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Abstract

A combination of experiments and theoretical models is used to study the

mechanical and thermal properties of polydimethylsiloxane (PDMS) and

magnetite nanoparticle-reinforced PDMS composites with the potential for

applications in biomedical implants for localized hyperthermia and

photothermal ablation. Composite samples with varying weight fractions

(0,1, 5, and 10 wt.%) of Fe3O4 nanoparticles were fabricated and tested to

determine their stress–strain behavior and fracture toughness. The mea-

sured mechanical properties are also compared with predictions from com-

posite and toughening models. The implications of the results are discussed

for the design of plasmonic/magnetic nanocomposites with attractive com-

binations of mechanical and thermal properties that are relevant to laser

hyperthermia and photo-thermal-ablation.

KEYWORD S
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1 | INTRODUCTION

The design of polymeric matrix composites with attrac-
tive combinations of strength and fracture toughness
can be achieved by mixing polymer matrices with

inorganic reinforcements with complementary proper-
ties.1,2 Thus, in the case of polymeric composites for
applications in biomedical implants, there is a need to
balance the desired improvements in mechanical or
physical properties with the much-needed
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biocompatibility that is needed for effective applica-
tions in the human body.3–5

PDMS is an example of a biocompatible polymer
matrix that has received considerable attention due to its
excellent combination of biocompatibility, optical trans-
parency, mechanical and thermal properties.6

Polydimethylsiloxane (PDMS) is a silicon-based organic
polymer composed of a repeating unit [SiO(CH3)].7 It is an
elastomer polymer that is often processed at the microme-
ter scale for many scientific and engineering applications.7

PDMS is also easy to process, nontoxic, and nonflamma-
ble. It also exhibits attractive combinations of elastic/
viscoelastic properties, optical transparency8 and, bio-
compatibility, high gas permeability, high compressibility,
chemically inertia, high flexibility; and chemical/thermal
stability.9,10

PDMS can also be mixed with different reinforce-
ments to produce composites with engineered combina-
tions of mechanical, magnetic, plasmonic, and thermal
properties.10–12 Such combinations of properties, along
with the biocompatibility of the PDMS matrix, make
PDMS composites attractive for applications in biomedi-
cal devices.6,9,13

On the other hand, MNPs have received significant
attention because of their attractive combinations of
physico-chemical and magnetic properties, and the ease
with which they form composite mixtures with organic
or inorganic compounds. Thus, MNP-reinforced compos-
ites have been developed recently for biomedical applica-
tions.14 Within this context, magnetite nanoparticles
have attracted widespread attention due to their biocom-
patibility,14–17 low cost,14 chemically stability, and unique
magnetic properties.14,15 In addition, magnetite
nanoparticles are chemically inert materials with low tox-
icity levels.16 They are also characterized by their super-
paramagnetic behavior, and their immune induction
capacity, making potential systems for antigen delivery.

Among the magnetic particles with dual functions of
magnetism and NIR absorption, magnetite nanoparticles
stand out as nanoparticles for photothermal therapy. IONs
have great potential for biomedical applications, due to their
biocompatibility, biodegradability and easy functionalization
for specific applications15,18,19 These properties, and the
widespread acceptance of lack of toxicity, make magnetite a
good candidate to be used in cancer therapeutics via drug
delivery, magnetic hyperthermia, photodynamic, and
photothermal applications.15

However, despite these characteristics, there are also
some drawbacks associated to it such as; aggregation and
instability due to the rapid biodegradation of bare MNPs
in biological media, which continue to hinder the transi-
tion to clinical applications, In order to overcome these
challenges, nanocomposites (NCs) consisting of polymers

and MNPs have been proposed for the localized treat-
ment of tumor tissue via localized hyperthermia.20,21

These materials offer new opportunities for the develop-
ment of novel cancer treatment modalities. They have
also been combined with materials for the controlled
release of therapeutic drugs to synergistically treat cancer
by the combined effects of localized drug release and
heat. These materials offer unique mechanical, electrical,
optical, and thermal properties.

Researchers have shown that incorporation of nanopar-
ticle fillers enhances the mechanical properties of PDMs.
Incorporating carbon nanotube enhances the elastic modu-
lus and reduces the hardness of PDMS.22 The nanoparticle-
PDMS films have a higher Young's modulus than pure
PDMS films and also show enhanced antibacterial proper-
ties when reinforced with silver, gold, silica, and plati-
num.23,24 Increase in Young's modulus; decrease in tensile
strength; decrease in hardness with increasing nanoparticle
concentration were observed when magnetite nanoparticles
were incorporated in PDMs.25 Incorporation of TiO2 (tita-
nium dioxide) nanoparticles exhibits lower surface rough-
ness, higher contact angle values, and better corrosion
protection performance.26

One such application is in PDMS/magnetite nanopar-
ticle composite devices that are being developed for the
thermal treatment of cancer by laser/magnetite interac-
tions that can give rise to programmed cell death (hyper-
thermia) or photo-ablation, which depend on the
induced temperature profiles. In such scenarios, the
plasmonic interactions can give rise to localized hyper-
thermia, when the induced temperatures are between 41
and 44�C, while even higher temperatures can give rise
to necrosis and photoablation.27

There is, therefore, need to the potential to engineer
novel nanocomposites that can be implanted into prior
tumor regions, following tumor resection by surgery. In such
cases, the localized heating associated with laser/magnetic
nanoparticle interactions can be used to “kill” or “ablate”
residual tumors, following the resection of tumors.28

