NOGF composites and neat PDMS, and Figure 

Table 2. The Parameters Calculated from XRD and Raman Spectrum

Materials
XRD Raman

2θ degree Interlayer distance (Å) FWHM (radian) Crystallite thickness (nm) Number of layers Defect ratio (ID/IG)

Graphite 26.58 3.35 0.0041 34.0 101 0.93

rGO 23.44 3.79 0.2056 0.69 1.82 1.18

NOGF 24.98 3.56 0.1738 0.82 2.29 0.24

Figure 4. SEM images of rGO foams: (a) longitudinal; (b) transverse and PDMS composites; (e) longitudinal; (f) transverse NOGF fomas;
(c) longitudinal; (d) transverse and PDMS composites; (g) longitudinal; (h) transverse.
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6 summarizes the corresponding tensile strength, Young’s modu-

lus, and toughness. Neat PDMS exhibits a tensile strength of 

1.0 MPa, a Young’s modulus of 1.7 MPa, an elongation at break 

of about 308 %, and a toughness of 1.5 MJ/m3, thereby demon-

strating a soft and highly ductile property. Upon introducing 

the graphene frameworks, all composites show clear reinforce-

ment relative to neat PDMS. In particular, N2.1 (L) nearly dou-

bles the tensile strength (2.0 MPa and 1.0 MPa, respectively) 

and provides more than twice the Young’s modulus (4.5 MPa 

and 1.7 MPa, respectively), while its toughness increases from 

1.5 to 2.4 MJ/m3. Among the composites, the NOGF/PDMS 

series consistently exhibits higher strength, stiffness, and tough-

ness than the rGO/PDMS, as summarized in Table 3. For exam-

ple, N2.1 (L) exhibited a tensile strength of 2.0 MPa, a Young’s 

modulus of 4.5 MPa and a toughness of 2.4 MJ/m3, which are 

markedly higher than those of R1.7 (L) (1.7 MPa, 2.3 MPa, and 

1.2 MJ/m3, respectively). These enhancements are attributed to 

the intrinsic structural integrity of NOGF, which maintains a 

continuous sp2-conjugated carbon lattice with minimal defects.16,22

This structure exhibits fewer defects, vacancies, and residual 

oxygen functional groups, resulting in enhanced intrinsic strength 

and stiffness within individual flakes.22 Furthermore, this con-

figuration facilitates gradual energy dissipation during defor-

mation, thereby contributing to increased toughness. In contrast, 

rGO is susceptible to structural degradation due to chemical 

oxidation and thermal reduction processes, which inherently 

introduce irreversible lattice defects and disrupt the extended 

π-conjugation network.23,24 Consequently, load-bearing conti-

nuity is compromised, and the filler’s capacity to accommodate 

strain energy is diminished, leading to reduced stiffness, lower 

Figure 5. Tensile stress-strain curves of rGO, NOGF composites 
and PDMS.

Table 3. Tensile Strength, Young’s Modulus, Elongation at Break, and Toughness of Composites

Composite Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (%) Toughness (MJ/m3)

R1.7 (L) 1.7  0.1 2.3 0.1 127.9  3.8 1.2  0.0

R1.7 (T) 0.8  0.1 1.6  0.1 90.4  1.0 0.5  0.0

N1.9 (L) 1.8  0.1 2.4  0.1 170.8  10.6 1.8  0.2

N1.9 (T) 1.1  0.1 1.8  0.1 118.5  6.9 0.8  0.1

N2.1 (L) 2.0  0.1 4.5  0.2 177.8  7.4 2.4  0.2

N2.1 (T) 1.2  0.1 2.1 0.2 121.5  13.7 0.9  0.1

PDMS 1.0  0.0 1.7 0.2 308.1  28.7 1.5  0.1

Figure 6. Mechanical properties of rGO, NOGF composites and 
PDMS: (a) tensile strength and Young’s modulus; (b) toughness. 
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strength, and brittle failure behavior.25,26 From an interfacial 

perspective, the NOGF surface consists of relatively uniform 

sp² carbon planes, facilitating van der Waals interactions and 

mechanical interlocking with the non-polar PDMS chains.27

During the PDMS infiltration process after freeze-casting, the 

matrix uniformly wets the pore interiors and skeleton surfaces, 

forming a relatively homogeneous load-transfer network across 

the entire interface. This phenomenon enables gradual defor-

mation and dissipation of energy at the interface between filler 

and the matrix under tensile stress, delaying crack initiation and 

propagation. Consequently, both strength and Young’s modulus, 

as well as toughness, are simultaneously enhanced. Conversely, 

rGO manifests oxygen-containing functional groups distributed 

irregularly, leading to the formation of locally brittle domains. 

This is potentially reducing interfacial wettability and cohesion. 

At such heterogeneous interfaces, stress concentration readily 

occurs during deformation, and load transfer becomes inefficient 

due to interface debonding or micro-pore formation.25 Conse-

quently, rGO/PDMS composites exhibit relatively low tensile 

strength and stiffness, along with more brittle fracture behavior. 

