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Abstract

An indirect tensile testing method is proposed for characterizing low strength graphite platelet
reinforced vinyl ester nanocomposites at high-strain rate. In this technique, the traditional Bra-
zilian disk (diametrical compression) test method for brittle materials is utilized along with con-
ventional split-Hopkinson pressure bars (SHPB) for evaluating cylindrical disk specimens. The cy-
lindrical disk specimen is held snugly in between two concave end fixtures attached to the inci-
dent and transmission bars. To eliminate the complexities of conventional strain gage application,
a non-contact Laser Occluding Expansion Gage (LOEG) has been adapted for measuring the diame-
trical transverse expansion of the specimen under high-strain rate diametrical compressive load-
ing. Failure diagnosis using high-speed digital photography validates the viability of utilizing this
indirect test method for characterizing the tensile properties of xGnP (exfoliated graphite nanop-
latelets) reinforced and additional CTBN (Carboxyl Terminated Butadiene Nitrile) toughened vinyl
ester based nanocomposites. Also, quasi-static indirect tensile response agrees with previous in-
vestigations conducted using the traditional dog-bone specimen in direct tensile tests. Investiga-
tion of both quasi-static and dynamic indirect tensile test responses shows the strain rate effect on
the tensile strength and energy absorbing capacity of the candidate materials. The contribution of
reinforcement to the tensile properties of the candidate materials is presented.
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1. Introduction

Robust material models obtained from the physics of high-stain rate material response are essential for the large
scale finite element simulations of automotive crashworthiness; aerospace impact including foreign-object
damage, such as, bird ingestion in jet engines and meteorite impact on satellites; dynamic structural loading,
such as, the events occur during earthquakes; high-rate manufacturing processes, including high-rate forging,
machining, wire drawing and cold rolling; and research for military technologies focusing on ballistics, detona-
tion physics, projectile and armor interactions [1]. One of the most widely used experimental configurations for
high-strain rate material response measurements is the split-Hopkinson pressure bar (SHPB) conceived by
Hopkinson [2] and Davies [3], with Kolskey [4] proposing the first acceptable form of SHPB in a laboratory.

While the original SHPB was developed to measure the compressive response of materials, measurement of
the tensile response under dynamic loading becomes important due to the uniqueness of corresponding material
properties. Harding et al. [5] first attempted to adapt the Hopkinson-Kolskey bar for measuring high-strain rate
tensile response of the test specimen. Not only the complexity of generating a tensile-loading pulse, but also de-
signing the tensile test specimen geometry and specimen-holding fixtures were addressed by multiple research-
ers [6]-[18]. The pressure bar-ends need major modification to accommodate tensile specimens of complex
geometries. The variations of the cross-sections at pressure bar ends develop complex stress pulse. All these is-
sues require special attention in experimental data reduction process.

Vinyl ester based composites are being considered in applications such as pipelines and chemical storage
tanks and ship hulls. Figure 1 shows the idealized chemical structure of a typical vinyl ester. As the reactive
sites are positioned only at the ends of the molecular chains, the long molecular chain makes vinyl ester resin
tough and resilient to shock loadings (to some extent). The ester groups in the molecular structure are suscepti-
ble to water degradation by hydrolysis. The vinyl ester molecule features fewer ester groups; hence, exhibits
better resistance to water and to some chemicals [20] [21]. Several attempts [21]-[33] have focused on improv-
ing the mechanical properties of vinyl ester composites by providing reinforcement. Graphite nanoplatelet rein-
forcement and toughening with CTBN liquid-rubber agent have been recently considered for this composite
system. In previous research conducted by the authors [34]-[38], it has been observed that the candidate compo-
site systems are high in stiffness, but low in strength, and fail in a brittle fashion. It is observed that the failure of
high stiffness and low strength materials is initiated by tensile stress concentrations. Hence the investigation of
the dynamic response of such materials under high strain-rate tensile loading requires serious consideration.