Considering the biocompatibility of both the matrix
and the reinforecement that are being explored for the
treatment. Polydimethylsiloxane, has been widely used in
the biomedical industry. Although, elastomers (rubbers)
have been the object of study of many researchers due to
some of their interesting biomechanical characteristics,
such as: flexibility, chemical stability, and resistance to
corrosion. Among these elastomers in the market, PDMS
stands out in recent years, because of its biocompatibility
and its biomechanical behavior is similar to biological tis-
sues.6 It is biocompatible and biostable and has the least
impact on the tissue.29 It does not cause inflammatory
response due to the reaction of the immune system thus
damaging the functioning of the implanted device.30
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PDMS is one of the most successful polymers, because
when implanted it only causes a brief inflammatory reac-
tion in the organism, which explains its widespread use in
personal care and topical skin applications.31 It has also
been reported that iron oxide nanoparticles are more
widely used than other magnetic nanoparticles due to their
biocompatibility and chemical inertness that make them
suitable for medical, pharmaceutical and therapeutic appli-
cations.16,32,33 Also magnetite/PDMS nanocomposites are
biocompatible, inert and nontoxic,34 making them excel-
lent candidates for applications in biomedical devices for
breast cancer treatment.

Nanoparticle concentration on the mechanical prop-
erties of PDMS under different preparation condi-
tions.10,35–37 Their results showed, among others, that
there were significant differences in Young's moduli for
the range of curing temperatures tested.

Recently, polymer nanocomposites reinforced with
low fraction of filler particles have attracted growing
interest due to their fascinating properties. The incorpo-
ration of nano fillers with high aspect ratio and extremely
large surface area into polymer has seen to improve their
mechanical performances significantly. Kwon et al.38

investigated the enhanced mechanical properties of poly-
mer nanocomposites using dopamine-modified polymers
at nanoparticle surfaces in very low molecular weight
polymers. They reported a dramatic enhancement of the
mechanical properties of polymer nanocomposites
(PNCs). Their results showed that attractive interactions
between particles induced by DOPA-mPEG grafting dra-
matically improve the mechanical properties. PNC con-
sists of poly (ethylene glycol) (PEG) and silica
nanoparticles whose surfaces are modified with dopa-
mine modified PEG (DOPA-mPEG) brush polymers.

In a review by Amit Kumar et al.39 on the mechanical
properties of polymer composites reinforced by carbon nan-
otubes and grapheme, CNTs have reported to have excellent
mechanical and thermal properties. Recently, Konku-Asase
et al.25 studied the effects of standard curing temperature
conditions on bulk mechanical properties of PDMS
nanocomposites the result also showed an increase for
Young's modulus (E) and a decrease of the ultimate tensile
strength (UTS) of with increasing concentration of the NPs
and also hardness was seen to increase with curing tempera-
ture but decreased with concentration. To the best of our
knowledge, there has been no reported investigation of the
mechanical properties of the nanocomposites for hyperther-
mia treatment and in comparison with the mechanical
properties of the breast tissue.

However, the implants must also have controlled
mechanical properties for them to be compatible with the
surrounding tissues. Thus, to avoid stress shielding effects,
the implants can be engineered to have comparable moduli

to those of the surrounding matrix materials. Similarly, the
implants must also be resistant to failure by deformation
and cracking phenomena, which can be engineered by the
control of composite strength and fracture toughness.40

There is, therefore, a need to develop novel compos-
ites that can be implanted into prior tumor regions to
enable the thermal treatment of residual tumors via con-
trolled hyperthermia or photoablation. This will be
explored in the current study using model PDMS/magne-
tite nanoparticle composites.

This article will use a combination of theory and experi-
ments to study the effects of magnetite nanoparticle volume
fraction on the thermal properties (thermo-gravimetric anal-
ysis (TGA), differential scanning calorimetry, (DSC), and
Fourier-transform infrared (FTIR) and mechanical proper-
ties (stress–strain behavior and fracture toughness) of com-
posites that are relevant to potential applications in the
treatment of triple-negative breast cancer. The implications
of the results will also be discussed for the development of
future implantable biomedical devices for localized hyper-
thermia and/or laser photoablation.

2 | THEORY

2.1 | Models for the prediction of
composite mechanical properties

Mechanical property data obtained from experiments can
be used in composite models for the prediction of mechani-
cal properties. The simple rule-of-mixture models give:

Ec ¼EpVpþEmVm ð1Þ

and

σc ¼ σpVpþσmVm, ð2Þ

where Ec is the composite Young's modulus, Ep and Em

are the nanoparticles and matrix young modulus, σm and
σp are tensile strength of matrix and nanoparticles, and
Vm and Vp are the volume fractions of both the matrix
and nanoparticles.

In the case of particle-filled composites, Guth and
Smallwood41 have developed the following expression for the
Young's moduli of particle-filled composites. This is given by:

Ec ¼Em 1þ2:5ϕf þ14:1ϕ2
f

� �
, ð3Þ

where E is Young's modulus and ϕf is the volume frac-
tion of particles. Subscripts m, f, and c denote matrix,
filler, and composite, respectively.

3 of 15 ONYEKANNE ET AL.
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A modification to Equation (3) is presented in the
Shear lag model42 which can be used to estimate the
modulus of composite materials. This is given by:

Ec ¼EmVm 1�Vp
� �þVpEp

1� tanh xð Þ
x

� �
, ð4Þ

where

x¼ l
d

1þυmð Þ Ep

Em

� �
Ln Vp

� ��1=2
� 	�1=2

ð5Þ

and Ec, Em, and Ep are the respective Young's moduli of
the composite, matrix, and filler particles; Vm and Vp are
the respective volume fractions of matrix and filler particles; l

d
is the aspect ratio, and υm is Poisson's ratio of the matrix.

