Accepted Manuscript

Investigation of the dynamic mechanical properties of epoxy resins modified with
elastomers

G. Mansour, K. Tsongas, D. Tzetzis

PII: S1359-8368(16)30048-8
DOI: 10.1016/j.compositesb.2016.03.024
Reference: JCOMB 4125

To appearin:  Composites Part B

Received Date: 5 December 2015
Revised Date: 26 February 2016
Accepted Date: 11 March 2016

compossies

Part B: engineering

Please cite this article as: Mansour G, Tsongas K, Tzetzis D, Investigation of the dynamic mechanical
properties of epoxy resins modified with elastomers, Composites Part B (2016), doi: 10.1016/

j-compositesb.2016.03.024.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all

legal disclaimers that apply to the journal pertain.



http://dx.doi.org/10.1016/j.compositesb.2016.03.024

Keywords: A. Epoxy resin; A. Rubber toughening; B. Vibration; C. Genetic algorithm; D. Non-
destructive testing.

ABSTRACT
The mechanical and modal properties of epoxy resin reinforced with different content of carboxyl-

terminated butadiene acrylonitrile copolymer (CTBN) rubber were investigated in this paper with an
analytical-experimental identification method. Mechanical tensile tests were conducted for concentrations
between 0 and 25wt% of CTBN rubber. The dynamic responses of the epoxy/CTBN rubber composites
were measured by vibrating cantilever beam specimens with an impact force through a modal hammer,
while the vibratory response was detected through an acceleration transducer. The analytical-
experimental transfer function method is utilized for the deduction and therefore comparison of the
elagticity modulus of the epoxy/rubber composites. The procedure for the identification of analytical-
experimental transfer functions was carried out using a genetic algorithm (GA) by minimizing the
difference between the measured response from tests and the calculated response, which is a function of
the modal parameters. Both tensile and modal tests have shown, while it was evident from the results that
the CTBN composites could absorb greater amounts of strain energy. The modal test results indicate that
CTBN rubber particles can improve the damping capacity of the epoxy-based composites. However, it

was observed that the stiffness of the epoxy/CTBN rubber composites was dramatically reduced.
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1 INTRODUCTION

In response to a transient or dynamic loading,ethera wide set of structural components or
assemblies for which vibration is directly relatedperformance, either by virtue of causing tempora
malfunction during excessive motion or by creatdigturbance or discomfort, such as stress fatigue
failure, premature wear, operator discomfort, uasgferating condition, high noise levels. For ldse
potential problems, it is important the vibratioavéls encountered in service or operation to be
anticipated and brought under satisfactory confttl Thus, it is important to determine three modal
parameters; resonance frequencies of the strutiuaeoid resonance, damping factors and mode shapes
to reinforce the most flexible points or to detarenithe suitable points to reduce weight or to iasee
damping. With respect to these dynamic aspectsposite materials represent an excellent possibility
designing components requiring for dynamic behavior

In the past, the damping capacity of conventiongimeering materials has not generally provided
sufficient energy dissipation to limit resonant mgar-resonant amplitudes of vibration [2]. It would
therefore be of interest to investigate new mateseanultaneously exhibiting high damping capaeitth
high stiffness and low density which includes poéyrmatrix nanocomposites. High damping capacity is
an important factor for various industrial applioas; therefore, it is necessary to develop strattu
components with a high level of mechanical damphiigh loss factor polymers have been used in the
past for modern damping applications [3-7]. Nowexdthere are plenty of other advanced materials tha
could be utilised for damping applications. Reskars have, therefore, concentrated their efforatds
the development of polymers in which nanomateraaésembedded in polymer substrates and promising

results have been established primarily improvihng mechanical properties [8-11]. However, for
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increasing damping, epoxy resins reinforced wittB®8Trubber are promising materials due to theirdarg
recoverable strain and high damping response. Addibber particulates (reactive liquid rubber CTBN)
into polymer resin is an approach to effectivelypiove the damping behavior of composites [12]. In
general, embedding such CTBN inclusions into a mpeljc matrix system, can effectively improve the
ductility as well as the fracture toughness ofbéymeric composites [13-14]. The fracture touglsniss
an important property in fibre polymer compositduistry, since it prevents delamination damage, evhil
it is also vital in composite repair procedures-18.