Tensile tests on high-stiffness low-strength materials usually resort to compression-induced tension in order to
avoid pre-mature failure caused from gripping under direct tensile loading. Almost at the same time from oppo-
site sides of the world, Carneiro [39] from Brazil and Akazawa [40] from Japan independently proposed that the
circular disk theory (analytically explained by Timoshenko and Goodier [41]) could be applicable in investigat-
ing the bearing capacity of a concrete roller. They explained that the specimen ruptures along the diametrical
plane and the tensile stress at the center of the disk could be estimated as a function of the applied bearing load,
the diameter of the specimen and the specimen thickness.

The specimen strain measurement at high rates is traditionally based on the response from strain gages
mounted on the bars of a SHPB system. This technique only works for obtaining the longitudinal strain mea-
surements. In case of Brazilian test method, transverse strain measurement is the primary requirement. Hence,
strain gages need to be mounted on the specimen surface along the transverse axis, or, alternatively, a high-
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Figure 1. Chemical structure of a typical epoxy based vinyl ester [19].
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speed camera combined with Digital Image Correlation (DIC) techniques can be utilized. Both of these methods
are complex in installation, expensive and the data reduction processes are also cumbersome.

In this article, an indirect tensile testing method is proposed for characterizing low strength graphite platelet
reinforced vinyl ester nanocomposites at high-strain rate. The cylindrical disk specimen is evaluated by tradi-
tional Brazilian disk test method combined with conventional SHPB technique. The disk specimen is securely
held and self-aligned in two concave-end loading fixtures assembled in between the incident and transmission
bars of SHPB system. The complexities of conventional strain gage application on the specimen for measuring
the diametrical transverse expansion of the specimen under high-strain rate diametrical compressive loading are
eliminated by adapting a non-contact LOEG technique [42] [43]. High-speed digital photography is performed
for diagnosing the specimen failure mechanism and validating the indirect test method for characterizing the
tensile properties of graphite platelet reinforced and additionally CTBN toughened vinyl ester nanocomposites.
Finally, the effect of strain rate and the contribution of XxGnP reinforcement and CTBN toughening on the tensile
properties of vinyl ester based nanocomposites are presented.

2. Experimental Set-Up

Experimental facilities used in this study consist of a traditional compression split-Hopkinson pressure bar sys-
tem that has been modified to conduct indirect dynamic tensile tests on nanocomposite specimens based on
conventional Brazilian disk test method. A conventional pneumatically driven materials test system (EnduraTec)
was used for the quasi-static indirect tensile experiments.

2.1. SHPB Apparatus

The SHPB system (Figure 2) was driven by a compressed air vessel connected with a solenoid switch valve to
one end of the steel barrel having convex-end solid cylindrical striker. The overall system consists of an incident
bar, a transmission bar, momentum bar and a momentum-trap made of white putty clay packed in a robust steel
frame. The bars and the striker are made from 19 mm diameter (0.75 inch) Aluminum bars [43].

Two sets of 350 Q strain gages were attached at a distance away from the specimen on the incident and
transmitted bars allowing the strain gages to capture the initiation of the incident, reflected and transmitted
pulses distinctly (Figure 2). Each set consists of two gages located diametrically opposite side of the bar and
connected in series to compensate the bending effect of the bars and measure only axial strain of the bars. A dig-
ital oscilloscope of 1.25 GS sampling rate, connected to strain gages through a Wheatstone bridge and a signal
conditioner, records the corresponding voltage-time history during the test event.

2.2. Adaptation of Brazilian Disk Test System

The Brazilian disk test method [39] is an efficient indirect approach for obtaining the tensile strength of high-
stiffness low-strength brittle materials. It assumes a state of plane stress in the disk due to the application of di-
ametrically opposite loading on the disk specimen [39] [40]. The tensile stress [39]-[41] induced at the center of
the specimen along the transverse diameter of the disk specimen has been analytically and experimentally de-
termined as 2P/(7rDL), where, P is the applied compressive load, D is the diameter of the specimen, L
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Figure 2. SHPB setup for indirect tensile tests including Laser Occluding Expansion Gage (LOEG) system.
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is the specimen thickness.