The shear lag model was first developed by Cox43 and
later modified by Nardone and Prewo.44 The model
applies to composites reinforced with whiskers or short
fibers. The model assumes that the applied load is trans-
ferred from the matrix to the nanoparticle via shear.

The semiempirical equations suggested by Halpin–
Tsai are another way of predicting the composite proper-
ties.45,46 Halpin–Tsai model demonstrates the effect of
reinforcement on the of composite as a function of filler
aspect ratio and volume fraction. The elastic modulus of
composite material in Halpin–Tsai model45,46:

Ec

Em
¼ 1þ ζηVf
� �
1� ζηVf
� � , ð6Þ

η¼
Ef

Em
�1

� �
Ef

Em
þ ζ

� � , ð7Þ

where ζ is a shape factor and Vf is the volume fraction of
the particle. They have shown that ζ must lie between zero
and infinity. The value of ζ must also correlate with the
geometry of the reinforcing phase especially with the aspect
ratio (w/t) of the particle, where w is the length of the parti-
cle and t is the thickness. Generally, the shape factor for par-
ticulate composites has been predicted to have a value of 2
for spherical particles, while the aspect ratio is unity.46,47

Finally, the strength of composite material has also been
modeled by Arsenault and Taya.42,48 This is given by:

σyc ¼ σm 0:5Vp 2þ l
d

� �
þσm 1�Vp

� �
, ð8Þ

where σyc and σm are the respective yield strengths of the
composite and matrix.

2.2 | Fracture toughness

The stress intensity factor, K, at the tip of the crack in a
single edge notched specimen under tension is
given by49:

K ¼ P

BBNWð Þ0:5 f
a
W

� �
, ð9Þ

where f(a/W) is a geometry function that depends only
on a/W and is independent of the thickness. P is the
applied force, B is the specimen thickness before side-
grooving and BN is the net section thickness after side-
grooving. In this study, no side-grooving was introduced
in the fabrication of the initial crack. Thus, B is the same
as BN. The well-known stress intensity factor handbook
of Tada et al.50 has the K solution for SENT specimens
with shallow to deep cracks in pure tension, and the
geometry function is expressed as the following polyno-
mial function:

f 1
a
W

� �
¼ 1:122�0:231

a
W

� �
þ10:55

a
W

� �2
�21:71

a
W

� �3

þ30:382
a
W

� �4
,

ð10Þ

where a is the crack length and W is the width. The solu-
tion is valid for a/W ≤ 0.6 and accurate within 0.5%.50

2.3 | Crack bridging model

Crack bridging by uncracked ligaments is one of the
possible toughening mechanisms that can occur in
particle-reinforced nanocomposites. Thus, it is the
uncracked ligaments, and not the individual particles,
that are responsible for the crack-tip shielding. This
results in the shielding of the crack-tip by the liga-
ments that are left behind along the bridge lengths, L,
behind the crack-tip.

Small scale bridging corresponds to bridging lengths
that are less than 0.5 mm51 while large scale bridging typ-
ically corresponds to bridging lengths that are greater
than 0.5 mm. In the small-scale bridging regime, an ide-
alized elastic–plastic spring model, proposed originally by
Budiansky et al.,52 crack bridging can be simulated using
a series of distributed springs that are connected to crack
faces.

Under small-scale bridging conditions (the length of
the bridging zone is very small compared to specimen
dimensions).53 For SSB conditions, the toughening due to
crack bridging is given by51:

ONYEKANNE ET AL. 4 of 15
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ΔKSSB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
π
αVf

Z L

0

σYffiffiffiffi
X

p dx

s
, ð11Þ

where ΔKSSB is toughening due to SSB, a is the con-
straint/triaxiality factor, Vf is the volume fraction of the
nanoparticle, L is the length of the bridging ligament, σy
are the uniaxial yield stress and x corresponds to the dis-
tance from the crack tip.

If the initiation fracture toughness, Ki, is determined
from experiments using stress intensity equations for
SENT specimens, then the composite fracture toughness,
KR, can be obtained from the following expression:

KR ¼KiþΔKB, ð12Þ

where ΔKB represents toughening contribution for SSB
conditions.

2.4 | Crack deflection model

Another possible toughening mechanism is shielding by
crack deflection. This occurs when the crack paths are
perturbed by reinforcements that cause the crack to
deflect by tilting and/or twisting53 resulting in nonplanar
crack propagation. The toughening mechanism for differ-
ent inclusions was analyzed by Faber and Evans (1983)
who proposed the following expression for titling and
twisting around spherical inclusions53:

Kc

Ko
¼ Ec

Eo
1þ0:87fð Þ

� �1=2

, ð13Þ

where Ec is the Young's modulus of the modified matrix,
and Eo is the Young's modulus of the unmodified matrix.
As indicated in Bengisu and Inal,54 two conditions can
lead to crack deflection: residual strain in the composite
and weak matrix/second-phase interfaces. Residual strain
can be generated by elastic modulus and/or thermal
expansion mismatch between the matrix and second-
phase anisotropy of thermal expansion in a monolithic or
composite material.

3 | MATERIALS AND METHODS

3.1 | Materials

Sylgard 184 silicone elastomer kit was purchased from
Dow Corning Corporation (Auburn, MI, USA) while
Iron oxide Nanopowder (Fe3O4) (high purity, 99.5%,

15–20 mm) was purchased from US Research
Nanomaterials, Inc. (Houston, TX, USA). These materials
were used as received for the fabrication of
nanocomposite samples.

