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Abstract: Ag-nanoparticle-reinforced polymethyl methacrylate (AgNP/PMMA) composites are
widely used in healthcare, electronics, construction, transportation and many other fields. As
the service temperature fluctuates easily, it is necessary to study the temperature effect on the
properties of AgNP/PMMA composites. In this work, a preparation method of mixing and hot-
pressing was used to fabricate multifunctional AgNP/PMMA composites that are suitable for large-
scale industrial production. AgNPs are found to disperse homogeneously in the PMMA matrix.
The thermal conductivity of the composite with 15 vol% AgNPs is 116.19% higher than that of
PMMA and decreases as the temperature rises. Flexural strength increases first and then decreases
with the rising of AgNP content and service temperature, while the flexural modulus decreases
gradually. The minimum electrical resistivity of the composite achieves 1.37 × 10−3 Ω·m, with a
low percolation threshold of 5 vol%, an improvement of nine orders of magnitude over PMMA.
The results demonstrate that the service temperature has a significant effect on the comprehensive
properties of AgNP/PMMA composites.

Keywords: nanoparticles; composites; thermal properties; mechanical properties; electrical properties

1. Introduction

Polymethyl methacrylate (PMMA) is an optically transparent thermoplastic polymer
synthesized from methyl methacrylate monomer [1] and is widely used as a substitute
for inorganic glass and polymer matrices of composites with outstanding weather resis-
tance and scratch resistance [2–6]. Ag nanoparticles (AgNPs) with small particle size,
large specific surface area and high surface energy have attracted great attention and are
considered to be an ideal reinforcement material of nanocomposites with excellent op-
tical, electrical and antibacterial properties [7–10]. Because of the outstanding thermal,
mechanical and electrical properties, Ag-nanoparticle-reinforced polymethyl methacrylate
(AgNP/PMMA) composites have rapidly developed in recent years and are widely used in
healthcare, electronics, construction, transportation and many other fields [11–15]. When
the AgNP/PMMA composites are used as dentures, antibacterial materials or other prod-
ucts, their ability to resist high temperatures has a significant impact on the service life and
reliability of the products.

Much research has been conducted to improve the properties of AgNP/PMMA com-
posites by modifying the polymer matrix, adding new fillers and improving the preparation
process [16–18]. De Matteis et al. [19] added monodisperse citrate-covered AgNPs with an
average diameter of 20 nm in PMMA composite and significantly reduced the adhesion
and colonization ability of Candida albicans on PMMA dental prosthesis, attributed to the
reduction in the surface roughness of PMMA by the addition of AgNPs. Philip et al. [20]
synthesized PMMA nanofibers by the electrospinning method and AgNPs with an av-
erage diameter of 5–10 nm by the microwave-assisted biosynthesis method and found
that the intensity of PMMA nanofibers was reinforced with redshift by the incorporation
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of AgNPs, which proved the capacity of PMMA nanofibers as a host matrix for AgNPs.
Matamoros-Ambrocio et al. [21] synthesized AgNP/PMMA composites by an opal of
PMMA microspheres with an average diameter of 298 nm and AgNPs with a 15 nm aver-
age diameter and found that the periodicity of the PMMA opals was slightly altered, and
the photonic band gap maxima shifted toward longer wavelengths, decreased in intensity
and broadened as the AgNP concentration was increased.

The service temperature of AgNP/PMMA composites can be easily affected by changes
in ambient temperature, heating effect when current passes through the composites and
heat transfer rate from high-temperature objects by the enhanced thermal conductivities.
Sahputra et al. [22] found that the Young’s modulus and storage modulus of PMMA decreased
significantly with the rise in temperature, while the volume increased with the rise in tempera-
ture. Because of the polymer matrix sensitivity to temperature, there is an urgent need to study
the properties of Ag/PMMA composites under different service temperatures. In this work,
multifunctional AgNP/PMMA composites with different AgNP contents were prepared by a
mixing and hot-pressing method, which is suitable for large-scale industrial production. The
microstructure analysis of AgNP/PMMA composites was conducted by SEM micrographs.
The effects of service temperature and filler content on thermal conductivity, flexural strength,
flexural modulus and electrical resistivity of AgNP/PMMA composites were measured and
discussed according to the microstructures.

