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Abstract
Dynamic stiffness and damping of epoxy adhesives are critical for ensuring the safety, reliability, and comfort of structures 
subjected to vibrations and impact loads. This study conducts split Hopkinson pressure bar (SHPB) tests to investigate the 
synergistic effects of silica micro-nanoparticles on these critical properties. Micro-nanoparticle content and composition 
ratio purity are varied at 2, 5, and 10% by weight (wt%) and from 0% (pure microparticles) to 100% (pure nanoparticles), 
respectively. Positive simultaneous stiffening and energy absorption effects are observed at a silica content of 5 wt% owing 
to improved nanoparticle dispersion; this increases the interface area and induces cooperative matrix–filler interactions. At 
this silica content and a composition ratio of 50%, stiffness and damping are 45 and 40% larger than those of neat epoxy, 
respectively. Silica micro-nanoparticles are less effective in improving particle dispersion at more than 5 wt%. Conventional 
mechanical dispersion is limited to applications below a certain silica content; the results suggest a simple, low-cost dis-
persion technique as an alternative to the in-situ technique and provide options for designing epoxy stiffness and damping 
appropriate for specific applications.
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Introduction

In lightweight structural applications such as spacecraft and 
automobile parts, epoxy-based adhesives and composites are 
superior to metal owing to their high strength-to-weight ratio 
and strong adhesion to different materials. Structures sub-
jected to dynamic loads such as vibrations and impacts must 
be well-designed to ensure their safety, reliability, and com-
fort. Therefore, dynamic stiffness and damping characteriza-
tions of epoxy are critical for structural design and analysis.

In practice, high-modulus silica particles are commonly 
used to stiffen and toughen epoxy adhesive by exploiting 
inter-particle interactions, matrix–filler interactions, and 
the inherent properties of silica particles in a matrix. Well-
dispersed silica nanoparticles stiffen and toughen an epoxy 
adhesive more efficiently than silica microparticles owing 

to their larger surface-to-volume ratio, forming a more sub-
stantial matrix–filler interface area at a given weight fraction 
[1–7]. However, without any treatment, high-silica-content 
nanoparticles are difficult to disperse uniformly using a con-
ventional mechanical mixer and tend to aggregate/agglomer-
ate in the epoxy matrix [8–10].

Composing an appropriate composition ratio between two 
sizes of silica particles for a given size ratio reduces viscos-
ity and breaks up the agglomerate, thus improving particle 
dispersion [11–14]. Additionally, such bimodal silica par-
ticles induce more complex matrix–filler and inter-particle 
interactions, which generate concurring effects on epoxy 
dynamic properties [14–16]. Nevertheless, such deagglomer-
ation effectivity over a wide range of silica weight fractions 
and its subsequent collaborative effects on epoxy dynamic 
stiffness and damping, especially at intermediate-strain-rate 
loading, have been given little attention.

Experimental work has been conducted to investigate 
the synergistic effects of two-size silica particles on epoxy 
stiffness and fracture energy absorption with respect to 
particle composition ratio. Kwon et al. [14, 15] and Dit-
tanet and Pearson [16] found an appropriate composi-
tion ratio of two-size silica particles that cooperatively 
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toughens epoxy and ascribed this to better particle dis-
persion. Shariati et  al. [17] found good dispersion at 
1.5–6 wt% for two-size silica nanoparticles of 17 and 
65 nm diameters but did not find any considerable coactive 
effects on stiffness and fracture energy absorption. Such 
previous works have indicated that the interplay of particle 
content, size ratio, and composition ratio affect the particle 
distribution and subsequent collaborative effects, which 
is consistent with suggestions made by Greenwood et al. 
[11, 12] and Dames et al. [13]. It is important to note that 
these previous studies focused on epoxy behavior under 
static loading, which may differ from that under dynamic 
loading owing to strain rate sensitivity of the epoxy and 
of matrix–filler interactions.