3.2 | Fabrication of nanocomposites

Magnetite nanoparticles with average diameter sizes of
15–20 nm were mixed with PDMS to obtain
nanocomposites with weight percentages of 1, 5, and
10 wt.%. Initially, the base kit of the PDMS elastomer was
mixed with the curing agent at a weight ratio of 10:1. The
mixture was then stirred vigorously until a completely
uniform and cross-linked system was formed. Thereafter,
powdered MNPs were added to the uniform cross-
linked PDMS.

The resulting mixtures were then poured into molds
before degassing at room - temperature (�25�C) to
remove all the trapped air bubbles. This was done for
30 min at a pressure of 25 mmHg in a vacuum oven.
Finally, the cast MNP-PDMS mixtures were cured for 4 h
at a temperature of 60�C.

3.3 | Microstructure and physico-
chemical characterization

Fourier transform infrared (FTIR) spectroscopy (IRSpirit
Model, Shimadzu, Kyoto, Japan) was used to determine
the absorbance of the PDMS/magnetite nanoparticle
composites, while the surface morphologies of the PDMS
and PDMS/magnetite nanocomposites were character-
ized using scanning electron microscopy, SEM (back-
scattered and secondary imaging) (JEOL 7000F, JEOL
Inc., Peabody, MA USA).

The thermal stability of the nanocomposites was also
investigated by TGA (TG 209 F1 Libra, NETZSCH, Selb,
Germany) and differential scanning Calorimetry (DSC).
(DSC 214 Polyma, NETZSCH, Selb, Germany) This was
done to evaluate the effect of the nanoparticles with the
polymer matrix. TGA thermograms were obtained
between 25 and 800�C with a constant heating rate of
20 K/min under nitrogen gas. This was done using alu-
mina crucibles containing 10 mg of sample. This was
used to identify the decomposition temperatures, the
glass transition temperatures (Tg), and the melting tem-
peratures (Tm), respectively.

For the DSC analysis, 10 mg of the nanocomposites of
different volume fractions were weighed, respectively. In
each case, samples were sealed in aluminum pans. The
samples were then heated in an inert nitrogen atmo-
sphere with a nitrogen flow rate of 20 ml/min that was

5 of 15 ONYEKANNE ET AL.
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subjected to a heating cycle between 20 and 250�C with
an empty reference aluminum pan. The data obtained
were then analyzed by NETZSCH Proteus-7.0 software
(NETZSCH, Selb, Germany).

3.4 | Mechanical testing

Mechanical tensile testing was carried out in an Instron
electro-mechanical testing machine (Instron Model
68SC-1, Norwood, MA, USA). The dog-bone samples
were cast in an acrylic mold with a length of 57.5 mm, a
width of 9.5 mm, and a thickness of 3 mm. The samples
were cast following ASTM D638 type 1 V code specifica-
tion. The bottom clamp was attached to a 50 N load cell
while the upper clamp was attached to the crosshead in
the Instron machine.

The Instron machine was operated at the speed of
1 � 10�4 mm/s using Bluehill Universal software. Every
specimen was positioned to be vertically well-aligned
between the clamps. All tests were run until the entire
cross-section has fractured. During the tensile testing pro-
cess, a camera was placed close to the crack regime on
the side to monitor the true displacement in the samples.
The collected video was then analyzed using Image J soft-
ware package (NIH, Bethesda, MD) to extract the strains.

3.5 | Fracture toughness

Mode I fracture toughness (KIC) tests were carried out on
PDMS and PDMS/magnetite nanocomposite specimens
with weight percentages of magnetite nanoparticles of 1, 5,
and 10%. The specimens were tested in the same Instron
testing machine that was used for the tensile tests. The tests
were performed on single edge notched tension (SENT)
fracture mechanics specimens with a notch to width ratio,
a/W, of 0.45. The specimens were subjected to monotonic
loading at a crosshead speed of 0.004 mm/s.

Four replicate specimens were tested for each blend
composition. The notch was created by drawing a razor
blade across the notch tip before testing. All the speci-
mens failed by unstable crack growth, and hence only a
single initiation value of the fracture toughness was
obtained from each specimen. The maximum load, P,
obtained from the load–displacement curves were used to
determine the fracture toughness using Equation (9).

Resistance-curve experiments were used to study the
crack/microstructure interactions and toughening mech-
anisms associated with crack growth. The R-curve experi-
ments were carried out using the same specimen
geometry that was used to study of fracture toughness.

Crack growth was monitored using the proscope with
video monitoring using an optical microscope and scan-
ning electron microscope. The crack growth was
observed and analyzed using the Image J software pack-
age (NIH, Bethesda, MD, USA), while the stress intensity
factors were obtained from Equation (9).

4 | RESULTS AND DISCUSSION

4.1 | Microstructure

To gain insight into the distributions of the nanoparticles,
a scanning electron microscope (SEM) was used to
observe the magnetite nanocomposite. Figure 1a–d shows
micrographs of the magnetite nanocomposites with dif-
ferent weight fractions of MNP particles. The results
show the heterogeneous distribution of nanoparticles
within the matrix. A similar distribution of the
nanoparticles was also observed in the SEM images using
back-scattered SEM imaging (Figure S1). Magnetite
nanoparticles are observed within the PDMS matrix.

