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Abstract

The aim of this work is to study electrically conductive composites from an epoxy

matrix loaded with silver nanowires (AgNWs). Dynamic mechanical analysis

(DMA) and dynamic dielectric spectroscopy (DDS) were used to study the molec-

ular mobility of the epoxy matrix and its epoxy/AgNWs composites. The influ-

ence of the epoxy/amine ratio on the macroscopic properties was analyzed. The

loss modulus of the epoxy matrix highlights two major relaxations, β and α. The

β relaxation is due to the localized mobility initiated by hydroxyl groups. The α

trelaxation is the anelastic effect liberated at the glass transition. The introduc-

tion of a small amount of AgNWs (<8 vol%) has practically no influence on

the mechanical properties of the glassy state. For the rubbery state, AgNWs

cause an increase in the storage modulus as a function of the filler content.

The loss modulus profile is modified: The ω relaxation due to heterogeneities

of the 3D network is observed independently from the hydration level of com-

posites. The magnitude of the α mode is increased due to the stick–slip phe-

nomenon. Moreover, it is shifted toward lower temperatures upon the

introduction of AgNWs. In other words, the activation enthalpy decreases for

both modes. Electrical study through DDS and conductivity measurement of

epoxy/AgNWs composites shows the consequence of a lower relative degree of

conversion caused by the insertion of AgNWs. Epoxy/AgNWs composites allow

us to obtain one of the highest values of the electrical conductivity for polymer-

based composites without any drastic evolution of mechanical properties.
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1 | INTRODUCTION

The use of thermoset matrices reinforced by carbon fibers
(CFRP) is in steady increase in aeronautic since the last
decades, mainly for the structural parts.1 It permits to
obtain a weight reduction; however, their electrical con-
ductivity is widely lower than aluminum.2 The conse-
quences could be some structural damages under

lightning strike. The use of metallic part in surface is the
current solution for the lightning strike protections
(LSP): metallic foil, perforated metallic foil, metallic
mesh, or expended metal foil applied on the top of struc-
tural plies.3,4 The LSP design depends on the area to be
protected.5 All of these solutions are efficient but they
cause a slight overweight and they are complex to process
due to their rigidity.
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Conductive polymer composites filled with conduc-
tive metallic fillers could be an alternative due to the high
electrical conductivity of metal which are a thousand
time more conductive than the carbon ones.6 Riviere
et al.7 have obtained an electrical conductive level
slightly higher than 102 S.m�1 with a polymer composite
filled with 20% in volume of silver particles. This high
level of electrical conduction is obtained at the expense of
the mechanical properties and the weight. Several kinds
of metallic fillers have been testing, and the highest level
of conductivity reached 102 S.m�1 for a homogenous dis-
persion.8–14 The recent works on conductive polymer
composites filled with high aspect ratio metallic fillers
allows obtaining a percolation threshold for a small vol-
ume fraction (<1%) and keep mechanical properties.15–20

The aim of this work is to study the mechanical and
dielectric behaviors of conductive composites epoxy/silver
nanowires (AgNWs). This composite is designed to develop
a high conductive coating with low filler content21 (≤8% in
volume) and could be used as an LSP of aircrafts.

First, the influence of the resin/hardener ratio is stud-
ied by mechanical and dielectric relaxation spectros-
copies. A similar study is carried out to highlight the
effect of the moisture on the matrix. Finally, the investi-
gation of AgNWs influence on mechanical and dielectric
behaviors of the matrix is performed.

2 | MATERIALS AND METHODS

2.1 | Matrix

The epoxy matrix used in this study is a mixture of
MBDA (4,40-methylenebis(N,N-diglycidylaniline)), DGEBA
(diglycidyl ether of bisphenol A), and DGEBF (diglycidyl
ether of bisphenol-F). The amine hardener is composed
by a DETDA (diethyl toluene diamine) and a DACH (1,2
diamino cyclohexane) supplied by Sicomin/France for
RTM structural applications.