The effects of silica particles on epoxy behavior at high-
strain-rate loading have been investigated using split Hop-
kinson pressure bars (SHPB). Miao et al. [18] and Tian et al. 
[19] reported that silica nanoparticles stiffen and strengthen 
epoxy composites at both quasi-static and dynamic loading. 
Silica nanoparticles stiffen epoxy efficiently at low-strain-
rate loading [19]. Islam et al. [7] showed that dynamic stiff-
ness increases with silica particle content dispersed in the 
epoxy matrix. However, such studies focused on single-size 
silica-filled epoxy dynamic behavior at high-strain-rate 
loading.

More recently, in the authors’ previous paper [20], we 
estimated the elastic–dynamic stiffness and damping of 
epoxy filled with silica micro-nanoparticles under a strain 
rate loading of 140 s−1 using SHPB with sandwiched speci-
mens. We observed that epoxy filled with two-size silica 
particles exhibited greater damping, but lower stiffness com-
pared to that of single silica particles. However, the damping 
was not precisely quantified because of the limitation of the 
sandwiched SHPB.

In the present paper, the objective is to investigate the 
synergistic effects of silica micro-nanoparticles of varied 
composition ratio and weight fraction on epoxy dynamic 
stiffness and damping in the elastic region. The SHPB 
method with bonded specimens is used to generate a com-
plete loading–unloading elastic stress–strain response for 
epoxy filled with silica micro-nanoparticles and to precisely 
estimate damping. The results in this paper fill a knowledge 
gap regarding epoxy/silica dynamic behavior between quasi-
static and high-strain-rate loading.

The experimental evidence suggests that the deagglom-
eration effectivity and collaborative effects of silica micro-
nanoparticles are limited by silica particle content and vary 
with the composition ratio. Silica micro-nanoparticles offer 
a simple and low-cost solution to the nanoparticle dispersion 
problem in conventional mechanical mixers; moreover, they 
provide options for designing epoxy dynamic stiffness and 
damping to cater for specific applications by varying the 
composition ratio.

This paper presents the SHPB method with bonded speci-
mens, data validation, and dynamic stiffness and damping 
estimations. It also reports and discusses the effects of silica 
micro-nanoparticle weight fraction and composition ratio on 
epoxy dynamic stiffness and damping.

Method

Split Hopkinson pressure bars (SHPB) have been used to 
measure the dynamic stress–strain response of brittle materi-
als [21, 22] and to characterize the elastic behavior of met-
als [23]. The dynamic stiffness is represented by Young’s 
modulus, which is estimated from the initial stress–strain 
slope. Hysteretic damping, which represents the ability of a 
material to dissipate mechanical energy, is estimated from 
the area covered by a complete loading–unloading (closed-
loop) stress–strain curve.

In SHPB with sandwiched specimens [20], precise damp-
ing estimation is difficult owing to incomplete stress–strain 
responses, which are ascribed to poor bar–specimen con-
tact during unloading. In the present work, epoxy/silica 
adhesive was bonded to both input and output bars to main-
tain bar–specimen contact and to generate closed-loop 
stress–strain responses.

Materials and Specimen Preparation

The specimens were made from two-parts epoxy brand 
Scotch-Weld 1838 (B/A) filled with silica micro-nanoparti-
cles. The physical properties of epoxy and silica particles are 
given in Table 1. The weight fraction and composition ratio 
of dispersed silica particles were varied as shown in Table 2. 
The specimens were prepared according to the following 
procedure to ensure consistency: first, silica micro-nano-
particles at the desired ratio were mixed with epoxy base 
(B) and accelerator (A) using a planetary centrifugal mixer 
and were then degassed. Second, the pressure bars’ bonded 
areas were heated and the epoxy specimen of thickness and 
diameter equal to 5 and 20 mm were bonded between them. 
Finally, the specimens were cured at room temperature for 
1 h and were then heated to 65 °C for 3 h. The specimen was 
cooled to room temperature for 24 h before testing.