The microstructures of the three nanocomposites
show inhomogeneous distributions of nanoparticles
(Figure 1b–d). In the case of the nanocomposites with
reinforcement weight fractions of 10%, some particle
agglomeration was observed, as shown in Figure 1d.
Some evidence of microcracking was also observed in the
PDMS matrix, with the incidence of microcracking
increasing with increasing weight fraction of magnetite
nanoparticles. These results from SEM showed that the
nanoparticles were not well-dispersed throughout the
polymer matrix.

4.2 | FTIR analysis

The FTIR spectra obtained for the plain PDMS and
PDMS-MNP nanocomposites are presented in Figure 2a.
The spectra exhibited peaks at 787 cm�1 associated with
CH3 rocking and Si C stretching in Si CH3 and at

1010 cm�1 due to Si O Si stretching. There were also
peaks at 1275 and 2962 cm�1 corresponding to CH3

deformation in Si CH3 and asymmetric CH3 stretching
in Si CH3, respectively,

55 while magnetite's nanoparticle
signature corresponds to 668 to 526 cm�1 peaks.56,57 The
results show that these bands were well maintained for
the PDMS samples, irrespective of the weight percentage
of MNPs. Thus, no primary chemical bonds were formed
during the fabrication process and the PDMS-MNP
nanocomposites were simply pure mixtures of PDMS and
magnetite nanoparticles.

ONYEKANNE ET AL. 6 of 15
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4.3 | Thermal properties

The effects of magnetite nanoparticles on the thermal sta-
bility of the PDMS-based composites, with different vol-
ume fractions of nanoparticles, were investigated by
TGA. The typical TGA weight loss values for pure PDMS
and PDMS nanocomposites, at different ranges of heating
temperatures between 25 and 800�C under nitrogen, are
presented in Figure 2b. The result shows that all TGA
curves reveal degradation in a single step. There is a
slight change in the presence of nanoparticles compared
to the pure PDMS.

When the operating temperature is below 200�C, they
can be stably operated without thermal decomposition.
The presence of Magnetite nanoparticles could hinder
the movement of volatiles to enhance the thermal stabil-
ity of PDMS composites.58 Regardless of the presence of
MNPs, the trend of thermal degradation is synchronous
as the temperature increases. Weight loss until 400�C is
mainly related to loss of water and physical adsorbed
layer.58

Above 400�C, it can be observed that the tempera-
tures of initial decomposition for the nanocomposites
shifts to higher values compared with pure PDMS, which
indicates the presence of magnetite as a filler enhances
the thermal stability of the PDMS matrix in PDMS
nanocomposites. According to several authors58–60 this
degradation is due to the phenomenon of depolymeriza-
tion around 400–600�C.

This means that the addition of magnetite
nanocomposites increases the depolymerization tempera-
ture. This is as a result of the presence of an inorganic
sample that sustains even at higher temperatures. It was
also observed that agglomeration plays a role in the
10 wt.% composite, compared to the 1 and 5 wt.% com-
posites.61 Overall, the incorporation of nanofillers pro-
vided higher thermal stability of the nanocomposites
than that of PDMS. This is attributed to the thermal sta-
bility of the MNP fillers, as described in prior work.62,63

DSC technique was also used to investigate the
response of polymers to heating. It has been widely
applied in the investigation of numerous phenomena

FIGURE 1 SEM images of the composite for (a) pure PDMS, (b) PDMS + 1% MNPs, (c) PDMS + 5% MNPs, and (d)

PDMS + 10% MNPs
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occurring during thermal heating of polymer
nanocomposites involving glass transition (Tg), melting
(Tm), crystallization, and curing temperatures. The tech-
nique was used to highlight appreciable enhancement in
Tg brought about by the presence of the nanoparticles.
The experiment was performed using NETZSCH TG
209F1. The samples were heated from 0 to 300�C with a
heating rate of 10.0 (K/min).

A representative DSC thermogram is shown in
Figure S2. The results show that inflection point increases
with increase in volume fraction (PDMS = 44.4; 1% = 56.3;
5% = 89.5, and 10% = 178.2�C) as seen in Table 1. No clear
trend was observed in the exothermic peak with increasing
magnetite nanoparticle volume fraction.

Therefore, the thermomechanical analysis shows that
the overall incorporation of nanofillers provides higher
thermal stability of the nanocomposite for neat PDMs,
due to the high heats resistance and thermal stability of
the MNP fillers as reported in previous studies.62,63 The
glass transition temperature was seen to be affected by
the addition of the nanoparticles.58

4.4 | Mechanical properties

4.4.1 | Strength and Young's moduli

The strength of a material is defined as the maximum
stress that the material can sustain under uniaxial tensile
loading. For micro-and nano-particulate composites, this
relies on the effectiveness of stress transfer between
matrix and fillers. For poorly bonded particles, the stress
transfer at the particle/polymer interface is inefficient. As
in fiber-reinforced composites, the quality of adhesion at
the interface is of crucial importance for the behavior of
the composite reinforced with nanoparticles.

The adhesion at the interface determines the load
transfer between the components. The Young's modulus,
however, is not affected by this parameter because of
small loads or displacements. However, for composites
containing well-bonded particles, the addition of particles
to a polymer will lead to an increase in strength espe-
cially for nanoparticles with a high surface.64

The influence of reinforcement volume fraction on
the elastic modulus and tensile strength of the polymer
matrix reinforced with different volume fractions of mag-
netite has been investigated. The strengths and the mod-
uli obtained from the experiment are summarized in
Table 2. This shows the average values and their standard
deviations obtained from a minimum of four repetitions.
The results show that the strength increases by 40%, as
more weight fraction of nanoparticles increases between
0%–5%. However, in the case of the composite with
10 vol.% of magnetite, the strength reduces.