Conventional Brazilian disk method proposes flat-end anvils for loading the circular disk specimen. The dis-
advantage of this approach is a large stress concentration at the loading lines along the thickness of the specimen.
Hence, in most of the cases premature failure occurs close to the loading lines [45]. Two controlled loading ap-
proaches have been tried in this investigation. The geometry of the disk specimen was modified in the first at-
tempt. The diametrically opposite loading lines along the thickness of the specimen were made flat [46] for
about 20° angle subtended at the center of the specimen to decentralize the stress concentration at the loading
point and hence the relation of induced tensile stress with applied compressive load was modified based on the
subtended angle by the flat-ends. The disadvantage of this approach is that the specimens rupture at the edges of
the flat-ends, instead of at the center of the specimen. It was observed that the flatness and parallelism of the flat
ends are crucial for the success. High precision in specimen preparation is required for this approach and
achieving that level of geometric accuracy is practically difficult in case of quasi-brittle materials.

The second approach eliminates all these complexities by modifying the flat-end of anvil to circular concave
ends [45]. Also the concave ends hold the disk specimen more securely than flat-ends in horizontal SHPB test-
ing. The stress concentration is optimally reduced with failure of the disk specimen initiating at the disk-center
and propagating along the compressive loading axis, thus ensuring a valid indirect tensile test (Figure 3).

The incident and transmission bars were threaded in and coupled with respective concave-end fixtures. The
disk specimen was diametrically held in between the larger diameter concaved surfaces of the loading fixtures.

2.3. Validation of Test Set-Up

A fundamental requirement for the validation of the Brazilian disk test method is that the initiation of specimen
failure should occur at the center of the specimen and propagates through the diameter along the compressive
loading axis [39]. At high strain rate loading, the failure occurs within micro- to milli-second depending on the
brittleness of the material. Human eye is able to persistently and distinguishably observe only such dynamic
events that takes more than 40 milli-seconds [47] and even cannot record this event; hence a high-speed camera
is essential in this validation process. A sample specimen of 19 mm (0.75 inch) diameter was tested at 10 psi re-
servoir pressure to ensure the recording of the diametrical fracture phenomena according to the scope of the
high-speed camera (Hadland HPV-2 Shimadzu). The camera was operated at 250,000 fps. The dynamic event
was captured in 102 image-frames with 1 ps exposure. The specimen expanded along the transverse diameter
and the failure occurred through the diameter along the compressive loading axis (Figure 4) within 48 to 52 ps.
The fracture initiated at the center of the specimen and propagated through the diameter along the loading axis
towards the points of loading. The maximum expansion occurred along transverse diameter of the specimen,
which validated the experimental setup for characterizing the tensile properties of the materials under compres-
sive diametrical loading.

2.4. Stress Measurement Technique

The striker bar was launched by elevated air pressure, resulting in a one-dimensional incident stress wave in in-
cident bar. The strains (& and ¢, ) developed in the incident bar due to the consequent incident and reflected
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Figure 3. Induced tensile stress in circular disk specimen
along transverse direction due to applied compressive loading.
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Horizontal loading Transverse deformation Fracture initiation Multiple Fractures

Figure 4. High-speed digital images of the specimen failure due to transverse tensile stress induced by high-strain rate di-
ametric compressive loading (white spots on specimens are for performing 2D-DIC in image processing software for further
analysis).

stress waves were measured by the strain gages mounted on the incident bar and similarly the strain (61) de-
veloped on the transmission bar due to the transmitted stress wave (subscript t) measured by the strain gages
mounted on the transmission bar. The forces on the two ends of the specimen along the SHPB loading axis [48]
were estimated by the following equation:

F,=AE(g+¢) and F,=AEg (1)

where E is elastic modulus of the bar material, A is the cross-sectional area of the bar and ¢ denotes strain.
The average of the end forces were considered for estimating the average dynamic tensile stress induced at the
center of the Brazilian disk specimen along the orthogonal diameter of the loading axis using Equation (2) ac-
cording to the circular disk theory [39]-[41].

F+F
% = "aDp

where, D,and b, are the diameter and the thickness of the disk specimen.