Table 1   Physical properties of epoxy and silica particles

Physical parameter Micro silica Nano silica Epoxy adhesive

Weight density (g/cm3) 2.65 1.21
Average diameter 34 µm 17 nm –
Specific surface area 

(m2/g)
3.4 80 –
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SHPB Test Apparatus

The SHPB used in the present work was composed of a 
striker bar, two pressure bars, and strain wave measure-
ment instrumentation as shown in Fig. 1. All bars were 
made from SK-5 steel bars with a Young’s modulus of 
206 GPa and diameters of 20 mm. The impact side of the 
striker bar was slightly rounded to increase the rise time 
and avoid fluctuation in the early portion of the generated 
incident pulse. The appropriate length of the pulse rise 
time ensures dynamic stress equilibrium in the specimen 
while a smooth incident pulse avoids distortion in the 
early part of the stress–strain response. Both character-
istics are critical in obtaining valid and accurate data in 
SHPB tests.

A compressive incident pulse (εI) of 200 µs in loading 
duration was generated during the impact of the striker bar 
on the input bar. At the bar–specimen interface, some part 
of the incident pulse is reflected (εR) to the input bar and the 
rest is transmitted (εT) to the output bar. Strain gauges were 
positioned in the middle of both pressure bars to avoid sig-
nal overlapping so that complete strain loading and unload-
ing could be recorded. Such complete strain history for the 

specimen resulted in a completely closed-loop stress–strain 
response, which is required to accurately estimate damping 
(Fig. 2).

Table 2   Calculated surface 
area of pre-mixed silica micro-
nanoparticles

Bracketed values indicate the conversion of silica content from weight fraction to volume fraction (calcu-
lated)

Composition ratio 
[(ϕ) %]

Micro silica 
(%)

Nano silica (%) Pre-mixed surface area (m2)

2 wt% 5 wt% 10 wt%

(1.01 vol%) (2.55 vol%) (5.24 vol%)

0 100 0 0.27 0.68 1.36
25 75 25 1.80 4.51 9.02
50 50 50 3.34 8.34 16.68
75 25 75 4.87 12.17 24.34
100 0 100 6.4 16 32

Fig. 1   Split Hopkinson pressure 
bar test apparatus with bonded 
specimen (units are in mm)

Fig. 2   Split Hopkinson bar arrangement and Lagrangian diagram 
showing gauge locations that avoid overlap of the measured strain 
waves
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Test Calibration and Data Validity

A calibration test was conducted on pressure bars without 
specimens to ensure the validity and accuracy of the obtained 
data. Identical incident and transmitted pulses obtained from 
measurement of pressure bars without specimens (Fig. 3) indi-
cated good alignment of the SHPB system and ensured that 
the reflected pulse measured in Fig. 4 was contributed only by 
the specimen.

Figure 4 shows that the crowned striker bar effectively gen-
erated a smooth incident pulse with appropriate rise time. This 
ensured that the dynamic equilibrium condition in the speci-
men during loading and unloading was achieved, as shown in 
Fig. 5. The forces at both sides of the specimens are formulated 
as:

(1)P
1
= A

b
E
{

�
I(t) + �

R(t)
}

(2)P
2
= A

b
E�

T (t)

where Ab is the pressure bars’ cross-sectional area, E is 
the Young’s modulus of the bars, and εI, εR, and εT are 
the aligned incident, reflected, and transmitted pulses, 
respectively.

The nearly constant strain rate during the test period were 
not obtained, as represented by the reflected wave in Fig. 4, 
owing to the limitation of the pulse-shaping technique used 
and the bonded constraints at the interface of specimen and 
pressure bars. However, such strain acceleration does not 
significantly affect the estimations and analysis of dynamic 
stiffness and damping in the present measurement condition.

Estimation of Dynamic Stiffness and Hysteretic 
Damping

Validated SHPB data were used to generate stress–strain 
responses (Fig. 6) for the specimens using the following 
equations:
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where C0 is the elastic wave speed through the bars, Ls is the 
specimen thickness, and t is the time duration.