The stress–strain curves of the matrix and the com-
posites are presented in Figure 3a. The stress–strain cur-
ves show considerable nonlinearity before reaching the
breaking stress, that is, they show apparently-brittle
structure. Each curve shows maximum stress, which is
assumed to be the ultimate tensile strength of the mate-
rial. The stress–strain rate is highest at 5% and reduces at
10%, as also seen in Table 2 and Figure 3a. The strength

FIGURE 2 (a) FTIR spectroscopy of the matrix and

nanocomposites and (b) TGA thermograms of the nanocomposites

and the matrix [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 DSC analysis of PDMS nanocomposites

Glass transition (�C) 0% 1% 5% 10%

Onset 87.3 55.7 129.7 167.1

Mid 121.0 108.8 145.8 200.2

Inflection 44.4 56.3 89.3 178.2

End 154.4 61.5 161.8 227.0

Complex peak

Peak 79.9 217.1 151.9 215.2

Onset 44.5 56.6 89.3 167.1

End 247.2 242.8 218.2 241.1
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decrease at 10% may be as a result of nanoparticle
agglomeration at a higher volume percentage, the
agglomeration of the nanoparticles results in stress con-
centrations in regions in which particle touching is asso-
ciated with inhomogeneous distributions of
reinforcements. This explains the reduction in composite
strength as the particle weight fraction increases between
5% and 10% weight fraction. It was also observed that the
graph is divided into two regions.

At first, for strains <0.3 mm, the strains in the matrix
and the composites follow the same trend, and are almost
the same at low strain rates, while in the second regime,
strains ≥0.3 mm, very high stresses were observed at high
strain rates.

The results show that the matrix has a low tensile
strength, compared to the composites reinforced with
nanoparticles in which the highest strengths were
observed in the case of nanocomposites reinforced with
5% of magnetite nanoparticles. The improvements in
composite strength are attributed to the effects of defor-
mation restraint by the magnetite nanoparticles. How-
ever, for composites reinforced with more than 5 wt.% of
magnetite, the trends in the strengths are attributed to
the effects of particle agglomeration.65

The Young's modulus increases almost linearly from
1.873 ± 0.01 MPa (for pure PDMS) to 2.544 ± 0.05 MPa
(for the composite reinforced with 10 wt.% (Table 2). The
observed increase of approximately 24% is in agreement
with previously reported values for PDMS-based nano-
particle reinforced composite materials.54,55,61,62 The

variations in results are also dependent on processing
conditions54,55 and the molecular weight of the matrix
PDMS.61,62

4.4.2 | Strengthening mechanisms

The understanding of the strengthening mechanisms of
the nanocomposite is important for robustness and
improved performance. The mechanical properties of
composites reinforced with particles are controlled by a
complex interaction between the matrix and the rein-
forcement, such as interfacial bonding strength, deforma-
tion compatibility when the load is applied and thermal
expansion mismatch due to the different expansion coef-
ficients. Some other factors can be considered to deter-
mine the failure of the composites, such as pore density,
interfacial debonding of nanoparticle/polymer
nanocomposite, and the distribution of MNP particles.

The weight fraction of magnetite nanoparticles and
the elastic properties of the matrix were first converted to
volume fraction using rule of mixture as seen in Table 3
and incorporated into empirical strengthening models
described in Section 2. The dispersion strengthening con-
sists of three main contributions, replacing a portion of
low Young's modulus polymer with more rigid particles
which are size-dependent, chain stiffening due to dynam-
ical and packing restriction at the segment scale which is
also related to the particle size and finally, stress transfer
between the matrix and the particle due to shear stress

TABLE 2 The mechanical properties of the PDMS nanocomposite

Sample Young modulus (MPa) Tensile strength (MPa) Fracture toughness (MPa m0.5)

PDMS 1.873 ± 0.01 0.657 ± 0.23 0.0241 ± 0.05

1% 2.043 ± 0.10 0.696 ± 0.21 0.0263 ± 0.06

5% 2.234 ± 0.14 1.000 ± 0.24 0.0319 ± 0.015

10% 2.544 ± 0.05 0.481 ± 0.27 0.0345 ± 0.01

FIGURE 3 (a) Plot of stress versus strain curve, (b) plot of Young's modulus versus volume fraction of the nanocomposites comparison

model plot, and (c) strengthening mechanism model plot [Color figure can be viewed at wileyonlinelibrary.com]
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developed at the particle-matrix interface.66 The rein-
forcing particles tend to restrain the deformation of the
matrix phase in the vicinity of each particle, thereby
increasing the strength of the material.

To confirm the validity of our experimental results,
we compare the experimental results with some models.
The experimental Young’ modulus of the
nanocomposites to Young's modulus of the pure PDMS is
shown in Figure 3b, along with the results obtained from
the models. The measured mechanical properties are
compared with Young's moduli of the composites that
were estimated from the Guth Model (Equation 3) and
Halpin–Tsai model (Equation 6 and 7). Figure 3b also
compares the elastic shear lag moduli (Equations 4 and
5) obtained for the nanocomposites. The results show
that the experimental-determined Young's moduli are
slightly larger than the predicted values, for all the rein-
forcement volume percentages as shown in Figure 3b.

Tensile strength was also modeled using the model by
Taya and Arsenault.42,48 The results are presented in
Figure 3c. The results obtained from the model and the
experiments are generally in good agreement with each
other.