A pulse shaper was employed to achieve dynamic force balance in the specimen during the experiment. In a
traditional SHPB test, the incident wave with rectangular stress-pulse may initiate undesired damage to the spe-
cimen upon impact before achieving stress equilibrium. If forces on both sides of the specimen are not the same
during test event, the test cannot be considered as valid [49]. A polyurea disk, 0.313 inch in diameter and 0.003
inch in thickness, was used for shaping the incident wave from a rectangular to a trapezoidal wave (Figure 5(a)).
This rubbery pulse shaper ramped the incident pulse such that the tensile stresses induced in the disk specimen
achieved an equilibrium state before diametrical splitting of the specimen occurred. Figure 5(b) shows the
pulses on both ends of the specimen obtained in a typical test. The dynamic force (Fl) on the end of the spe-
cimen towards incident bar is proportional to the sum of the incident and reflected stress waves, and the dynamic
force (Fz) on the other end of the specimen towards transmission bar is proportional to the transmitted stress
wave. It can be seen from Figure 5(b) that the dynamic pulses responsible for these two forces on both sides of
the specimen remained almost identical during the whole dynamic loading period. The inertial effects were thus
eliminated due to the absence of global force difference in the specimen. Hence, the static equilibrium analysis
is valid [41] for this test method.

O]

2.5. Strain Measurement Technique

The diametrical transverse strain of the disk specimen was measured using a Laser Occluding Expansion Gage.
LOEG works on the principle of occluding a thin parallel sheet of laser passing over the deforming specimen
under dynamic loading [42] [50]. The full-field potential output due to the non-occluded laser was recorded as
the base-line potential for a measurement. Any occlusion of laser due to the presence and subsequent deforma-
tion of the specimen across the path of laser sheet was depicted as the drop of potential. The specimen-strain
was directly predicted from the ratio of the increment of drop of potential (éV ) during specimen deformation
to the initial drop of potential (V) due to the placement of the specimen across the path of laser sheet.

A comparative study was performed through installing a strain gage (EA-06-062DN-350) on the disk specimen
and obtaining indirect tensile strain simultaneously using LOEG setup and on-specimen strain gage (Figures
6(a)-(c)). The single strain gage was mounted on one side of the disk specimen and connected in quarter bridge
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Figure 5. (a) Typical incident pulse applied in high strain rate indirect tensile test; (b) Dynamic force balance during a typi-
cal high-strain rate indirect tensile test.
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Figure 6. High-strain rate indirect tensile tests (a) specimen with strain gage; (b) Wheatstone bridge circuit diagram; (c) spe-
cimen mounted in SHPB; (d) simultaneous LOEG and strain gage response from SHPB test; and (e) indirect tensile strain
history obtained from LOEG and strain gage responses.

circuit through digital strain indicator system (Model P-3500 from Vishay Measurements Group). The dynamic
data was transmitted to oscilloscope and stored in memory card. This dynamic response was plotted as the indi-
rect tensile strain-time history of the disk specimen. Simultaneously LOEG setup provided comparative strain
response to the same oscilloscope. In this comparative investigation, a similar strain-time history was obtained
from both the strain-gage and LOEG responses (Figure 6(e)); thus validated the application of LOEG for indi-
rect tensile strain measurement.

2.6. Quasi-Static Indirect Tensile Test Set-Up

Quasi-static indirect tensile experiments were conducted on EnduraTec, a pneumatically driven materials test
system (Figure 7(a)) for evaluating the strain-rate effects over a broad range of loading. An interface load cell
was used to measure the axial load. The disk specimen was mounted diametrically within the same concave end
fixtures for obtaining identical boundary condition applied in SHPB tests. LOEG unit was oriented transversely
with respect to the loading axis for measuring the induced transverse tensile strain in disk specimen.