2. Materials and Methods
2.1. Materials

AgNPs were purchased from McLean Biochemical Co., Ltd. (Shanghai, China), with
a purity of 99.5% and an average diameter of 50–75 nm measured by a particle analysis
image-processing technique. PMMA particles were purchased from Zoomlion Plastics
Technology Co., Ltd. (Jiangmen, China), with a purity of 99.5%. All other chemical reagents
were of analytical grade and were used directly without purification.

2.2. Preparation of AgNP/PMMA Composites

Figure 1 shows the preparation process of AgNP/PMMA composites. AgNPs of
0.247 g and PMMA particles of 2.753 g were mixed in ethanol solution and sonicated for
15 min for uniform mixing. Then, the brown turbid liquid was placed in an oven at 150 ◦C
for 60 min to obtain a viscous mixture of AgNPs, PMMA and ethanol, which was placed
in a tetrafluoroethylene mold and continued to be dried in an oven at 150 ◦C for 30 min
until the mixture of AgNPs and PMMA was completely dried to a powder. Finally, the
powder mixture was put into a hot-pressing mold and then hot-pressed several times
at 150 ◦C for 30 s to obtain the AgNP/PMMA composite with a AgNP volume content
of 1%. Similar processes were used to prepare PMMA and AgNP/PMMA composites
with a AgNP volume content of 1%, 5% and 15%, corresponding to the sample names of
PMMA, AgNPs1/PMMA, AgNPs5/PMMA and AgNPs15/PMMA. These content values
are selected according to the related research results [7–12] and represent good properties
and a high weight content of 61.48%.
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2.3. Characterizations

The microstructure analysis of AgNP/PMMA composites was conducted by scanning
electron microscopy (SEM) (S4800, Hitachi Co., Tokyo, Japan) with an accelerating electric
voltage of 5 kV and an electric current of 10 µA. The thermal conductivities were measured
by a xenon lamp thermal conductivity meter (DXF 500, TA Co., New Castle, PA, USA)
following the standard test method of ASTM E1461 [23], with temperatures of 20 ◦C, 30 ◦C,
40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C, 80 ◦C, 90 ◦C, 100 ◦C and 110 ◦C, in the range from room tem-
perature to the glass transition temperature of PMMA. The three-point bending tests were
conducted by an electronic universal testing machine (CMT6103, MTS Co., Minneapolis,
MN, USA), according to the standard ISO 178 [24], with a loading rate of 1 mm/min
and temperatures from 20 ◦C to 110 ◦C, controlled by a high-power infrared lamp. The
electrical resistivities of AgNP/PMMA composites at different service temperatures were
measured by a voltage–current method with composites samples, measuring electrodes
and thermocouples placed in a heating oven, which controlled the temperature from 20 ◦C
to 110 ◦C. Three electric meters, Keithley 2400 (Keithley Instruments Inc., Solon, OH, USA),
AR907 and AR3125 (Smart Sensor Co., Dongguan, China), were used for different levels of
electrical resistivity from insulators to conductors. The size of all the electrical test samples
is the same with a diameter of 50 mm and a thickness of 1 mm.

3. Results and Discussion
3.1. Microstructure Analysis

The SEM micrographs of fracture surfaces of PMMA and AgNP/PMMA composites
are shown in Figure 2. The fracture surface of PMMA is relatively flat, indicating a typical
brittle fracture morphology. With the addition of AgNPs, AgNPs preferentially agglomerate
into AgNP clusters, consistent with the results of other studies [25], while a small number
of air bubbles is observed in SEM micrographs, which are difficult to visually observed
during the preparation processing and cannot be avoided completely. The air bubbles are
caused by the agglomeration of nanoparticles during the mixing process and are mainly
observed in the AgNP clusters, as shown in Figure 2. The larger the AgNP cluster’s
size, the greater the number of the air bubbles that are observed in the SEM micrographs.
For the composite with 1 vol% AgNPs, the AgNP clusters with an average diameter of
about 4 µm measured by the SEM micrographs are observed to homogenously dispersed
in the PMMA matrix. Attributed to the small size and high surface energy, it is very
difficult for Ag nanoparticles to be completely dispersed individually, and they tend to
agglomerate as clusters. The homogeneous dispersion of AgNP clusters is also important
for the properties of composites. At the AgNP content of 5 vol%, the AgNP clusters become
smaller, with an average diameter about 2 µm, possibly due to the distances between AgNPs
decreasing at higher content, while a small number of AgNPs without agglomeration are
also observed to be homogenously dispersed in the PMMA matrix. When the content
of AgNPs rises to 15 vol%, the diameter of AgNP clusters continually decreased to less
than 1 µm, although the number of AgNP clusters and AgNPs uniformly dispersed in the
PMMA matrix is increased significantly. This proves that the preparation method of mixing
and hot-pressing is effective in obtaining the homogenous dispersion microstructure of
AgNP/PMMA composites.
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NPs15/PMMA.