The current work aims to investigate the dynamid amechanical behavior of epoxy resins
reinforced with CTBN rubber particles through antimization algorithm for modal analysis and
identification of experimentally defined transfeunttions. The proposed modal analysis algorithm
derives modal parameters from the transfer funsti¢nFs) of the composites by a curve-fitting
technique. According to the authors’ knowledge ihiguence of the CTBN rubber on the damping
response of epoxy based composites is rarely disduis the literature. Samples of 10 - 25wt% CTBN
have been used to reinforce a DGEBA/F epoxy redie. dynamic mechanical properties of the rubber
modified epoxies were determined by both tensik ahration tests. An analytical-experimental tf@ns
function method is utilized for the deduction ahérefore comparison of the elasticity modulus @& th
epoxy/rubber composites.

2. MATERIALSAND TEST METHODS
2.1. Preparation of the rubber-modified epoxy composites

The epoxy resin that has been used to form theerubdinforced composites was a standard
diglycidyl ether of bisphenol A/F (DGEBA/F) with apoxide equivalent weight (EEW) of 169,7 g/eq.,
supplied by Gurit, UK. The reactive liquid rubbefich generates the micrometer-sized sphericaleubb
particles upon curing of the formulation, was abecayl-terminated butadiene-acrylonitrile (CTBN)
rubber. It was supplied as 40wt% CTBN-epoxy addédhipox 1000’ (EEW =330 g/eq), from Evonik,
Germany. The curing agent was a 3-aminomethyl-3riyfethylcyclohexylamine (SP115 hardener with
an amine-hydrogen equivalent weight of 42,3 g/egjgo supplied by Gurit, UK. In order to prepare a
series of composites with 10 — 25wt% rubber contdm SP115 epoxy resin was mechanically mixed
with Albipox 1000 - DGEBA/F masterbatch for 30mifhe mixture was degassed for 15 min in a

vacuum oven and then was blended in a stoichiomatriount of SP115 hardener (based on the amount



of DGEBA and the masterbatch) for 10 min. The rubbedified resin was afterwards degassed in the
vacuum oven before curing to remove any air enedpp the mixture and then poured into a silicon
mould. Finally, the resin system was cured at réemperature for 24hours following 16 hours at 50°C
with a ramp rate of 1°C/min followed by a coolings to room temperature to room temperature at
1°C/min. Subsequently, rectangular specimens Wwihdimension of 160 x 20 x 4 mwere utilized for
the vibration tests were fabricated. For each palgte epoxy/rubber composite at least three spa@m
were prepared.
2.2. TensileTests

Tensile tests were performed at room temperatud@QRon a Zwick Z010 (Zwick, Germany)
universal testing machine at a constant crosshpeeldsof 1 mm/min. The measurements followed the
ISO 527 testing standard using dumbbell shapedirspes. The specimens with 4 mm thickness were
fabricated using a silicone mold. The overall léngt dumbbell specimens was 150 mm. The length and
width of the narrowed section were 10 and 4 mmpeetvely. E-moduli were calculated within the
linear section of the tensile stress-strain cunidispresented data corresponds to the average lefat
five measurements.
2.3. Fractographic analysis

The local microstructure of the specimens was tatalely examined using a JEOL JSM-840A
scanning electron microscope (SEM). Prior to tist, tihe fractured surfaces of the samples were gold
coated in an ion sputtering unit for over 6 min.eTfiactured surfaces were observed at suitable
magnifications. The fractographs revealing the eeipe characteristic details of each sample wakert
after suitable adjustments in probe current, veltagiage contrast and brightness as well as working
distance. In this manner, images were taken oricetiagiled, unmodified and rubber modified epoxy
samples.
2.4. Modal testsand signal processing

The experimental apparatus for the forced vibratésts is shown in Fig.1, where the specimen is
clamped on rigid support as a cantilever beam anchted by the impact hammer with a high-quality
piezoelectric force transducer (Endevco Model 2B02-The force-hammer was used to apply an initial
vibration (input signal) on the free boundary whtre specimen was subjected to free damped vilbratio

In addition, the vibratory response at the specintipn (output signal) was detected through an



acceleration transducer with a sensitivity of 100/gn(Briel & Kjaer 4507B), mounted on the free
boundary, while the sensing cables were kept inea $tate, thereby having a little influence on the
vibration test. For impact excitation, an acquisitand realtime-analysis routine provided digitiéfing

for two-channel acquisition.