2.2 | Silver nanowires

Metallic fillers are silver nanowires (AgNWs) are pro-
duced by a polyol method first developed by Sun
et al.22,23 and Wiley et al.24 Silver nanowires were elabo-
rated with a modified polyol process17,18 by reducing
AgNO3 with ethylene glycol solution. The growth was
assisted by poly(vinylpyrrolidone) which is preferentially
adsorbed on {100} crystal faces of the silver seeds. The
reaction occurs at 165�C under stirring in a triple-neck
round-bottom flask during 40 minutes. The ratio between
the reactants was adapted.17,18 Silver nanowires were

washed and stored in ethanol and the aspect ratio is
around 22018 with the following dimensions: a diameter
around 200 nm and a length of 40 μm. This method
allows us to obtain large quantity, up to 100 g.

2.3 | Composite processing

Composite samples were elaborated by mixing AgNWs
dispersed in ethanol in the epoxy part, then the hardener
was poured (stoichiometric ratio 75/25 in weight). The
final suspension containing epoxy resin and silver nano-
wires was obtained by ultrasonic stirring.

The sample implementations were carried out in a
polytetrafluoroethylene mold with two geometries: bar
and disk shapes, for, respectively, mechanical and dielec-
tric studies. After deposition, the coating was usually
cured for different steps between 40�C and 200�C. The
dimensions of the bar sample are 50 � 10 � 0.7 mm3 and
the disks are 200 μm thick with a diameter of 40 mm.

The AgNWs content was determined by ther-
mogravimetric analysis (TGA) from room temperature to
1000�C at a heating rate of 20�C.min�1 under synthetic air
atmosphere.

2.4 | Scanning electron microscopy

The quality of the dispersion was observed by electronic
microscopy on a JEOL JSM 6700F instrument under a
voltage between 10 and 19 keV. Backscattered electron
detection mode was used to increase the contrast
between AgNWs and the epoxy matrix.

2.5 | Dynamic mechanical analysis

Dynamic mechanical analyses (DMA) were carried out on
an ARES G1 (Rheometrics Scientific, USA) strain controlled
rheometer. Measurements were performed in the rectangular
torsion mode, between �140�C to 230�C, with an angular
frequency ω = 1 rad.s�1, and a heating rate of 3�C.min�1.

2.6 | Dynamic dielectric spectroscopy

The study of electrical relaxations was carried out, thanks
to a dynamic dielectric spectrometer (DDS) BDS 4000
(Novocontrol, Germany). The used frequency range was
10�2 to 106 Hz between �150�C and 200�C by 5�C steps.

The dielectric relaxation modes were fitted with the
Havriliak–Negami parametric equation (Equation 1),25,26

which defines the mean dipolar relaxation time τHN:



ε� ωð Þ¼ ε∞þ εs� ε∞

1þ iωτHNð ÞαHN½ �βHN
ð1Þ

where εs and ε∞ are, respectively, the low and high fre-
quency limits of ε0 ω,Tð Þ, τHN is the relaxation time of the
electric dipole, αHN and βHN are the adjustable parame-
ters, respectively, for the width and the asymmetry of the
distribution, varying between 0 and 1.

The relaxation maps could be widely influenced by
dissipative losses due to ohmic conduction. It implies a
low resolution of the other dielectric relaxations.27–29 In
order to overcome these drawbacks, the data were
adjusted by the Kramers–Kronig relations (Equation 2).30

ε}KK ω0ð Þ¼ σDC
ε0ω0

þ 2
π

ð∞

0
ε0 ω0ð Þ ω0

ω2�ω2
0
dω ð2Þ

where σDC is the ohmic conductivity and ε0 is the vac-
uum permittivity (8.82 pF.m�1).

The relaxation times, τHN , have been plotted on an
Arrhenius diagram τHN ¼ f 1000

T

� �
. The relaxation times

exhibit a linear behavior corresponding to a thermal acti-
vation of the molecular mobility. In the glassy state, the
temperature dependence of the relaxation times can be
fitted with the Arrhenius equation (Equation 3).

τ Tð Þ¼ τA0 e
ΔH
RT ð3Þ

where τA0 ¼ h
kBT

e�
ΔS
R is the pre-exponential factor, h is the

Planck constant, kB is the Boltzmann constant, T is the
temperature in K, ΔS is the activation entropy in J.K�1,
R is the gas constant in J.mol�1.K�1, and ΔH is the acti-
vation enthalpy in J.mol�1.

The linear regression analysis of experimental points
allows us to determine the activation enthalpy of
relaxations.