3.2. Thermal Properties

The through-plane thermal conductivities of AgNP/PMMA composites as a function
of AgNP content under different temperatures are shown in Figure 3. When the AgNP
content increases from 0 to 1 vol%, the thermal conductivities of the composites decrease
due to a small number of air bubbles produced during the preparation of the composites.
Because of the larger size of AgNP clusters in composite of 1 vol% AgNPs, more air bubbles
with ultra-low thermal conductivity are produced and cause a more serious effect on the
reduction in thermal conductivity compared with composites of higher content. When
the AgNP content rises from 1 vol% to 5 vol% and 15 vol%, the thermal conductivities
of AgNP/PMMA composites increase significantly under all the different service tem-
peratures, attributed to the positive influence of the high thermal conductivity of AgNPs
gradually exceeding the negative influence of the air bubbles, which are obviously reduced
when the size of AgNP clusters becomes smaller with the increasing of AgNP content.
The thermal conductivity of AgNP/PMMA composite with a AgNP content of 15 vol% is
116.19% higher than that of PMMA. This is attributed to the thermal conduction networks
composed by the connection of AgNPs with excellent thermal conductivity, making heat
transfer faster and more efficiently [26].

The thermal conductivities of AgNP/PMMA composites at different AgNP con-
tents as a function of temperatures are shown in Figure 4. The thermal conductivity
of AgNP/PMMA composites decreases with the rise in temperature for all the composites.
With the rise in temperature, the effect of temperature on the thermal conductivity of
AgNP/PMMA composites is gradually decreased. The thermal conductivity of PMMA
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decreases with the temperature rising to its glass transition temperature of 110 ◦C, while
AgNPs are less affected in this temperature period. The excellent thermal conduction ability
of AgNPs causes a faster heat transfer ability and rise in temperature of composite samples
with higher AgNP content. For example, the thermal conductivity of AgNPs1/PMMA
at 20 ◦C is 1.62 times that at 110 ◦C, while the thermal conductivity of AgNPs15/PMMA
at 20 ◦C is only 1.38 times that at 110 ◦C. This decrease in thermal conductivity with in-
creasing temperature is mainly attributed to the reduction in phonon mean free path with
the increase in collisions between phonons at higher temperatures [27] and the thermal
conductivity of the PMMA matrix decreasing with the rise in temperature.
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3.3. Mechanical Properties

The mechanical properties under different temperatures for AgNP/PMMA composites
were measured by self-assembling equipment with a uniaxial testing machine, infrared lamp,
thermocouple and digital thermocouple temperature control meter. The large fluctuation of
flexural strengths of AgNP/PMMA composites is caused by the internal defects of composites,
such as air bubbles and cracks, as shown in Figures 5 and 6. The flexural strength of composite
is improved due to the strong interface between AgNP reinforcement and the PMMA matrix
and excellent mechanical properties of AgNPs. When the AgNP content is lower than 5 vol%,
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cracks are prevented by the homogenous dispersion of AgNPs in the PMMA matrix, achieving
a maximum flexural strength of 45.63 MPa for the AgNPs5/PMMA composite. At a higher
AgNP content of 15 vol%, the flexural strength of the composite is decreased, attributed to the
fact that more AgNP clusters are formed by the agglomeration of AgNPs, causing more serious
impacts on local stress concentration areas or initiation points of cracks [25].
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The flexural strengths of AgNP/PMMA composites under different temperature are
shown in Figure 6. Compared with the effect of AgNP content, the flexural strengths
of composites are less affected by the service temperature. It is found that the flexural
strengths of composites have different sensitivities to temperature, showing a positive
correlation with the AgNP content. As the thermal conductivity of PMMA decreases with
the temperature and AgNPs are less affected in this temperature period, AgNPs with high
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thermal conductivity causes a faster heat transfer and rise in temperature of composite
samples at a higher AgNP content. The flexural strengths show a similar trend of first
increasing and then decreasing with the rise in temperature for all the composites. As
the AgNPs are not connected to each other strongly, the breaking of composites is mainly
dependent on the properties of the PMMA matrix. When the temperature rises from 30 ◦C
to 80 ◦C, the flexural strength is improved by the increasing of molecular mobility in the
polymer composite. When the temperature rises above the hot deformation temperature of
80 ◦C, the flexural strengths of the composites begin to decrease gradually.