2.7. Material Description

Quasi-static indirect tensile experiments were conducted on EnduraTec, a pneumatically driven materials test
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Figure 7. (a) Quasi-static indirect tensile test setup; (b) post-test pure vinyl ester sample deformed elliptically without split-
ting; (b) reinforced nanocomposite with diametrical splitting.

system (Figure 7(a)) for evaluating the strain-rate effects over a broad range of loading. An interface load cell
was used to measure the axial load. The disk specimen was mounted diametrically within the same concave end
fixtures for obtaining identical boundary condition applied in SHPB tests. LOEG unit was oriented transversely
with respect to the loading axis for measuring the induced transverse tensile strain in disk specimen. Five dif-
ferent DERAKANE 510A-40 vinyl ester thermoset hanocomposite panels [20] were considered for the dynamic
indirect tensile characterization. The brominated bisphenol-A based vinyl ester consists of 38 weight % styrene,
added with Butanone peroxide, N,N-Dimethylaniline, Cobalt Naphthenate and 2-4-Pentanedione additives to
impart maximum fire retardance, chemical resistance and toughness. Pure brominated vinyl ester polymer (VE)
was reinforced with 1.25 weight % and 2.5 weight % exfoliated graphite nanoplatelates (1.25xGnP+VE and
2.5XxGnP+VE respectively) in two different batches. One of the reinforced nanocomposite batches was tough-
ened with 10 weight % almost unreactive liquid carboxyl terminated butadiene nitrile (CTBN) rubber
(1.25xGnP+CTBN+VE and 2.5xGnP+CTBN+VE). The nanoplatelets were exfoliated and homogeneously dis-
persed in polymer matrix by applying sonication technique. The solution of vinyl ester resin with nanorein-
forcement and toughening agent was poured into a mold, kept at room temperature for 30 minutes and then post
cured at 80°C for 3 hours [32].

Nanocomposite disk specimens with a diameter of 12.7 mm (0.5 inch) were machined using carbide tipped
tool in CNC machine from 101.4 mm x 101.4 mm (12 inch x 12 inch) molded panels with thickness of 10 mm
(0.4 inch). The diameter of specimen was decided based on the dynamic pulse duration through the diameter of
the specimen. The pulse-wave needs to reverberate more than three times before failure initiation to ensure dy-
namic stress equilibrium in the specimen. The pulse speed in the specimen was predicted based on quasi-static
properties (Table 1) that were obtained [34] according to ASTM 638-08 [51] using typical dog-bone specimen
geometry.

3. Experimental Results and Discussion

Figure 8 shows the typical splitting of a disk specimen due to diametrical compressive loading at high-strain
rate in SHPB. The induced indirect tensile stress developed at the center of the specimen splits the specimen
along the horizontal loading axis with an enlargement of the transverse diameter. It is to be noted that the tensile
strength and the energy absorbing capacity of the specimen is recorded and determined only until the diametrical
splitting occurs. Any further disintegration of the specimen has no relevance to this investigation. Figure 9(a)
shows a typical SHPB and LOEG response of high strain rate indirect tensile test. The initiation of a crack in the
specimen is indicated as per the instantaneous drop (Figure 9(b)) of stress when the specimen is under equili-
brium loading condition. As the prominent first stress peak (considered as dynamic indirect tensile strength) was
observed in the stress-time history, the corresponding time has been taken as the time-instant of the
crack-initiation phenomenon. The corresponding strain developed (Figure 9(c)) at that time-instant is designated
as the ultimate tensile strain of the specimen under indirect tensile loading. The energy absorbing capacity (E) ,
i.e., the energy necessary to deform a specimen per unit volume, is evaluated by integrating the area (Figure
9(d)) under the stress vs. strain curve [52] using the following Equation
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Figure 8. Typical splitting of disk specimen under induced indirect tensile stress.
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Figure 9. Typical SHPB and LOEG response of vinyl ester nanocomposites in high strain rate indirect tensile test: (a) SHPB
and LOEG response; (b) stress-time history; (c) strain-time history; and (d) energy absorbing capacity estimation from
stress-strain curve.

Table 1. Quasi-static direct tensile properties of nanocomposites [34] tested according to ASTM 638-08 using dog-bone
specimen geometry [51].

Matrix Reinforcement Toughening Agent I(?(Zl}f\:?)/ Poisson’s Ratio Mo di:iiti(gpa) Strength (MPa) Ultimg;f)strain
Brominated Vinyl ester None None 1338 0.37 3.49 81.5 3.14
Brominated Vinyl ester 1.25 wt % xGnP None 1352 0.35 3.82 39.1 1.28
Brominated Vinyl ester 2.5 wt % xGnP None 1363 0.35 3.71 42.6 1.68
Brominated Vinyl ester  1.25wt % xGnP 10 wt % CTBN 1337 0.35 4.68 45.7 1.48
Brominated Vinyl ester  1.25wt % xGnP 10 wt % CTBN 1343 0.38 5.22 26.0 0.61

@)

where, o, isthe induced tensile stress, ¢ is the corresponding transverse diametrical tensile strain and &, is
the ultimate strain.