The good agreement between the experimental mea-
surements and the predictions obtained for magnetite
weight percentages of 1%, 5%, and 10% are associated
with relatively homogeneous particle distributions. Con-
versely, the larger differences between the experimental
data and the predictions obtained for composites with a
fraction of magnetite are attributed to the effects of local

stress concentration on local failure. In any case, the cur-
rent results suggest that the composite mechanical prop-
erties can be engineered by controlling the reinforcement
volume fractions.

4.4.3 | Fracture toughness

The fracture toughness values of the composites were cal-
culated at the peak loads using Equations (9) and (10).
The fracture toughness values obtained for each speci-
men are summarized in Table 2 and Figure 4a. The frac-
ture toughness values of the reinforced composites were
considerably greater than those of the unreinforced
matrix. They increase with increasing weight percentage.
The results show that, with the addition of 1 wt.% of
MNPs, the fracture toughness value is within the uncer-
tainty/error range of the fracture toughness value of pure
PDMS, indicating minimal toughening is induced. Also,
the fracture toughness values obtained for the composites
were reinforced with 1, 5, and 10 wt.% of magnetite
nanoparticles were much greater than those obtained for
unreinforced PDMS.

4.4.4 | Toughening mechanisms

To further understand the fracture of the composites
along with associated toughening mechanisms of the
fractured composite, resistance curves were obtained for
the unreinforced and nanoparticle reinforced composites
(Figure 4b). The initiation toughness of values of the
composites reinforced with 1%, 5%, and 10 wt.% of mag-
netite were 0:009MPa

ffiffiffiffi
m

p
, 0:029MPa

ffiffiffiffiffiffi
m,

p
and

0:018MPa
ffiffiffiffi
m

p
, respectively.

Figure 5a–d present the SEM images of the notch tips
of PDMS and nanoparticle reinforced composite samples
that were used for the fracture test. The plain

TABLE 3 Weight fraction versus volume fraction

Weight fraction Volume fraction

0.01 0.001878

0.05 0.009709

0.10 0.020279

FIGURE 4 Plots of (a) fracture toughness and (b) R-curve distributions [Color figure can be viewed at wileyonlinelibrary.com]
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unreinforced PDMS had a very sharp notch tip, with no
evidence of nanoparticles, while the notch tips of the
specimens reinforced with magnetite nanoparticles (1%,
5%, and 10 wt.%) showed evidence of the nanoparticle
distributions.

The crack/microstructure profiles (side profiles) and the
features on the fracture surfaces of the SENT specimens were
used to determine the underlying toughening mechanisms
(Figures 6 and 7). There was clear evidence of initial deflec-
tion around the nanoparticle clusters and ligament bridging
by uncracked nanocomposites. Hence, the current results
suggest that crack deflection and crack bridging play a role
in the toughening of nanocomposites (Figures 6 and 7).

In the plain PDMS side profile, initial deflection and lig-
ament bridging of crack followed by brittle fracture were
observed. While in the fracture surface, the initial fracture
surface reveals “cleavage-like river lines” in Figure 7a. This
is followed by striation-like features with relatively uniform
spacings. The failure mechanisms are shown clearly by com-
paring the two sides of the fracture surfaces (Figure S3).

In the case of the nanocomposites, the side profile of
the PDMS-1%MNP specimen (Figure 6b) reveals initial
crack deflection, also but limited evidence of crack tilting
around nanoparticle clusters, prior to the extension of
the crack beyond the initial deflected segment. The fail-
ure mechanisms observed on the fractured surfaces
(Figures 7b and S4) are similar to those observed in plain
PDMS, but with some interactions between crack and
nanoparticle clusters. There are also some observations of
striations and microvoids on the fracture surfaces.

Crack interactions with micro-pores (due to entrapped
bubbles and ligament bridging) were observed in PDMS-5%

FIGURE 5 SEM images of the

notch. (a) Pure PDMS, (b) PDMS + 1%

MNPs, (c) PDMS + 5% MNPs, and (d)

PDMS + 10% MNPs

FIGURE 6 SEM images of the crack growth profiles of the

composite for (a) pure PDMS, (b) PDMS + 1% MNPs, (c)

PDMS + 5% MNPs, and (d) PDMS + 10% MNPs. The insets are the

tips of the notch [Color figure can be viewed at

wileyonlinelibrary.com]
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MNPs (Figure 6c) along with ligament wedging. There is
evidence of striations oriented at about 45 degrees on the
fracture surfaces (Figures 7c and S5) of the 5% MNPs sam-
ples. The rough fracture surface was observed presumably
due to more frequent crack/nanoparticle cluster interac-
tions. Interactions between striations, internal porosity, and
nanoparticle clusters were also observed.

Finally, deflected and wedged crack segments with
evidence of bridging ligaments and fractured ligaments
were observed along the crack path of PDMS � 10%
MNP (Figure 6d). The fractured surfaces (Figures 7d and
S6) showed evidence of crack interactions with nanopar-
ticle clusters and micro-pores as seen in 5%. There is also
evidence of secondary microcracks oriented along

striations that were inclined at about 45 degrees to the
direction of crack growth was observed.

To further elucidate the shielding mechanisms, the
toughening due to crack deflection and small-scale
bridging (SSB)52 were compared with experimental results.
Figure 8a–c presents comparisons between the experimental
results and those predicted by the models. The predictions
obtained from the crack deflection models were generally in
good agreement with the experimental measurements of
fracture toughness. Figure S7 also presents a comparison of
the results obtained from crack deflection model with those
from experiments. These are generally in good agreement
with each other, indicating that crack deflection plays a sig-
nificant role in enhancing fracture toughness.