3 | RESULTS AND DISCUSSION

3.1 | Influence of chemical composition
and hydration

3.1.1 | Mechanical behavior

The modification of the composition comes from the pro-
cess of elaboration of a conductive coating. In order to
overcome the solubility and the vaporization of part of
hardener and resin with the solvents used during the
spraying implementation, an excess of hardener was
used. The respective mass proportions of epoxy resin and
hardener were 75/25 instead of the preconized ratio

(79/21). The influence of the epoxy/amine ratio on the
physical structure and the cure kinetic was investigated
in a previous work.21 For this purpose, four compositions
(70/30, 75/25, 79/21, and 80/20) were prepared for the
mechanical study.

The DMA study was carried out on dry samples previ-
ously subjected to three temperature ramps in order to
stabilize cross linking (Figure 1). The DMA thermograms
exceed the maximum temperature of the curing program,
that is, 200�C in order to observe the rubbery plateau.

Figure 1 highlights the mechanical behavior of epoxy
samples with different ratios of hardener. The value of
the storage modulus and the temperatures of the loss
modulus peaks are reported in Table 1. For the storage
modulus in the glassy state, the lower percentage of hard-
ener induces an increase in its value between �140�C
and 20�C. It is explained by a higher conversion degree
near the equilibrium stoichiometry (79/21) with a higher
rigidity of the network.21 Above 100�C, the modulus
decreases due to the mechanical manifestation of the
glass transition. The rubbery plateau is also widely
impacted by the variation of the stoichiometry. Upon an
excess of hardener, its value is divided by two: This evolu-
tion can be explained by a fast gelation of the matrix dur-
ing the curing inducing a lower cross linking density.

The loss modulus shows two major relaxation modes,
β and α. The first one, β, is associated with the mobility
of the OH groups of hydroxypropylethers31–33 and
diphenyl groups.34,35 The second one, α, corresponds to
the viscoelastic transition. Tβ is not modified by the hard-
ener excess while for the α relaxation, this excess induces
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for Tα adecrease of 40�C. This variation is also due to the
lower amount of cross linking that make the molecular
mobility easier. The presence of unreacted hardener mol-
ecules might play the role of plasticizer.

The moisture involves different effects on the polymer
matrix such as dimensional variations36,37 or modifica-
tions of the mechanical properties.38,39 The phenomeno-
logical mechanisms of the water diffusion are described
by the first Fick's Law.40,41 Here, only the consequence
on the physical properties will be reported. The water
absorption is due to the diffusion into the 3D network
and the polar attraction of the hydroxyl groups.42 In
order to evaluate the influence of moisture on the epoxy
matrix, samples with different ratios (70/30, 75/25, 79/21,
and 80/20) with a disk shape (diameter: 52 mm; thick-
ness: 1, 3 mm) were immerged into deionized water. For
each stoichiometry, four samples were prepared. Figure 2
shows that the moisture uptake tends to a plateau close

to 60 days at about 3.25 wt% of water. These values are
consistent with the ones reported in the literature.39,43

After 392 days, the samples with an excess of hardener
shows a higher moisture uptake. The values for the
chemical compositions 70/30, 75/25, 79/21, and 80/20 are
respectively: 4.22 ± 0.06%, 3.86 ± 0.01%, 3.81 ± 0.06%,
and 3.41 ± 0.09%. This result could be associated to a
more important free volume into the matrix with an
excess of hardener due to a lower relative degree of con-
version.21 The presence of free molecules of hardener,
DACH and DETDA, may induce a higher water sorption
because of their polarity.

The DMA analyses on wet samples were performed
on the dry 75/25 epoxy which is used as matrix for con-
ductive coatings.

Figure 3 and Table 2 show the moisture influence on
the mechanical properties of the epoxy. For the storage
modulus in the glassy state, moisture induces an increase
in the value at �140�C and 20�C. It can be explained by
physical interactions between H2O molecules and
hydroxyl groups. For the temperatures below 0�C, frozen
water rigidifies the structure which implies this increase;
above 0�C physical interactions limit molecular mobility.