E= f;m o, (&)de

3.1. Quasi-Static Indirect Tensile Response

The quasi-static (0.015 mm/s displacement controlled at 0.001 s™* strain rate) indirect tensile response shows a
detrimental effect of the inclusion of xGnP and CTBN to pristine vinyl ester (Table 2). The pure vinyl ester
specimens (Figure 7(b)) showed ductile deformation response beyond the load cell limit (10 kN). Hence, the
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conventional Brazilian disk test method, which is appropriate for brittle materials, could not capture the true be-
havior of pure vinyl ester under quasi-static loading due to its ductility. It is, therefore, recognized that the mod-
ulus, strength and failure strain data for pure vinyl ester as reported in Table 2 are not meaningful. However,
addition of xGnP and CTBN makes the vinyl ester polymer more brittle (Figure 7(c)) and thus suitable for this
indirect experimental method. The quasi-static indirect tensile response (Table 2) agrees reasonably with pre-
vious investigations performed [34] according to ASTM 638-08 [51], using dog-bone specimen geometry
(Table 1).

The quasi-static indirect tensile stress-strain history for pure vinyl ester, XxGnP reinforced and CTBN tough-
ened samples is shown in Figure 10. As mentioned earlier, stress-strain plots for only the pure vinyl ester

Table 2. Quasi-static indirect tensile properties of nanocomposites obtained from Brazilian disk test method.

Matrix Reinforcement Toughening Agent Elastic Modulus (GPa)  Strength (MPa)  Ultimate Strain (%)
Brominated Vinyl Ester None None 1.29 35.9 3.38
Brominated Vinyl Ester 1.25 wt % xGnP None 3.93 26.8 1.50
Brominated Vinyl Ester 2.5 wt % xGnP None 3.73 29.8 0.98
Brominated Vinyl Ester 1.25 wt % xGnP 10 wt % CTBN 4.49 29.1 2.13
Brominated Vinyl Ester 1.25 wt % xGnP 10 wt % CTBN 5.14 27.6 1.34
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Figure 10. Quasi-static indirect tensile response (i) typical stress vs. strain behavior, (ii) strength, and (iii) energy absorbing
capacity of; (a) graphite platelet reinforced; and (b) with additional CTBN toughened vinyl ester nanocomposites [note: pure
vinyl ester specimens did not fail within the 10 kN load cell limit of test equipment used for quasi-static testing].
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specimens have been terminated due to load cell capacity before the specimen failure occurs, whereas all rein-
forced samples failed within the load cell range.

It can be observed in Figure 10(ii) that tensile strength of pure vinyl ester is reduced by the addition of xGnP
reinforcement (Figure 10(ii-a)), and even with CTBN toughening (Figure 10(ii-b)).

Energy absorbing capacity (Figure 10(iii)) is similarly affected by the addition of xGnP (Figure 10(iii-a)).
The addition of CTBN did not improve the energy absorbing capacity (Figure 10(iii-b)) of pure vinyl ester,
however, a marginal enhancement (Figure 10(iii-b)) can be observed when compared to only xGnP reinforced
(i.e., without CTBN, Figure 10(iii-a)) nanocomposites.

3.2. Dynamic Indirect Tensile Response

Figure 11 summarizes the indirect tensile high-strain rate response of xGnP reinforced and with additional
CTBN toughened vinyl ester nanocomposites at strain-rate of 1000 s-1 from SHPB tests. All of the nanorein-
forced specimens including pure vinyl ester failed in a brittle manner under dynamic tensile loading (Figure
11(i)).