Figure 7 shows the flexural moduli of AgNP/PMMA composites under different
service temperatures and illustrates a similar trend of first decreasing and then increasing
with the increase in AgNP content, achieving a maximum value of 3028.71 MPa for the
AgNPs15/PMMA composite. This is attributed to the fact that the air bubbles produced
during the preparation of AgNP/PMMA composites have more significant influence on the
mechanical properties of composites when the AgNP content is lower than 5 vol%. For the
composites with higher AgNP contents and strong interface between AgNPs and PMMA,
the networks composed by the connection of AgNPs with excellent flexural modulus
become the main influencing factor and reinforce the ability to resist deformation. The
flexural modulus is also reinforced by the high stiffness of AgNPs [28].
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As shown in Figure 8, with the rise in temperature, the flexural moduli decrease
significantly for PMMA and all the AgNP/PMMA composites. This is attributed to the
softening of the PMMA polymer matrix with rising temperature. With the increase in
molecular motion and molecular energy caused by the rising temperature, the interaction
between molecules is weakened, leading to changes in structure and property. Compared
with PMMA, the flexural moduli of composites are more sensitive to temperature and
decrease more severely with the rise in temperature, due to the photothermal effect of
AgNP/PMMA composites, which makes the composites easier to self-heat and more
sensitive to temperature at a higher AgNP content.
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3.4. Electrical Properties

Figure 9 shows the electrical resistivities of AgNP/PMMA composites at different
contents of AgNPs. The resistance values of PMMA, AgNPs1/PMMA and AgNPs5/PMMA
samples are obtained after being broken down by high voltages, 2500 v, 5000 v and 500 v,
respectively, while the resistance values of AgNPs15/PMMA are obtained without being
broken down. This illustrates that the AgNP/PMMA composites transform from an
insulator to a conductor within the content range from 5 vol% to 15 vol%, where the
volume electric resistivity is rapidly decreased by five orders of magnitude. This means the
content of 5 vol% is the electric percolation threshold of AgNP/PMMA composites and is
crucial for applications in electronics fields such as sensors and devices. The percolation
threshold is higher than that of the composite with a specific orientation microstructure or
three-dimensional reinforcement due to the homogeneous dispersion of particles delaying
the conduction network at a specific loading fraction. When the content of conducting
fillers is larger than the percolation threshold, the fillers contact each other and start to
form networks with more and more conducting paths and change the insulation property
immediately [29].
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The electrical resistivities of PMMA and AgNP/PMMA composites as a function of
temperature are shown in Figure 10. The electrical resistivities of AgNP/PMMA composites
are not sensitive to temperature, which is possibly because of the significant difference
in electrical conductivity between AgNPs and the PMMA matrix. In the temperature
range of 20–110 ◦C, the thermal, mechanical and electrical properties of AgNPs are less
affected than those of the polymer matrix. The AgNPs15/PMMA composite shows the
best electrical property as a good conductor and achieves a minimum electrical resistivity
of 1.37 × 10−3 Ω·m, which is equal to a maximum electrical conductivity of 0.137 s·m−1

and is an improvement of nine orders of magnitude over that of PMMA, which has better
electrical conductivity than other similar composites and great potential applications in
electronics fields such as detection and sensing [12,30,31].
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4. Conclusions