So both the force and acceleration analog signalsaequired by an analog-to-digital converter
(FFT analyzer PULSE Bruel & Kjaer), while the capending results were recorded in a computer. The
frequency range of acceleration signals was up2@ 3z, the sampling time interval was 0.122%7
and the sampling frequency was 8192 samples pende@diz). The modal hammer was calibrated by
adjusting the level of the signal trigger forceckapecimen was tested 10 times and linear aveyagin
was performed.

In order to obtain the specimen’s modal properfresn the transient vibration, the Fourier
Transforms of both the excitation and the respaigeals were calculated. The ratio of response to
excitation functions is computed to obtain an egpi@n from the corresponding transfer function. The
response can be calculated in terms of displacemettcity or acceleration and as a result differen
terms have been used for the ratios of respong®de. This study is focused on displacement resgsn
and any reference to the TF expresses the recept@hmamic compliance) of the system. The
displacement is determined through a double integraprocess of the experimental data of the
accelerometer sensor. High pass filters have beed o remove the direct current (DC) componentis an
avoid the integrated errors. Thus, the ratio ofrdslted displacement to the applied force is agdsgbin
order to obtain the receptance transfer function.

3. PROPOSED METHOD AND VERIFICATION OF IDENTIFICATION RESULTS
3.1. Experimental transfer functions

A transfer function G for a single degree of fremdgystem can be plotted in the Argand
(complex) plane by its real and imaginary composiers shown in Fig.2. The Argand or Nyquist plane
plot is a very effective way of displaying the innfant resonance region. The amplitude is plottethas
vector X; at angled; from the real axis, wher@; is the phase angle between exciting force and the
displacement response at frequeag¢yThrough a circle-fitting method a modal circlendze established,

which provides the means of extracting the requimeatal parameters of the system. This method



exploits the fact that in the vicinity of a resonarthe behavior of most systems is dominated hggles
mode. The response of each mode as it passes thresgnance will lie on an arc of a circle [19].

The first step of the algorithm is the automatitesion of a fixed number of points on either side
of any identified maximum arc length on the cureedqual frequency increments. Thus, the paints,
andwy,, correspond to the largest arc length,,, while the resonance frequenoy would be in-
betweerw,;_; andwg, 1.

At the second step the procedure followed wastta fircle through the selected points of the
resonance region of the curve and establish thieccand the radius of the circle, considered asaat!
square minimization problem. By calculating theiirdldrough the points on the arg,,,,, the largest
anglea included between two adjacent radii can be defifibe loss factorn) can be computed from:

n = 20w _ 2(wg41 — Wg-1)
wgtan(a/2) wgtan(a/2)

(for a/2 < 45°) 1)

An equivalent Young’'s modulus is identified from &sered complex transfer functions. The
constant quantitys (w;) atw; = 0 defines the static response faakg0), which corresponds to distance
OP in Fig.2. This real particular parameter is adered as the proportional gain of the system &gl i
identical with the compliance 1/K, the inverse \eabf the spring K of the vibratory system for aghn
degree of freedom. For fixed-free boundary condgjostiffness of the systemKs= 3EI/L3, where
I = bh3/12 is the moment of inertia for a rectangular beam Aris the free length of the cantilever
beam. Thus, the elastic modulus can be determirad the first mode of the transfer function by the
following equation:

E = KI13/3I (2)

The viscoelastic response of materials under tesbe expressed by the following equation:

EII

== ®3)

n

where the quantitf’ is called storage modulus, because it definegtieegy stored in the specimen due
to the applied strain and it is conceptually idegitito E elastic modulus. The quantif/’ defines the
dissipation of energy and is called the loss maglulu
3.2. Validation of the proposed method

For analytical mode characterization, a genetioridlgm (GA) optimization technique has been

used to fit experimental transfer function datahwia set of superimposed, single-mode response



functions. It can be shown [20] that the analyticateptance function of n-DOF system for input

fi(t) and outputy;(t) can be written as

N . .
6y o) = o) = " (s ey D) @
F; £ \O +j(0 —war) (O +j(@ + war)

whereUy, Vi, are the amplitudes of the residue of the k-th mégeés the attenuation exponent of the
k-th modew is the angular frequencw,;, is the damped natural frequency of the k-th meahel, N is
the order of the curve fit. For an underdampedtldamping) modé, the attenuation exponent and the

damped natural frequency can be related with thes [actom, by &, = (ng/2)w,, andwy, =

wniy/(1 = (n,/2)2. The individual terms of the receptance matri, the receptance functions, are the
dynamic equivalent of the static flexibility infloee coefficients [21]. Each column of the receptanc
matrix represents the ratio of the complex displa®eat response to force at the pgioh the specimen at

a single frequency, when the structure is excite@drsy pointi. Thus, the elements of the principal
diagonal (when i=j) represent the point receptanabde the off-diagonal elements represent thesier
receptances. The task undertaken is basically ntd fhe optimal variable#/,V in this theoretical
expression of the transfer function, which matcblesely the measured data. It is common in many
minimization problems that the least-square ergiwben two responses is selected as a measure of th
response difference. Therefore, the summation@stiuare of the difference between the calculated a
measured receptances over a concerned frequengg cam be defined as an identification index. The

objective function selected in this study can bgcdbed by:

Gij (jw)experimental>2 (5)

Gij (jw)analytical

N
Objective function f = Z <1 -
k=1

whereG;; (jw) are the experimental and analytical transfer fionst GA has the advantage of seeking
the whole space of solutions as well as not beirtgapped in a local minimum. The flowchart of the
whole identification process of the GA is illustdtin Fig.3. The input data for the algorithm ane t
attenuation exponent, the resonance frequency tf kode, the measured data, the number of
independent variables and GA optimization parametguch as the population size, the crossover rate,
the mutation, etc. and the number of the GA loopsrecluded. Using Eq.4 the fitness function isimked

as shown in Eq.5 and is used in all steps of thersthm. In the first loop of the GA, starting pdations

are randomly generated to set variables valueshndnie used to calculate the fitness function vaBse



uses selection, elitism, crossover and mutationguores to create new generations. The new germesati
converge towards a minimum that is not necesstrédyglobal one. After repetitions when the maximum
generations’ number is achieved the variables’ emlaorresponding to the minimum fitness function
value €) are selected as the optimum variables valuebeof3A. The usage of random numbers in GAs
to produce the individuals of each generation givesability to explore the whole space of solution
[22].

The validation of the proposed method is verifigdtiee calculation of the modal properties of a
10 degrees of freedom (DOF) mass-spring-dashpotemdthe model's dynamic properties (inertia,
stiffness, and damping) are shown in Table 1.

The equations of motion of an un-forcad degree of freedom elastic structure with viscous
damping are

Mx(t)+Cx(t) +Kx(t)=0 (6)