TABLE 1 Storage modulus G0 in
the glassy state (G0

g) and in the rubbery

state (G0
r); temperatures of the α and β

relaxation modes of loss modulus G' for

different compositions (uncertainties

are added)

G0
g,�140�C G0

g,20�C G0
r,220�C Tβ Tα

(Pa) (Pa) (Pa) (�C) (�C)

70/30 2.41.109 (0.06) 1.34.109 (0.04) 0.88.107 (0.04) �68 (1) 139 (2)

75/25 2.2.109 (0.1) 1.21.109 (0.06) 1.22.107 (0.04) �67 (2) 171 (0)

79/21 2.57.109 (0.01) 1.41.109 (0.01) 1.45.107 (0.02) �67 (1) 179 (1)

80/20 2.51.109 (0.01) 1.37.109 (0.01) 1.44.107 (0.02) �63 (2) 180 (0)
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The rubbery plateau remains unmodified. The loss modu-
lus shows three major relaxation modes: β, ω, and α in
the order of increasing temperature. In comparison with
the dry sample, the β relaxation mode is widely amplified
upon water and it is shifted to lower temperatures. The
origin of this relaxation could explain this phenomenon:
OH groups of hydroxypropylethers are impacted by the
presence of water due to their polar nature.31–33 Around
80�C, a new relaxation, ω is observed. It is associated
with the relaxation of the heterogeneities such as
unreacted products or dangling chains that are missing
in the dry state.43–46

The temperature of the anelastic manifestation of the
glass transition, α, decreases by 20�C in wet condition
due to the plasticization phenomenon.

3.1.2 | Dielectric behavior

The influence of the chemical composition (70/30, 75/25,
and 80/20) on molecular mobility of epoxy in dry condi-
tion was investigated by DDS. Figure 4 shows the dielec-
tric loss ε00 KK as a function of temperature and frequency
after a Kramers–Kronig (KK) treatment. The β and α
dielectric relaxation modes are similar to the ones
obtained with DMA (cf. Figure 1). The flow, σ, at high
temperature and low frequency is always present despite
the KK treatment. It indicates ions accumulation at
electrode-sample interfaces.27 The value of Δε00KK for the α
relaxation is higher (Table 3) than the one generally
obtained for polymer matrices (around 10�1).47–49

Figure 5 shows the relaxation time as a function of
temperature on an Arrhenius diagram for epoxy with the
various epoxy/amine ratio in the dry state. The value of
ΔH (Table 3) depends on the chemical composition: The
hardener excess induces a decrease of ΔH. Previous work
showed that, upon excess of hardener, the degree of con-
version is lower, and crosslinking decreases.21 These find-
ings are consistent with our DMA data (Table 1 and
Figure 1). The activation enthalpy of the α relaxation
decreases, but we observe an increase in its value when
the excess increase again (70/30). It might be attributed
to physical interactions with the large quantity of

unreacted molecules that induces a decrease in the steric
mobility. The activation enthalpy of the β mode is not
clearly modified by the variation of the epoxy/amine ratio
due to the localized character of this relaxation mode.

Table 4 lists the values of the parameters extracted
from the Arrhenius diagram. The linear regression of the
data points for theα mode exhibits a discontinuity close
to Tα and Tg,calorimetry.

21 This modification and the high
value of Δε00α indicate that the α relaxation is not only due
to the increase in molecular mobility near the glass tran-
sition. The increase of ΔH after Tα and Tg (Figure 5b and
Table 4) implies the transition from an electronic contri-
bution to an ionic one. The enthalpy recorded at higher
temperature is consistent with the literature for a pro-
tonic contribution.48 This ionic contribution could come
from the mobility of unreacted molecules liberated near
the glass transition. This hypothesis is supported by the
high value of Δε00α (Table 3).

The water aging was investigated with the same
methodology than for the mechanical study: The analysis
was focused on the sample with the epoxy/amine ratio
75/25. The dielectric loss ε00KK surface is presented in
Figure 6. It exhibits five major relaxation modes. At low
temperature, a γ mode is observed on the low tempera-
ture side of the β relaxation. The ω mode is observed like
on DMA G00 thermograms. It might have the same origin
(Figure 3).