AgNP/PMMA composites with homogeneously dispersed AgNPs were successfully
prepared by a fast method of mixing and hot-pressing. The thermal conductivities of
AgNP/PMMA composites first decrease and then increase with the increase in AgNP con-
tent, while continuously decreasing with the rise in service temperature. The AgNP/PMMA
composite with a AgNP content of 15 vol% achieves the maximum thermal conductivity
and 116.19% higher than that of PMMA. The flexural strength shows a trend of first in-
creasing and then decreasing with the increase in AgNP content and temperature, while
the flexural modulus shows a similar trend to flexural strength with the increase in AgNP
content and decreases gradually with the rise in temperature. The resistivities of com-
posites continuously decrease with the increase in AgNP content and achieve the electric
percolation threshold of 5 vol%. The minimum electrical resistivity of AgNPs15/PMMA
composite decreases by nine orders of magnitude compared to that of PMMA. This work
proves that the service temperature has significant influence on the thermal and mechanical
and electrical properties of AgNP/PMMA composites.

Author Contributions: Conceptualization, X.-G.C. and Y.-F.Z.; methodology, X.-G.C. and Y.-F.Z.;
investigation, X.-G.C.; resources, Y.-F.Z.; data curation, X.-G.C.; writing—original draft preparation,
X.-G.C.; writing—review and editing, Y.-F.Z.; visualization, X.-G.C.; supervision, Y.-F.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no funding.



J. Compos. Sci. 2024, 8, 279 10 of 11

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: The authors are grateful to the anonymous referees of the journal for their
extremely useful suggestions to improve the quality of the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ali, U.; Abd Karim, K.J.B.; Buang, N.A. A review of the properties and applications of poly (methyl methacrylate) (PMMA).

Polym. Rev. 2015, 55, 678–705. [CrossRef]
2. Philip, P.; Jose, E.T.; Chacko, J.K.; Philip, K.C.; Thomas, P.C. Preparation and characterisation of surface roughened PMMA

electrospun nanofibers from PEO–PMMA polymer blend nanofibers. Polym. Test. 2019, 74, 257–265. [CrossRef]
3. Soni, G.; Srivastava, S.; Soni, P.; Kalotra, P.; Vijay, Y.K. Optical, mechanical and structural properties of PMMA/SiO2 nanocompos-

ite thin films. Mater. Res. Express 2018, 5, 015302. [CrossRef]
4. Kausar, A. Poly(methyl methacrylate) nanocomposite reinforced with graphene, graphene oxide, and graphite. Polym.-Plast.

Technol. Mater. 2019, 58, 821–842. [CrossRef]
5. Yang, B.; Pan, Y.; Yu, Y.N.; Wu, J.P.; Xia, R.; Wang, S.Q.; Wang, Y.Y.; Su, L.F.; Miao, J.B.; Qian, J.S.; et al. Filler network structure in

graphene nanoplatelet (GNP)-filled polymethyl methacrylate (PMMA) composites: From thermorheology to electrically and
thermally conductive properties. Polym. Test. 2020, 89, 106575. [CrossRef]

6. Kausar, A.; Bocchetta, P. Poly(methyl methacrylate) nanocomposite foams reinforced with carbon and inorganic nanoparticles-
state-of-the-art. J. Compos. Sci. 2022, 6, 129. [CrossRef]

7. Bandla, M.; Abbavaram, B.R.; Kokkarachedu, V.; Sadiku, R.E. Silver nanoparticles incorporated within intercalated clay/polymer
nanocomposite hydrogels for antibacterial studies. Polym. Compos. 2017, 38, E16–E23. [CrossRef]

8. Khammassi, S.; Tarfaoui, M.; Skrlová, K.; Merínská, D.; Plachá, D.; Erchiqui, F. Poly(lactic acid) (PLA)-based nanocomposites:
Impact of vermiculite, silver, and graphene oxide on thermal stability, isothermal crystallization, and local mechanical behavior. J.
Compos. Sci. 2022, 6, 112. [CrossRef]

9. Velgosova, O.; Mudra, E.; Vojtko, M.; Veselovsky, L. Embedding of green synthesized silver nanoparticles into polymer matrix.
Bull. Mater. Sci. 2021, 44, 47. [CrossRef]

10. Bang, Y.J.; Roy, S.; Rhim, J.W. A facile in situ synthesis of resorcinol-mediated silver nanoparticles and the fabrication of agar-based
functional nanocomposite films. J. Compos. Sci. 2022, 6, 124. [CrossRef]