The stress–strain in the small strain range was nearly lin-
ear. Dynamic stiffness was estimated by fitting the slope of 
the line to the initial part of the stress–strain curve in Fig. 6. 
Hysteretic damping was estimated from the integral of the 
closed-loop area of the stress–strain curve using the follow-
ing equation:

The reproducibility and consistency of measured data are 
indicated by the nearly overlapped stress–strain response of 
two specimens with a given silica weight fraction and com-
position ratio, as shown in Fig. 7.

Results and Discussion

Tests were conducted to investigate the effects of silica 
micro-nanoparticles on the dynamic compressive stiff-
ness and damping of epoxy adhesive. A set of SHPBs with 
bonded specimens was used to generate stress–strain loops 
at the average strain rate of 80 ± 10 s−1. Several tests were 
conducted on each specimen, and the average value obtained 
was used in the analyses.

Stiffness and damping were estimated from the initial 
slope (modulus) and loop area of stress–strain responses, 
respectively. The effects of silica particles on the stiffness 
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and damping of epoxy/silica adhesive were investigated for 
evaluation. Figures 8 and 9 show the stiffness and damping 
behaviors of epoxy/silica adhesive at silica contents of 2, 5, 
and 10 wt%, as the silica composition ratio varies from pure 
microparticles (φ = 0%) to pure nanoparticles (φ = 100%).

The epoxy stiffness increased monotonically with increas-
ing nanoparticle portion at a silica content of 2 wt% (Fig. 8). 
The influence became nonmonotonic with the increase of 
silica content to values of 5 and 10 wt%. The stiffness of 
epoxy silica for any composition ratio increased with the 
increase of silica content up to 5 wt%. However, the epoxy 
stiffness dropped as the silica particle content increased to 
10 wt%. At a silica content of 5 wt%, it was observed that 
the stiffening effect of two-size silica was superior to that of 
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single-size silica. The greatest stiffening effect of two-size 
silica at 5 wt% was observed at the composition ratio of 
25%, where epoxy stiffness increased by 45% compared to 
that of neat epoxy.

The epoxy damping was nonmonotonically reduced by 
up to 14% with the two-size particles at a low silica content 
of 2 wt% (Fig. 9). Significant increases in epoxy damping 
occurred with the presence of two-size silica particles of 
any composition ratio as silica content increased to 5 wt%. 
The highest epoxy damping was obtained at silica content 
of 5 wt% and a composition ratio of 50%, where damping 
increased by 40% compared to that of neat epoxy. The damp-
ing reduced as silica content increased further to 10 wt%.

Deviations were observed for both the estimated stiff-
ness and damping. The main sources of deviations were 
variations in the specimens due to the mixing process. 
Initial slope fitting in stiffness estimation and fluctuating 
stress–strain loops near the end of the unloading stage also 
contributed to stiffness and damping deviations, respectively. 
Four specimens were used for each test condition to mini-
mize deviation.

Effects of Silica Micro‑nanoparticles on Dynamic 
Stiffness

It has been reported that dispersed silica particles form a 
matrix–filler interface area stiffer than the matrix and there-
fore stiffen and restrict deformation of epoxy adhesives [24, 
25]. Epoxy stiffness increases with the interface area formed 
in the matrix, which is affected by the surface area of pre-
mixed silica particles and particle dispersion quality.

Figure 8 shows the stiffening effect of silica micro-nano-
particles at different weight fractions and composition ratios. 
A collaborative stiffening effect is only found on the epoxy 
filled with 5 wt% silica micro-nanoparticles. Micro-nano-
particles generate a stronger stiffening effect on the epoxy 
compared to those of either pure microparticles or pure nan-
oparticles. Figure 8 also reveals that 10 wt% silica particles 
generate weaker stiffening effects on epoxy adhesives even 
though it has a larger pre-mixed surface area, as shown in 
Fig. 10. This result shows the critical role of particle dis-
persion in transforming a pre-mixed surface area into an 
effective interface area. As a conventional mechanical mixer 
was used in the present work in the absence of any chemical 
treatment, dispersion quality was affected by particle size 
and weight fraction.