with initial conditionsx(0) = d, andx(0) = v,. If the structure is modelled withi degrees of freedom,
then there will baV natural frequencies amd modal vectors. The modal matriis the column-wise
concatenation of th& mode-shape vectorsp = [x; X, --- Xy]. The modal matrixp diagonalizes both
the mass and stiffness matrices. When the dampatgxiis not proportional to the mass or the stffs
matrix, T C® is not a diagonal matrix, the natural frequendiess factors, and modal vectors depend on
the mass, damping and stiffness matrices of thetsiral system. For this 10-DOF system, the coupled
equations of motion (Eg.6) were solved using tlagesspace method to uncouple them. Basically, the
concept was to convert the setdfsecond order differential equations to an equitaéet on2N first
order differential equations, by assigning new afalgs (referred to as state variables) to eachhef t
original variables and their derivatives. Subsetjyethese numerically defined TFs were importeid in
the proposed algorithm as input measured datagsomodal parameters and TFs were identified. The
results of the identification procedure are illagdd in Fig.4. The GA returned an optimal analytica
transfer function which accurately fitted the nuiv@r data of the mode superposition technique. The
table in Fig.4 shows the transfer function paransetas damped natural frequencies and the damping
factors. From the values in the table, a conclusim be drawn by comparing the current identifarati

results with those calculated numerically; it isasi that they are very close to each other.



However, it was observed that thé"Ifodal circle has not been identified by the GAisTdan be
attributed to the range of discretization arouralrésonance region. This range should not be axeéss
limited since it becomes highly sensitive to thewacy of the few points used, especially for low-
amplitude modal circles, such as the modes 8-10leN® than 20 points should be used if needed to
identify minor modal circles. The increase of thage of discretization points led to the identtiiza of
the 10th mode, while the accuracy of the identifismtes 8 and 9 was significantly improved.

4. RESULTSAND DISCUSSION

4.1. Material mechanical behavior of the epoxy/rubber composites

The stress—strain behavior of all epoxy/rubber ausitps under uniaxial tension is shown in Fig.5e Th
specimens with high CTBN concentrations revealetiaracteristic plastic behavior. The addition @& th
CTBN decreases the strength as reported in othdiest [23]. The strength decreases with noticeable
improvement in the strain to failure, revealinghamcteristic toughening effect. The synergic effex
localized cavitations at the rubber/matrix inteefaand plastic shear yielding in the epoxy matrig ar
supposed to be responsible for a deformation #mtlts in energy dissipation process which ultityate
improves the toughness values of the rubber-matiifgoxies. Additionally, the strength decrease can
partly be explained by the fact that with incregs@TBN content, there is less available epoxy résin
sustain the uniaxial forces. Subsequently, theatalu in the strength values of CTBN-modified epmsxi
may be attributed to the lowering in cross-linkidgnsity of the epoxy network and justifies the high
strains to failure attained.

Furthermore, it is clear that the neat resin syseaimbits a brittle tensile behavior characteribyda
Young’s modulus value of 3815 MPa as compared ¢orttbber composites. The addition of CTBN
decreases the Young’'s modulus indicating a duatiieire of the modified systems. Generally, when a
rubber modifier is added to a thermoset resineléstomeric character authorizes a decrease ingfeun
modulus, significantly [24]. This was noted wher tBTBN modifier was employed in an epoxy resin by
another study [25]. In the present case, the neatitn by 25wt% of CTBN permits a change of 56% of
Young’s modulus. The various tensile properties didferent CTBN concentrations of the rubber are
formulated in Table 2. The decrease in tensilengtie with increasing rubber content can be reléabed
stiffness of the modified network. The additionrabber decreases the stiffness of the epoxy network

probably due to a lowering in cross-linking density



Typical fractured surfaces of neat and that of 2bwitubber-modified epoxies at different
magnifications are shown in Fig.6. In Figs. 6 Ydli®e crack initiation zone is located at the bwttof
the images and it is distinguished by the relagiswhooth area. Typically, the neat epoxy matrixveho
smooth as well as rivery fractured surfaces wipples. The ripples occur due to the brittle fraetof the
epoxy. On the other hand, the morphology of thebentmodified epoxies are shown in Fig.6 (c,d). In
Fig.6(c) the crack initiation zone is probably hé tright side of the image since the rest of thagen
shows significantly higher roughness and distirectiackle zones. The cavitations illustrated in Bigl)
developed from the rapid crack propagation andlfirapture of the tensile specimens and they are d
to the extracted rubber particles after fracturddifionally, as revealed from the cavitations, plagticles
were uniformly distributed throughout the epoxy rxat
4.2. Modal test results