11. Carlos, F.A.J.; Rene, G.C.; Germán, V.S.; Susana, A.T.L. Antimicrobial poly (methyl methacrylate) with silver nanoparticles for
dentistry: A systematic review. Appl. Sci. 2020, 10, 4007. [CrossRef]

12. Ara, L.; Shah, L.A.; Ye, D.X.; Khattak, N.S. Silver nanoparticles doped polymethylmethacrylate[Ag/PMMA] nanocomposite as
smart material for non-enzymatic glucose sensor. J. Disper. Sci. Technol. 2024, 45, 1120–1128. [CrossRef]

13. Bansal, G.; Gautam, R.K.; Misra, J.P.; Mishra, A. Synthesis and characterization of poly (methyl methacrylate)/silver-doped
hydroxyapatite dip coating on Ti6Al4V. Colloid Surf. A 2024, 689, 133662. [CrossRef]

14. Dallas, P.; Sharma, V.K.; Zboril, R. Silver polymeric nanocomposites as advanced antimicrobial agents: Classification, synthetic
paths, applications, and perspectives. Adv. Colloid Interface Sci. 2011, 166, 119–135. [CrossRef] [PubMed]

15. Monteiro, D.R.; Takamiya, A.S.; Feresin, L.P.; Gorup, L.F.; de Camargo, E.R.; Delbem, A.C.B.; Henriques, M.; Barbosa, D.B.
Susceptibility of Candida albicans and Candida glabrata biofilms to silver nanoparticles in intermediate and mature development
phases. J. Prosthodont. Res. 2015, 59, 42–48. [CrossRef]

16. Ali, A.M.; Ali, N.A.; Hussein, S.I.; Hakamy, A.; Raffah, B.; Alofi, A.S.; Abd-Elnaiem, A.M. Nanoarchitectonics of silver/poly
(methyl methacrylate) films: Structure, optical characteristics, antibacterial activity, and wettability. J. Inorg. Organomet. P. 2023,
33, 694–706.

17. Naser, H.; Shanshool, H.M.; Mohammad, S.M.; Hassan, Z.; Abbas, A.M.A.; Abed, S.M.; Sifawa, A.A. The role of the polymer
matrix on the energy band gap of nanocomposites of aluminium, silver and zinc oxide. Plasmonics, 2024; early access.

18. Shilpa, S.A.; Pavithra, A.J.; Hikku, G.S.; Jeyasubramanian, K.; Veluswamy, P.; Ikeda, H. Imparting efficient antibacterial activity to
cotton fabrics by coating with green synthesized nano-Ag/PMMA composite. Bionanoscience 2023, 13, 2180–2194. [CrossRef]

19. De Matteis, V.; Cascione, M.; Toma, C.C.; Albanese, G.; De Giorgi, M.L.; Corsalini, M.; Rinaldi, R. Silver nanoparticles addition
in poly(methyl methacrylate) dental matrix: Topographic and antimycotic studies. Int. J. Mol. Sci. 2019, 20, 4691. [CrossRef]
[PubMed]

20. Philip, P.; Jose, T.; Sarath, K.S.; Philip, K.C. Red shifted photoluminescent properties of electrospun poly(methyl methacrylate)
nanofibers incorporated with green synthesised silver nanoparticles. Mater. Today Proc. 2020, 33, 1402–1409. [CrossRef]

21. Matamoros-Ambrocio, M.; Sánchez-Mora, E.; Gómez-Barojas, E. Surface-enhanced raman scattering (SERS) substrates based on
Ag-nanoparticles and Ag-nanoparticles/poly (methyl methacrylate) composites. Polymers 2023, 15, 2624. [CrossRef]