Figure 10 highlights the effects of silica weight fraction 
and composition ratio on the transformation of pre-mixed 
surface area into effective interface area that stiffens an 
epoxy adhesive. Large pre-mixed surface areas provided by 5 
and 10 wt% silica with a high proportion of nanoparticles do 
not form large effective interface areas; therefore, these gen-
erate weak stiffening effects. However, micro-nanoparticles 

at 5 wt% silica with a nanoparticle proportion of less than 
75% effectively form large effective interface areas, thereby 
generating a strong stiffening effect. In the case of 2 wt% 
silica, micro-nanoparticles have only a weak effect on the 
formation of an effective interface area. Pure nanoparticles 
at 2 wt% silica are well dispersed, achieving a large effective 
interface area; therefore, these provide stronger stiffening 
effects than those of micro-nanoparticles. Good dispersion 
of low-content silica nanoparticles was observed, which is 
in agreement with previous works by Bondioli et al. [10], 
Zheng et al. [9], and Feli and Jalilian [8]. This result suggests 
that composing silica micro and nanoparticles in appropriate 
ratios improves their dispersion up to certain weight fraction 
when using only a conventional mechanical mixer.

The effectiveness of silica micro-nanoparticles in improv-
ing silica nanoparticle dispersion was verified by compar-
ing the stiffness and strain response of the epoxy adhesive. 
Figure 11 shows the epoxy stiffness and strain responses 
of the epoxy adhesive used to estimate and compare the 
effective interface area. Based on the previously mentioned 
stiffening and strain restriction effects of the interface area 
on the epoxy adhesive, the epoxy with higher stiffness and 
smaller strain deformation contained a larger interface area 
(Fig. 11b, upper-left quadrant). Consequently, neat epoxy 
exhibited the lowest stiffness and largest strain deformation 
because it contained no interface area (Fig. 11b, lower-right 
quadrant). Epoxy filled with 5 wt% silica micro-nanopar-
ticles exhibited the largest interface area and was the most 
sensitive to composition ratio variations; this was indicated 
by stronger stiffness–strain response with steeper slopes. 
The epoxy filled with 10 wt% silica micro-nanoparticles 
exhibited a smaller interface area and was less sensitive to 
composition ratio compared to the case of 5 wt%. This result 
confirms that composing silica micro and nanoparticles 
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effectively improves nanoparticle dispersion for silica con-
tent up to 5 wt% and generates a synergistic stiffening effect. 
It is worth noting that silica nanoparticle:microparticle com-
positions of 25:75% or 50:50% increase epoxy stiffness by 
45% compared to that of neat epoxy.

In previous studies, Kwon et al. [14, 15], Dittanet and 
Pearson [16], and Shariati et al. [17], did not obtain a con-
siderable cooperative stiffening effect of well-dispersed two-
size silica particles. Kwon et al. and Shariati et al. mixed 
two-size silica particles, which have smaller size ratios 

(1.56:0.24 µm and 17:65 nm in diameter, respectively) than 
that used in the present work (34 µm:17 nm). Such smaller 
size ratios might be less effective in improving the interface 
area and generating collaborative stiffening effects. Olhero 
and Ferreira found that a larger size ratio of mixed silica 
particles resulted in better deagglomeration and thus better 
dispersion [26].

Dittanet and Pearson [16], however, combined silica par-
ticles of 42 µm with 23, 74, and 170 nm, but did not observe 
any considerable synergistic stiffening effect. It was con-
firmed by Dittanet and Pearson in the same paper that the 
stiffening effect of the interface area was neglected owing to 
weak matrix–filler adhesion.