In summary, NOGF provides significantly more efficient rein-

forcement than rGO at the same filler content because it forms 

a more intact skeletal structure and a more homogeneous and 

robust interfacial network.

Although the NOGF/PDMS composites were prepared with 

slightly higher graphene contents than the rGO/PDMS com-

posites, the difference in filler loading may only make a minor 

contribution to the overall mechanical response and thus can-

not be entirely excluded. However, the magnitude and consis-

tency of the improvements observed in tensile strength, modulus, 

and toughness indicate that the dominant factor is the superior 

quality of the NOGF network, which enables more efficient inter-

facial load transfer within the PDMS matrix.

In addition, due to the anisotropic microstructure induced by 

the unidirectional freeze-casting process, the graphene/PDMS 

composites exhibit direction-dependent mechanical behavior. 

Specimens tested along the alignment direction (longitudinal) 

display significantly higher tensile strength, Young’s modulus, 

and toughness than those tested perpendicular to the alignment 

direction (transverse). To quantify the mechanical anisotropy 

induced by unidirectional freeze-casting, the ratios of longitu-

dinal to transverse tensile properties (L/T) were calculated for 

each composite (Table 4). For all samples, the tensile strength 

in the longitudinal direction is approximately 1.6 to 2.1 times 

higher than that in the transverse direction, and the Young’s 

modulus shows a similar enhancement, with L/T ratios ranging 

from 1.3 to 2.1. The elongation at break is also greater along 

the alignment direction, with L/T ratios of 1.4 to 1.5, indicating 

that the aligned structure not only stiffens the material but also 

preserves its ductility. Most notably, the toughness in the lon-

gitudinal direction is 2.3 to 2.7 times greater than in the trans-

verse direction, confirming that freeze-casting facilitates more 

efficient energy dissipation when loaded parallel to the graphene 

alignment. This disparity can be attributed to the anisotropic 

arrangement of graphene sheets within the framework. When 

a tensile load is applied parallel to the alignment direction, stress 

is primarily carried along the continuous graphene pathways, 

enabling efficient stress transfer and distribution. Furthermore, 

localized interfacial mobility between the graphene and the 

PDMS matrix facilitates strain accommodation and mechani-

cal dissipation. These deformation mechanisms contribute to 

delayed crack propagation and enhanced tensile strength, mod-

ulus, elongation at break, and toughness in the longitudinally 

aligned samples.7,28-31 Conversely, under transverse loading, stress 

transfer occurs predominantly through the soft PDMS matrix 

and the discontinuous, transversely oriented graphene domains. In 

this orientation, the load-bearing capability of the graphene 

network is reduced, and the applied stress is less effectively 

distributed, leading to localized stress concentration and pre-

mature failure. As a result, mechanical performance in the 

transverse direction is significantly compromised.28,31 This effect 

is evident in the N2.1 (T) specimen, which exhibits lower ten-

sile strength, modulus, and toughness compared to the N1.9 

(L) specimen, despite having a higher graphene content. Con-

sequently, the N2.1 (L) specimen, which possesses a higher 

filler content and an alignment direction parallel to the applied 

tensile load, demonstrates the most favorable mechanical per-

formance among the tested samples.

Table 4. Longitudinal-to-transverse (L/T) Ratio of Tensile Properties for Graphene/PDMS Composites

Composite Tensile strength (L/T) Young’s modulus (L/T) Elongation at break (L/T) Toughness (L/T)

R1.7 2.1 1.4 1.4 2.4

N1.9 1.6 1.3 1.4 2.3

N2.1 1.7 2.1 1.5 2.7
 Polym. Korea, Vol. 50, No. 1, 2026
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Conclusions

In this study, NOGFs were synthesized through the exfoli-

ation of graphite intercalation compounds, effectively retaining 

the intrinsic structure of graphene with minimal introduction of 

defects. Structural analyses via TEM, XRD, and Raman spec-

troscopy confirmed the high crystallinity and low defect density 

of the resulting NOGF. By employing a unidirectional freeze-

casting process, the NOGF was assembled into a highly aligned 

three-dimensional aerogel network, which was subsequently 

infiltrated with PDMS to form nanocomposites. The resulting 

NOGF/PDMS composites demonstrated significant improve-

ments in mechanical performance, including a tensile strength 

of 2.0 MPa, Young’s modulus of 4.5 MPa, and toughness of 

2.4 MJ/m3, compared to rGO/PDMS composites with tensile 

strength of 1.7 MPa, Young’s modulus of 2.3 MPa, and toughness 

of 1.2 MJ/m3. These enhancements are attributed to the structural 

integrity of the NOGF and the formation of a well-aligned and 

interconnected filler network that promotes efficient stress transfer 

and energy dissipation. The results highlight the potential of 

using high-quality graphene with controlled alignment to fab-

ricate flexible and mechanically robust polymer nanocompos-

ites at low filler loadings.
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