According to the time history results of the viliwattests, the acceleration at the free end of the
cantilever beam has been monitored for each saffjer). Obviously the attenuation rate of vibratio
deflection is faster when the CTBN content is highfes shown in Fig.7, the free vibration of the hea
epoxy, the amplitude of vibration is attenuatedgclkeéng zero after a large number of cycles. However
takes only a few cycles for the amplitude to apphoaero when free vibration occurs for the 25wt%
CTBN rubber sample. Material damping capacity cko de inferred from the comparison between
different vibration attenuation rates. The decayetis shown in Table 3. Based on Table 3 and Fibe7,
attenuation time is faster when the CTBN rubbemgiefraction is higher.

4.3. Identified transfer functions of the epoxy/rubber specimens

The analytical functions identified the resonangeall three important flexural modes. These
mathematically synthesized transfer functions dongdl the important resonance information while
interpolation among measured data is considerasfaztbry. Fig.8 shows the comparison between the
identified and measured complex TFs of the specimen

The identified resonant frequencies of the specaneith different inclusions are shown in Table
4. It is obvious that the frequencies of the firgide increase with respect to the CTBN rubber cinte
This was expected since thébber addition decreases the stiffness of the epetwork due to the lower

stiffness of the rubber itself and probably theuetbn in cross-linking density.



4.4. Determination of elastic modulus, loss modulus and loss factor with TF method

The first mode of vibration was used in order tdcakate the(E')and (E") moduli. The
compliance of each beam specimen was calculated fh@ experimental and identified by the genetic
algorithm transfer functions, while the elastic mhg was determined by Eq.2. Fig.9 shows a good
agreement between the elastic moduli determinedtdmgile tests and the proposed analytical-
experimental TF method, considering the absolutierénces (Table 5). However, for the case of the
experimental TFs, the elastic modulus does not shoed approximation with the tensile test results.
Thus, the analytical-experimental identificationthusl appears to be essential for the determinatfon
the elastic modulus of the specimens.

The loss modulus is proportional to tiig’) and @) values and it is related to the energy
dissipation mechanisms in materials. The loss maduk a combination of energy dissipation
mechanisms from the matrix material, the inclusiand the interface between them. So, in this dhse,
energy dissipation due to interfacial adhesiontmanf major importance.

Table 6 shows the values of the loss factrand the loss modulu&’") for the tested specimens.
The addition of CTBN rubber particles in the eporgtrix has improved the damping behavior. This
improvement induced by the CTBN rubber particlesldde attributed to their good dispersion within
the epoxy as well as the reduced cross-linking itlen$ epoxy itself. It has been also shown in eot
study [11] that the damping properties of an ep@sjin can be modified by CTBN rubber particles. The
results in the current work verifies the fact thésien the epoxy is loaded with 25wt% CTBN partictes,
highest loss factor value among the other concimiacan be attained with an improvement of 128%
compared with the neat epoxy resin (Table 6).

5. CONCLUSIONS

The dynamic mechanical properties of epoxy modifigith different Carboxyl-Terminated
Butadiene-Acrylonitrile rubber were investigatedhwvain analytical-experimental modal testing method.
The epoxy/CTBN rubber composites were at firstesinder uniaxial tension. The samples with high
CTBN concentrations revealed a characteristic jglas¢havior, although the addition of the CTBN
decreased the strength and the Young's Modulus.stileagth decrease was significant with noticeable
improvement in the strain to failure, revealingtamcteristic toughening effect. The decreaserisile

strength with rubber content can be related tostiftness of the modified network, while the rubber