Notably, Fig. 11b shows comparable ranges of strain 
deformations of epoxy filled with any silica weight frac-
tion despite their different interface areas. Higher interface 
area should restrict deformation of the epoxy adhesive. This 
fact may indicate the existence of additional deformations 
induced by matrix–filler interactions. Particle debonding and 
stress concentration induce local matrix yielding or plastic 
deformation around the interface area. The mechanism of 
such deformations and its contribution to energy dissipation 
is discussed in the next subsection.

An alternative explanation for the additional strain defor-
mation is a softer epoxy matrix due to poor cross-linking 
between the epoxy base and its hardener. Olhero and Fer-
reira reported that high nanoparticle content increases vis-
cosity, and hence it is difficult to obtain homogeneous mix-
ing [26]. Tarrio-Saavedra showed that higher nanoparticle 
content forms agglomerates that prevent perfect mixing of 
some part of the epoxy base and its hardener [27].

The results of this paper suggest that the poor disper-
sion performance of a conventional mechanical mixer can be 
improved by composing appropriate ratios of silica micro-
nanoparticles. A synergistic stiffening effect is generated by 
the improved dispersion of silica nanoparticles up to a silica 
content of 5 wt%. Beyond that silica content, mixed micro-
nanoparticles with diameters of 34 µm and 17 nm are less 
effective in improving dispersion. However, using two-size 
particles, which have different size ratios, may generate dif-
ferent results.

The Synergistic Effect of Silica Micro‑nanoparticles 
on Hysteretic Damping

Owing to its inherent viscoelasticity, neat epoxy dissipates 
energy through internal friction during deformation, which 
can be estimated from the stress–strain loop area curve, as 
shown in Fig. 6.

The presence of high-modulus silica particles reduces 
epoxy deformation and thus reduces energy dissipation in 
the epoxy matrix. Therefore, the energy dissipation of epoxy 
with a silica content of 2 wt% is lower than that of neat 
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epoxy, as shown in Fig. 12. Epoxy damping is reduced by 
14% by the presence of 2 wt% silica particles. This small 
energy is likely to be dissipated through inter-particle slip-
ping and friction in nanoparticle aggregates, as demonstrated 
by Yang et al. [28].

The energy dissipation values for epoxy with silica con-
tents of 5 and 10 wt%, however, are larger than that for neat 
epoxy. This increased energy dissipation indicates the exist-
ence of other energy dissipation mechanisms induced by 
matrix–filler interactions.

There are several mechanisms of energy dissipation 
induced by matrix–filler interactions suggested in previous 
literature [16, 29, 30]. Crack pining and crack bridging are 
dominant energy dissipation mechanisms for epoxy filled 
with pure silica microparticles. In epoxy filled only with 

nanoparticles, energy is dissipated by local plastic deforma-
tion and matrix shear yielding induced by the nanoparticles 
debonding.

Epoxy filled with two-size silica particles exhibits supe-
rior energy dissipation to that of single-size silica particles 
owing to more complex matrix–filler interactions [16, 29]. 
This arises because of collegial mechanisms which boost 
epoxy energy dissipation such as nanoparticles and micro-
particles debonding followed by subsequent void formation 
and growth, crack deflection, and branching. In the present 
work, damping increases by 40% compared to that of neat 
epoxy at a silica content of 5 wt% composed of 50% micro-
particles and 50% nanoparticles.

The mechanisms mentioned above result in additional 
strain deformation in epoxy with 5 and 10 wt% silica, as 
confirmed in the previous subsection. There is evidence of 
yielding or damage occurrence: stress–strain responses devi-
ate [31, 32] from linear slopes, as shown in Fig. 13.

There is also evidence of a disturbance in the specimen 
stress equilibrium during unloading, which may indicate 
damage in the epoxy/silica, as shown in Fig. 14. However, 
it is not clear whether this disturbance is caused by crack 
opening or by void expansion due to tension in the specimen. 
Damage also contributes to energy dissipation via cracks in 
the matrix and matrix/particle slipping in the interface area 
[28, 33].