The Arrhenius diagram of the resolved modes for the
dry and hydrated 75/25 epoxy is reported in Figure 6b.
The activation parameters are indicated in Table 5. They

TABLE 2 Storage modulus G0 in the glassy state (G0
g) and in

the rubbery state (G0
r); temperatures of the β, ω, and α relaxation

modes for dry and wet 75/25 epoxy

G0
g, �140�C G0

g, 20�C G0
r,220�C Tβ Tω Tα

(Pa) (Pa) (Pa) (�C) (�C) (�C)

Dry 2.6.109 1.4.109 1.3.107 �66 N/A 164

Wet 3.109 1.6.109 1.2.107 �89 84 141

FIGURE 4 Dielectric loss ε00KK versus temperature and

frequency for 80/20 epoxy in dry condition [Color figure can be

viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com


highlight the influence of moisture on the activation
enthalpies of the relaxation modes. The lowest value is
recorded for the γ mode that corresponds to a localized
mobility of small relaxing units. The β relaxation mode is
sensitive to hydration: a decrease of 20% of the activation
enthalpy is observed upon hydration. This behavior was
widely reported in the literature50,51 as a plasticization
phenomenon. This shift toward lower temperature allows
the resolution of the γ mode upon hydration. The ω relax-
ation could not be adjusted with the Havriliak–Negami
equation (Equation 1) since its maximum is not defined
over a significant frequency range. Just like for the

βmode, the activation enthalpies of the α mode decreases
by 7% upon hydration: the plasticization phenomenon
makes easier the molecular mobility.

3.2 | Influence of silver nanowires

3.2.1 | Dispersion in the matrix

Silver nanowires dispersion in the epoxy coating matrix
was observed with a scanning electron microscope
(SEM). This observation (Figure 7) shows a homogenous

TABLE 3 Arrhenius parameters for the α and β modes for epoxy with different epoxy/amine ratio

70/30 75/25 80/20

Contribution τ0 (s) ΔH (kJ.mol�1) τ0 (s) ΔH (kJ.mol�1) τ0 (s) ΔH (kJ.mol�1)

α 8.3.10�24 187 ± 4 7.6.10�21 169 ± 4 1.2.10�28 234 ± 10

β 2.7.10�17 66 ± 2 1.1.10�16 64 ± 1 6.8.10�18 70.1 ± 0.5

Δε00α 8 17 1

FIGURE 5 (a) Arrhenius diagram of dielectric relaxations times of epoxy for different epoxy/amine ratios in dry condition.

(b) Arrhenius diagram of α relaxation times of 80/20 epoxy in dry condition

TABLE 4 Arrhenius parameters for the α relaxation before and after Tg calorimetry

70/30 80/20

Contribution Temperature τ0 (s) ΔH (kJ.mol�1) τ0 (s) ΔH (kJ.mol�1)

α <Tg calorimetry 2.6.10�18 147 ± 10 1.1.10�16 135 ± 5

α >Tg calorimetry 8.3.10�24 187 ± 4 1.2.10�28 234 ± 10



dispersion of the AgNWs. The high aspect ratio of
AgNWs was preserved after the process.

3.2.2 | Electrical behavior

Epoxy/AgNWs composite behavior
The study of the AgNWs influence on dielectric relaxa-
tions can be investigated only for filler contents below
the electrical percolation threshold, that is, 0.7 vol% with
this system.21 In this work, the AgNWs content is 0.3 vol
% and the study was performed on dry samples. The
dielectric loss ε00KK surface in Figure 8 shows the two
major relaxation modes, β and α. The Kramers Kronig
treatment does not permit to extract the ω relaxation due
to the high influence of the α and σ modes. The value of
Δε00KK for the α relaxation is higher than for the other con-
figurations. This observation shows that the α relaxation
is not only due to the increase in molecular mobility.
Indeed, its magnitude is three decades higher than that
for other polymer matrixes.47–49 This behavior could be

explained by an increase in free electronic charges that
produces an increase in the dissipative component of the
permittivity induced by the AgNWs.

FIGURE 6 (a) Dielectric loss ε00KK surface for the hydrated 75/25 epoxy. (b) Arrhenius diagram of dielectric relaxations times of epoxy

75/25 in dry and hydrated conditions [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Arrhenius parameters of

dielectric relaxations of 75/25 epoxy in

dry and hydrated conditions

Dry Wet

Contribution τ0 (s) ΔH (kJ.mol�1) τ0 (s) ΔH (kJ.mol�1)

α 7.6.10�21 169 ± 4 4.3.10�19 158 ± 6

β 1.1.10�16 64 ± 1 1.4.10�15 51 ± 1

γ N/A N/A 1.4.10�15 36.4 ± 0.4

FIGURE 7 SEM images of epoxy/Ag 1 vol% AgNWs

http://wileyonlinelibrary.com


In Figure 8b, a linear behavior of relaxation times as
a function of reciprocal temperature is observed for com-
posites: There is no change of slope near the Tg,calorimetry.
This behavior could be explained by a preponderance of
the electronic contribution upon the ionic one due to the
high amount of electrons provided by the AgNWs.