22. Sahputra, I.H.; Alexiadis, A.; Adams, M.J. Temperature and configurational effects on the Young’s modulus of poly (methyl
methacrylate): A molecular dynamics study comparing the DREIDING, AMBER and OPLS force fields. Mol. Simul. 2018,
44, 774–780. [CrossRef]

https://doi.org/10.1080/15583724.2015.1031377
https://doi.org/10.1016/j.polymertesting.2019.01.009
https://doi.org/10.1088/2053-1591/aaa0f7
https://doi.org/10.1080/25740881.2018.1563112
https://doi.org/10.1016/j.polymertesting.2020.106575
https://doi.org/10.3390/jcs6050129
https://doi.org/10.1002/pc.23963
https://doi.org/10.3390/jcs6040112
https://doi.org/10.1007/s12034-020-02349-3
https://doi.org/10.3390/jcs6050124
https://doi.org/10.3390/app10114007
https://doi.org/10.1080/01932691.2023.2197998
https://doi.org/10.1016/j.colsurfa.2024.133662
https://doi.org/10.1016/j.cis.2011.05.008
https://www.ncbi.nlm.nih.gov/pubmed/21683320
https://doi.org/10.1016/j.jpor.2014.07.004
https://doi.org/10.1007/s12668-023-01203-0
https://doi.org/10.3390/ijms20194691
https://www.ncbi.nlm.nih.gov/pubmed/31546661
https://doi.org/10.1016/j.matpr.2020.05.620
https://doi.org/10.3390/polym15122624
https://doi.org/10.1080/08927022.2018.1450983


J. Compos. Sci. 2024, 8, 279 11 of 11

23. ASTM E1461-13; Standard Test Method for Thermal Diffusivity by the Flash Method. ASTM International: West Conshohocken,
PA, USA, 2022.

24. ISO 178:2019; Plastics—Determination of Flexural Properties. ISO: Geneva, Switzerland, 2019.
25. Gopalakrishnan, S.; Raj, I.; Mathew, T.A.; Abraham, J.; Maria, H.J.; Mozetic, M.; Thomas, S.; Kalarikkal, N. Development

of oral-fluid-impervious and fracture-resistant silver–poly(methyl methacrylate) nanoformulations for intra-oral/extra-oral
rehabilitation. J. Appl. Polym. Sci. 2019, 136, 47669. [CrossRef]

26. Wu, Y.J.; Zhang, X.X.; Negi, A.; He, J.X.; Hu, G.X.; Tian, S.S.; Liu, J. Synergistic effects of boron nitride (BN) nanosheets and silver
(Ag) nanoparticles on thermal conductivity and electrical properties of epoxy nanocomposites. Polymers 2020, 12, 426. [CrossRef]
[PubMed]

27. Xu, X.F.; Zhou, J.; Chen, J. Thermal transport in conductive polymer-based materials. Adv. Funct. Mater. 2022, 30, 1904704.
[CrossRef]

28. Haque, M.E.; Khan, M.W.; Chowdhury, M.N.K. Synthesis, characterization, biocompatibility, thermal and mechanical perfor-
mances of sawdust reinforced composite. Polym. Test. 2020, 91, 106764. [CrossRef]

29. Blokhin, A.; Stolyarov, R.; Burmistrov, I.; Gorshkov, N.; Kolesnikov, E.; Yagubov, V.; Tkachev, A.; Zaytsev, I.; Tarov, D.; Galunin,
E.; et al. Increasing electrical conductivity of PMMA-MWCNT composites by gas phase iodination. Compos. Sci. Technol. 2021,
214, 108972. [CrossRef]

30. Hazim, A.; Hashim, A.; Abduljalil, H.M. Fabrication of novel (PMMA-Al2O3/Ag) nanocomposites and its structural and optical
properties for lightweight and low cost electronics applications. Egypt. J. Chem. 2021, 64, 359–374. [CrossRef]

31. Liu, X.X.; Liu, J.H.; Zhao, X.M.; Zhang, D.; Wang, Q.R. Ag NPs/PMMA nanocomposite as an efficient platform for fluorescence
regulation of riboflavin. Opt. Express 2022, 30, 34918–34931. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/app.47669
https://doi.org/10.3390/polym12020426
https://www.ncbi.nlm.nih.gov/pubmed/32059366
https://doi.org/10.1002/adfm.201904704
https://doi.org/10.1016/j.polymertesting.2020.106764
https://doi.org/10.1016/j.compscitech.2021.108972
https://doi.org/10.21608/ejchem.2019.18513.2144
https://doi.org/10.1364/OE.470454

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of AgNP/PMMA Composites 
	Characterizations 

	Results and Discussion 
	Microstructure Analysis 
	Thermal Properties 
	Mechanical Properties 
	Electrical Properties 

	Conclusions 
	References