Epoxy damping decreases as the silica content increases 
to 10 wt%. The reduced matrix volume is one factor respon-
sible for this lower damping performance. However, con-
sidering the small matrix volume reduction by the addition 
of 10 wt% silica particles (equal to 5.24 vol%, Table 2), it is 
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inappropriate to ascribe poor damping performance to this 
matrix volume reduction alone.

As mentioned in the previous subsection, poor cross-
linking between the epoxy base and its hardener is likely to 
occur. Some parts of the matrix that are poorly crosslinked 
do not exhibit viscoelastic properties such as hysteretic 
damping. Thus, the effective matrix volume, which enables 
energy dissipation, is reduced and results in poor damping 
performance.

The results in this study suggest that the damping perfor-
mance of epoxy/silica is influenced by both inherent matrix 
properties and by matrix–filler interactions. Damping can be 
increased by adequate dispersal of an appropriate amount of 
two-size silica particles in an epoxy matrix, which generate 
cooperative matrix–filler interactions to dissipate energy.

Optimum Composition Ratio and Weight Fraction 
of Silica Micro‑nanoparticles

Figure 15 summarizes the influences of silica micro-nan-
oparticles on dynamic stiffness and hysteretic damping of 
epoxy adhesives. There was no synergy effect at a low silica 
content of 2 wt% owing to the dominant effect of nanopar-
ticles. Using pure silica nanoparticles was more beneficial 
than using micro-nanoparticles in that doing so efficiently 
stiffened the epoxy adhesive without reducing damping 
excessively.

A silica content of 5 wt% provided a wide range of stiff-
ness and damping performance when varying the compo-
sition ratio; therefore, it furnishes a wide array of options 
for designing dynamic properties of epoxy adhesives appro-
priately for their applications. Moreover, both stiffness and 
damping can be increased by 45 and 40%, respectively, at 
the optimum composition ratio of φ = 50%.

In contrast, a silica content of 10 wt% was less sensitive to 
the composition ratio and provided only weak performance 
in terms of stiffness and damping, which is a disadvantage 
in design applications. The best synergy effect at this silica 
content was obtained for higher microparticle proportions 
relative to nanoparticle proportions (φ = 25%).

Conclusions

The synergistic effects of silica micro-nanoparticles on the 
dynamic stiffness and damping of a bonded epoxy adhesive 
were investigated using split Hopkinson pressure bars. The 
effectiveness of selecting ratios of silica micro and nanopar-
ticles for improving silica particle dispersion was discussed.

In the range of measurement, silica micro-nanoparticles 
of 34 µm and 17 nm in average diameter, respectively, effec-
tively improved nanoparticle dispersion, providing increased 
matrix–filler interaction through larger interface areas. 
Therefore, this composition generated synergistic stiffening 
and energy absorption effects in epoxy with a silica content 
of 5 wt%. The synergistic stiffening effect was generated by 
the increased interface area due to the improved dispersion 
of the silica nanoparticles. The synergistic energy absorption 
effect was generated by yield and damage induced by com-
plex interactions between the epoxy matrix and the silica 
micro-nanoparticles.

The effectiveness of silica micro-nanoparticles for 
improving the dispersion of silica particles is limited to 5 
wt% when using a conventional mechanical mixer like the 
one used in this paper. However, there are possibilities for 
improving deagglomeration quality at higher silica contents 
using an appropriate composition ratio of two-size silica par-
ticles with a larger particle size ratio.
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The present paper provides experimental observations of 
epoxy dynamic stiffness and damping characteristics influ-
enced by mixed silica micro-nanoparticles. By obtaining 
these characteristics, epoxy dynamic performance can be 
engineered for appropriate structural applications wherein 
epoxy is subjected to impact and vibration, such as in auto-
mobiles. In future work, another energy dissipation mecha-
nism that avoids damage should be considered using hybrid 
filler materials such as a combination of soft and hard fillers.

Although yield or damage behavior, which contributes 
to energy dissipation, was identified and explained in this 
paper, a thorough investigation of matrix–filler interactions 
remains for future work to develop a better understanding of 
dynamic damping mechanisms.
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