The introduction of nanofillers induces a decrease in
the activation enthalpy for both relaxation modes
(Table 6). The first explanation is a lower conversion
degree due to AgNWs which create steric hindrance,
increase in viscosity, and decrease in molecular mobility
during crosslinking. The crosslink density is lower which
implies a higher degree of freedom. In addition, the ther-
mal conductivity increases, thanks to the metallic fillers7;
this evolution favors molecular mobility.

Electrical performance
The AgNWs are introduced for increasing the electrical
conductivity of the epoxy composite coating for the LSP
of the aircraft. The electrical conductivity level increases

with the amount of the AgNWs to reach 4.102 S.m�1 at
8 vol% for the sample geometry used for DDS experi-
ments.21 This configuration does not really fulfill the
requirements of Pouillet's law (Equation 4)52–54 because
the length (here the thickness) of the samples is lower
than the diameter.

R¼ ρ
l
S
¼ σ

S
l

ð4Þ

where R is the electrical resistance measured in Ohm, ρ is
the resistivity of the sample in Ω.m, l is the length of the
channel in m, S is the section of the channel m2, and σ is
the electrical conductivity in S.m�1.

A previous study was carried out with a correct geom-
etry of the samples and permitted to obtain higher value
of the conductivity: 5.5.105S.m1 at 60�C for 9 vol% of
AgNWs.55 This value is one of the highest reported in the
literature for this kind of composite with such a low filler
ratio.

FIGURE 8 (a) Dielectric loss ε00KK surface of a 75/25 epoxy/0.3 vol% AgNWs composite in dry condition. (b) Arrhenius diagram of

dielectric relaxations times of a 75/25 epoxy/AgNWs 0.3 vol% composite in dry condition [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 6 Arrhenius parameters of

dielectric relaxations of the 75/25 epoxy

and the epoxy/AgNWs 0.3 vol%

composite in dry condition

0 vol% AgNWs 0.3 vol% AgNWs

Contribution τ0 (s) ΔH (kJ.mol�1) τ0 (s) ΔH (kJ.mol�1)

α 7.6.10�21 169 ± 4 1.5.10�17 135 ± 3

β 1.1.10�16 64 ± 1 1.4.10�10 36 ± 1

http://wileyonlinelibrary.com


3.2.3 | Mechanical behavior

The DMA study was performed on composites with:
0.5 vol%, 1 vol%, 2 vol%, and 4 vol% as filler content; the
epoxy/amine ratio was 75/25 for all the samples. Each
thermogram was obtained after three scans in order to
avoid any evolution of the physical structure during
measurements.

Storage modulus
Figure 9 and Table 7 highlight the influence of AgNWs
on the storage modulus. The influence on the glassy pla-
teau at �140�C is weak due to the rigidity of the neat
matrix. At 20�C, an increase about 30% is observed for
the 2 vol% composite. This phenomenon was already
observed in similar configurations.15,18 The fillers

reinforce the matrix and induce an increase in the storage
modulus. This phenomenon is more important on the
rubbery plateau that is multiplied by 5 for the epoxy filled
with 4 vol% of AgNWs composite. AgNWs acts as topo-
logical nodes that highly modify the rubbery flow.

Loss modulus
Figure 9b and Table 8 show the influence of the AgNWs
on the anelastic relaxation modes. The temperature Tβ

varies as a function of filler content. The initial decrease
is followed by an increase of Tβ. The first phenomenon
might be due to the increase in the thermal conductivity.7

The second one has been associated with the steric hin-
drance exerted by AgNWs on polymeric sequences.21 The
relaxation mode ω is observable for the dry state of the
composite. Taking as reference the ω mode observed in
the hydrated state of the matrix (Figure 3), the relaxation

FIGURE 9 (a) Storage modulus G0 as a function of temperature for dry 75/25 epoxy/AgNWs composites. (b) Loss modulus G00 as a
function of temperature for dry 75/25 epoxy/AgNWs

TABLE 7 Storage modulus G0 in the glassy state (G0
g) and in

the rubbery state (G0
r) for different AgNWs contents (uncertainties

are added)