It can be observed that the tensile strength of pure vinyl ester remains unchanged with xGnP reinforcement
(Figure 11(ii-a)). Addition of CTBN toughening to the 1.25 wt % xGnP reinforced nanocomposites showed a
marginal improvement (Figure 11(ii-b)). The energy absorbing capacity of pure vinyl ester is improved with
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XGnP (Figure 11(iii-a)) reinforcement. However, this improvement is reduced about 50% by further CTBN
toughening to the xGnP reinforced nanocomposites (Figure 11(iii-b)).

3.3. Strain Rate Effect

Comparative observation of Figure 10 and Figure 11 shows the strain-rate dependency of tensile strength and
energy absorbing capacity of these candidate materials. As noted earlier, during quasi-static tests pure vinyl ester
did not fail within maximum load limit of the load cell used, deforming elliptically in a ductile manner (Figure
7(b) and Figure 10(i)). However, it failed in a brittle fashion at much lesser strain (Figure 11(i)) under the
high-strain rate SHPB loading. This ductile-to-brittle transition may be due to the significant influence of
strain-rate effect. These nanocomposites can be considered as thermo-viscoelastic under high-strain rate loading
in Hopkinson bar experiments, and the time-temperature superposition principle would be applicable for cha-
racterizing their response. A higher strain rate would correspond to a shorter loading time, equivalent to lower
temperatures [14] causing the ductile-to-brittle transition of the specimen. This phenomenon has been further
explained by the authors applying a technique of measuring fractal parameters of the fractured surfaces on the
same candidate materials [38].

About 25% increment in tensile strength is observed at high-strain rate loading (Figure 11(ii)) with respect to
the quasi-static response (Figure 10(ii)). The energy absorption capacity of pure vinyl ester is adversely affected
under high-strain rate loading, whereas it is improved with the addition of xGnP reinforcement (Figure 10(iii-a)
and Figure 11(iii-a)). However, additional CTBN toughening agent could not contribute towards increasing the
energy absorbing capacity (Figure 10(iii-b) and Figure 11(iii-b)).

4. Conclusions

An indirect tensile testing method is proposed for the high-strain rate dynamic characterization of high stiffness
and low strength graphite platelet reinforced vinyl ester nanocomposites. Salient features of the proposed tech-
nique include:

* Traditional Brazilian disk test method is combined with conventional split-Hopkinson pressure bar (SHPB)
technique.

* Considering Brazilian disk specimen simplifies the complex geometry of conventional direct tensile test
specimen and the loading fixture. The two concave-end loading fixtures assembled in between incident and
transmission bars of SHPB system ensures easy, secured and self-aligned gripping of the disk specimen.

* Adapting a non-contact Laser Occluding Expansion Gage eliminates the complexities of conventional strain
gage application for measuring the transverse diametrical expansion of the disk specimen under high-strain
rate diametrical compressive loading.

* High-speed digital photography diagnosis validates the specimen failure mechanism in this indirect test me-
thod for characterizing the tensile properties of graphite platelet reinforced and additionally CTBN tough-
ened vinyl ester nanocomposites.

* The conventional Brazilian disk test method could not capture true behavior of the apparently ductile pure
vinyl ester under quasi-static loading.

Quasi-static and dynamic experimental investigations characterized the contribution of xGnP reinforcement
along with CTBN toughening on the tensile properties of vinyl ester based nanocomposites and the effect of
strain rate. The key observations in this investigation are:

* Tensile strength and energy absorbing capacity of pure vinyl ester is reduced by the addition of xGnP rein-
forcement and even with CTBN toughening under quasi-static loading.

* Addition of CTBN marginally improved the energy absorbing capacity of the only xGnP reinforced (without
CTBN) nanocomposites under quasi-static loading.

* Tensile strength of pure vinyl ester remains almost the same with addition of xGnP reinforcement and even
with CTBN toughening under high-strain rate loading.

* Energy absorbing capacity of pure vinyl ester is improved with addition of xGnP reinforcement under
high-strain rate loading.

* Pure vinyl ester shows ductile-to-brittle transition from quasi-static to high-strain rate loading.

* Tensile strength observed in quasi-static test is increased at high strain-rate loading for these candidate na-

nocomposites.
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The energy absorption capacity of pure vinyl ester is adversely affected under high-strain rate loading.
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