10



addition decreases the stiffness of the networkgpoobably due to lowering in cross-linking degsit
Time history results have shown that the attennatite of vibration deflection is faster when thEB
content is higher, although the peak amplitudehreatigher values. The analytical-experimentalstiem
function for each composite material has been ifiedt through an optimization algorithm and
fundamental modal parameters, as resonant frequertygamping ratio were determined. Given the fact
that modal parameters were defined, the elasticuinsdof the composite material was deduced.
Compared with a static tensile testing method, gheposed method is inexpensive, convenient and
accurate. Furthermore, the proposed modal testinthad is non-destructive. A numerical example
shows that the proposed algorithm is efficient estulist for identifying the modal parameters of 10D
linear system. The proposed modal testing resuidticate that the addition of CTBN particles
significantly improved the damping capacity of #ygoxy-based composites. However, it was observed
that the stiffness of the epoxy based system wamatically reduced.
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Figure Captions:
Figure 1: Experimental setup of vibration tests.
Figure 2: Complex transfer function of a single megof freedom system.
Figure 3: Flowchart for the identification procegshe genetic algorithm.
Figure 4: Identification of transfer functions 0d-DOF mass-spring-dashpot model and comparison of
modal parameters.
Figure 5: Typical stress—strain curves of specinteaded in static uniaxial tension showing the ffaf
the CTBN rubber reinforcement.
Figure 6: SEM micrographs of: (a) neat epoxy, (@atrepoxy at higher magnification, (c) 25wt% rubber
modified epoxy, (d) 25wt% rubber modified epoxyhégher magnification showing the rubber particle

cavitations.
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Figure 7: Typical acceleration measurements osfileezimens for different content of CTBN rubber.

Figure 8: Identified complex transfer functions {aj neat epoxy and (b) CTBN 25wt%.

Figure 9: Comparison of the elastic moduli betwd&nhmethod and tensile tests of the epoxy/CTBN

rubber specimens.

Table 1: Dynamic properties of the 10-degree-freeduass-spring-dashpot model

Dynamic Property

Mode number

1 2 3 4 5 6 7 8 9 10
M [kg] 156 139 122 105 88 77 54 37 20 3
K  [N/mx10® 253 223 193 163 133 103 733 433 133 133
C  [Ns/imx1 113 10 875 7.46 542 408 355 228 093 0.36

Table 2: Mechanical properties at room temperatfireeat epoxy and with different loading of CTBN
rubber postcured at 50°C for 16hr.

_ _ CTBN (wt%)
Engineering Constant Neat epoxy
10 15 20 25
Young’s modulus [MPa]| 3815+120 3245+147 26302 2037+144 1686 +151
Ultimate tensile
[MPa] 67 +2 52+1 414 202 17+ 4
strength

Strain [%] 1.83+£0.13 222+0.11 25807 236 2.84%0.13

Table 3: Attenuation time of neat epoxy specimanbsepoxy mixed with different CTBN at different

loadings.
Property Neat Epoxy] CTBN 10wt% CTBN 15wtpo CTBN 20wt CTBN 25wt%
Attenuation time [s] 0.85 0.80 0.70 0.46 0.20

Table 4: Resonant frequencies of the importanufi@ikmodes of the specimens.
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Specimen First frequency [Hz] Second frequency [Hz]  Third frequency [Hz]

Neat epoxy resin 83.50 445.00 1232.50
CTBN 10wt% 72.50 402.50 924.50
CTBN 15wt% 69.50 382.50 853.50
CTBN 20wt% 55.50 332.50 799.50
CTBN 25wt% 49.50 258.50 766.50

Table 5: Elastic moduli of the epoxy/CTBN rubbeesimens determined with experimental and GA

identified TFs compared to tensile tests.

Elastic Modulus [MPa]

Specimen Tensile Experimental Absolute Identified TF Absolute
tests TF method difference method difference
Neat epoxy resin 3815 4809 26% 4017 5%
CTBN 10wt% 3245 4165 28% 3061 6%
CTBN 15wt% 2630 3327 26% 2828 8%
CTBN 20wt% 2037 2593 27% 1814 11%
CTBN 25wt% 1686 2112 25% 1451 14%

Table 6: Loss moduli and loss factors of the speaisn

Improvement of the

Specimen E'" [MPa] Loss facton
loss factor (%)
Neat epoxy resin 147.82 0.0368 -
CTBN 10wt% 163.46 0.0534 45
CTBN 15wt% 173.67 0.0614 67
CTBN 20wt% 123.69 0.0682 85
CTBN 25wt% 121.57 0.0838 128
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