FIGURE 7 SEM images of the fracture surfaces of (a) pure PDMS, (b) PDMS + 1% MNPs, (c) PDMS + 5% MNPs, and (d) PDMS + 10%

MNPs [Color figure can be viewed at wileyonlinelibrary.com]
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4.5 | Comparisons with breast tissue
mechanical properties

Finally, in this section, it is of interest to compare the
mechanical properties of the PDMS nanocomposites
implants with those of breast tissue (mammary glands or
adipose tissue). However, very limited quantitative infor-
mation is available on the biomechanical properties of
soft tissues, which do not have an active mechanical
function such as the breast,67 although several
researchers have quantified the mechanical properties of
the breast constituents using the Young's moduli the type
of tissue which are usually measured under compression.

Also, comprehensive knowledge of the mechanical
properties of glandular and adipose tissue is not yet avail-
able in the literature. According to Krouskop et al.,68 the
Young's moduli of the breast tissues are highly dependent
on the level of tissue preload compression used in the
measurements, and the moduli increased significantly
with additional compression. Studies have also shown
that tumors are much stiffer than normal breast tissues,
that tumor tissue is not only much stiffer than adipose
and normal glandular tissue but displays a higher
nonlinear increase in Young's moduli.68,69 Several
authors model the behavior of the tissue using a single
elastic or shear modulus67,69 assuming that soft biological
tissue is predominately composed of water an incom-
pressible fluid, it is considered incompressible.70

According to the review by Ramião et al.71 the Young's
moduli of normal glandular tissues range from 0.73 to
271 kPa, while those of tumor tissue ranges from 10 to
13,665 kPa for ex-vivo breast tissue, these mechanical prop-
erties range reported by the different authors shows a signif-
icant variability which makes it difficult to use statistical
data to model the individual properties of the breast show-
ing that the stiffness of breast tissue is highly dependent on
the tissue preloaded compression level.

Cox and Erler43 have reported the Young's modulus of
breast tissue to be approximately between 800 and 1200 kPa,

while Gefen and Dilmony have reported the Young modulus
of breast tissue to be approx. 7.5–66 kPa (glandular tissue),
0.25 kPa (adipose tissue), and 200–3000 kPa (skin tissue),
while the UTS has for the skin is approx. 20 MPa.72

These results show that there is no clear recorded
Young's moduli of the breast tissue in the literature.71

Our experimental data give Young's moduli of 1.83 to
2.5 MPa, which also agrees with prior reports of the
breast skin modulus and that of tumor tissues,14 although
slightly different from that of Cox and Erler.43 Thus, the
results obtained from the current literature indicate a
wide variation in the Young's moduli of the composite
devices and those of normal tissue. Surprisingly, there
are no data in the literature regarding fracture tough-
ness/resistance-curve behavior of the breast tissues.

Finally, it is important to note that the similarities in the
Young's moduli of the magnetite nanocomposites and those
of breast tissue suggest that minimal stress-shielding will
occur in the surrounding breast tissues (around the
implant). This should lead to improved long term integra-
tion between the device and the surrounding breast tissue.
Further work is clearly needed to explore the long term inte-
gration of the PDMS/magnetite nanocomposites with ani-
mal and human tissues. These are clearly opportunities for
future animal and human trials.

5 | SUMMARY AND CONCLUDING
REMARKS

In this study, we have successfully used a combination of
experiments and theoretical models to study the mechan-
ical and thermal properties of magnetite nanoparticle-
reinforced PDMS composites for potential applications in
hyperthermia and/or photoablation for cancer treatment.
The nanocomposites were fabricated by mixing magnetite
nanoparticles with PDMS to form magnetite nanoparti-
cle-reinforced PDMS composites with different weight
fractions.

FIGURE 8 Toughening mechanism due to small scale bridging for (a) 1%, (b) 5%, and (c) 10% volume fractions [Color figure can be

viewed at wileyonlinelibrary.com]

13 of 15 ONYEKANNE ET AL.

 10974628, 2022, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.52667 by E

gyptian N
ational Sti. N

etw
ork (E

nstinet), W
iley O

nline L
ibrary on [06/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


1. The mechanical properties (tensile strength, the Young's
modulus, and the fracture toughness) have been effec-
tively improved by reinforcement with magnetite
nanoparticles,. After introducing the nanoparticles, the
Young's modulus of the nanocomposites increased from
1.87 ± 0.01 to 2.54 ± 0.05 MPa. This increase in the
Young's modulus is well predicted by the GuthGold,
Halpia-Tsai, and shear lag models

2. The similarities in the Young's moduli of the PDMS
composites and those of breast tissue suggest that the
nanocomposites examined in this study can be used as
implants in breast tissues, without inducing signifi-
cant stress shielding phenomena in the surrounding
breast tissues.

3. The fracture toughness also increases from 0.0241
± 0.05 to 0.0345 ± 0.01 MPa.m,1/2 for paticle weight per-
centages between 0 and 10. The fracture toughness is
enhanced to 0.0345 MPa.m1/2 for the polymer
nanocomposites (about 50% increase) with a 10 wt.% of
magnetite nanoparticles. (Figure 3b). These are associ-
ated with evidence of toughening by crack deflection/
crack tilting around nanoparticle clusters, and crack-tip
shielding by bridging ligaments (Figure 6a–d).

4. The fracture toughness and resistance-curve behavior of
the nanocomposites also depend on magnetite nanopar-
ticle reinforcement. The measured fracture toughness/
resistance-curve behavior are also consistent with the
predicted fracture toughness/resistance-curve behavior.
The toughening is associated with crack-tip shielding by
crack deflection and crack bridging.
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