G0
g,�140�C (Pa) G0

g,20�C (Pa) G0
r,220�C (Pa)

0 vol% 2.2.109 (0.1) 1.21.109 (0.06) 1.22.107 (0.04)

0.5 vol% 2.2.109 (0.8) 1.25.109 (0.04) 1.1.107 (0.2)

1 vol% 2.5.109 (0.2) 1.5.109 (0.1) 1.9.107 (0.5)

2 vol% 2.8.109 (0.4) 1.8.109 (0.4) 3.7.107 (0.1)

4 vol% 2.5.109 (0.1) 1.61.109 (0.01) 5.107 (2)

TABLE 8 Temperatures of the relaxation modes as a function

of the AgNWs content

Tβ (�C) Tω (�C) Tα (�C)

0 vol% �68 N/A 171

0.5 vol% �70 �5 150

1 vol% �74 13 152

2 vol% �69 33 144

4 vol% �64 N/A 159



temperature for the composite is shifted toward lower
temperature. Furthermore, we have observed a decrease
in its amplitude after several heatings. The highest ampli-
tude is obtained with the highest filler content. This
mode is an indicator of the heterogeneities in the matrix.
The AgNWs induce steric hindrance which limits the rel-
ative degree of conversion21 and increase the amount of
unreacted products inside the matrix. The lower value of
Tω indicates the weak size of heterogeneities. The tem-
perature of the anelastic manifestation of the glass transi-
tion, α, decrease of 20�C. For the lowest filler content, it
might be due to a better thermal conductivity; for the
highest, it has been associated to a lower crosslinks den-
sity. The area of the α relaxation is higher with AgNWs;
this is characteristic of a stick–slip phenomenon. A simi-
lar increase in energy loss at the α relaxation has been
reported for a wide variety of composites.18,56–59

4 | CONCLUSION

DMA and DDS were used to study the dynamic molecu-
lar mobility of an epoxy matrix in dry and wet states and
its composites epoxy/silver nanowires. The combination
of both methods allows us to make correlations to iden-
tify the molecular origin of those mechanisms.

The influence of the epoxy/amine ratio on the mechan-
ical properties was observed: The excess of hardener
implies an increase in the unreacted chains and a decrease
in cross links density. Accordingly, the storage modulus on
the rubbery plateau decreases. The loss modulus highlights
for dry samples two major relaxations, β and α. The tem-
perature of the anelastic manifestation of the glass transi-
tion, Tα, decreases upon the hardener excess due to the
same reasons. Dielectric spectroscopy shows an interest-
ing modification of the activation enthalpy close to the
calorimetric glass temperature. It has been associated to
the transition between an electronic diffusion to an ionic
one, thanks to the increase in free volume. This hypothe-
sis is supported by the high value of Δε00KK .

For hydrated samples, mechanical relaxation modes
are modified: For the β mode, there is a shift toward
lower temperatures and an increase in the magnitude.
The dielectric spectroscopy shows a reduction of the acti-
vation enthalpy of these modes in hydrated conditions
due to a plasticization phenomenon. The analysis of the
α relaxation in hydrated conditions shows the existence
of two supplementary relaxation modes. The first one, γ,
at lower temperature is due to a localized molecular
mobility. The second one, ω, is noticeable on both
mechanical and dielectric relaxation spectra. It is due to
the heterogeneities of the 3D network more severe in
hydrated conditions.

The introduction of AgNWs has practically no effect
on the mechanical properties of the glassy state. For the
rubbery state, AgNWs cause an increase in the storage
modulus as a function of the filler content. The loss mod-
ulus profile is modified: the ω relaxation is present in dry
condition at a lower temperature. The magnitude of the α
mode is increased due to the stick–slip phenomenon.
Moreover, it is shifted toward lower temperatures. In
other words, the activation enthalpy decreases for both
modes. Electrical study through DDS and conductivity
measurement of composites shows the consequence of a
lower relative degree of conversion caused by the inser-
tion of AgNWs. The transition between an electronic dif-
fusion to an ionic one is no longer visible and the value
of Δε00KK is higher. This behavior is a characteristic of the
large amount of electrons due to nanowires.

The introduction of AgNWs allows us to obtain one
of the highest values of the electrical conductivity for
polymer-based composites without any drastic evolution
of mechanical properties.
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