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ABSTRACT

The effect of varying strain rates on the energsogttion of Derakane 411-350
vinyl ester thermosets with 1.25 and 2.5 wt. perceih randomly distributed
exfoliated graphite nanoplatelets and Cloisite B@Boclay were investigated using
low-velocity impact, shock tube, and Split-HopkinsBressure Bar (SHPB) tests.
Low-velocity impact test was performed at an apprate strain rate of 15 per
second on notched and un-notched Charpy impact lsanysing a drop-tower
impact machine. Shock tube apparatus was useddy #te material response at a
peak pressure of 120 psi (827.4 kPa, an approxisted rate of 1600 per second).
SHPB apparatus was used for testing at highemsteaes of about 2500 and 3500
per second.

Low-velocity impact tests showed an increase ofosinil0O0 percent energy
absorption for un-notched samples with increasewgforcement. However, a 70 to
90% reduction was observed in the case of notchetpkes. Shock response at a
peak pressure of 120 psi showed a similar trend?E5tést showed a 50% increase
in energy absorption for pure vinyl ester with g&sing strain rate. This test also
showed an increase in energy absorption for 2.5@rcent nanoclay and graphite
platelet reinforced vinyl ester, with increasinast rates.

INTRODUCTION

Nanocomposites are increasingly being studiednfeir @pplication in structures
such as spacecrafts, airplanes, warships etc. whdahres high stiffness-to-weight
ratio along with high damping. Many nano scalesfdl have been proposed over the
years after emerging of the technology. Graphigggbtts [1-3] and nanoclay [4, 5]
are two of such promising nanofillers.
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A detailed study into the dynamic behavior andghaciples guiding them is a
must before putting these nanocomposites in usspiesignificant advances in
the technology, much work is still to be done ttanba fundamental understanding
of the deformation and fracture behavior of nangoosites. Using different
techniques, it has been shown that there is sggmfistrain hardening in nylon 66/
organclay and Al-Ti-Cu nanocomposites [6, 7]. Hoamrthere was no effect on the
elastic modulus of nylon 66/organclay [6].

In this study, energy absorption of the nanocontpssiwere obtained at
different strain rates using three techniques Mw-velocity impact, shock tube,
and SHPB. Low-velocity impact and shock tube testsre performed at
approximate strain rates of 15/sec and 1600/sepeotively. SHPB tests were
performed at approximate strain rates of 2500/8€lc3800/sec.

EXPERIMENTAL TESTING

In low-velocity impact test, sample is fracturedngsa striker which strikes the
specimen under the force due to gravity. A shotle tsimulates the pressure pulse
created due to the expansion of air after chemgadtion and burst in a bomb. A
controlled explosive effect is created to facibtatesting materials for their
resistance to explosion [8-10]. SHPB propagatesnapcessive wave in the sample
by hitting a striker bar to the incident bar whighthen transferred to sample
mounted in between the incident and transmitted [dr-12].

Low-Velocity Impact Test

Low-velocity impact tests were performed in a dwegght instrumented
impact test system (Dynatup Model 8250) and theentethod used was comparable
to that of ASTM D6110-06. The difference being thatirop-weight system was
used instead of pendulum type machine recommenudbei standard. Setup of
machine is shown in Figure 1 and a schematic isssho Figure 2.

Impact samples were milled to the dimensions of 37525 x 12.7 mm (5” X
3/8” x 0.5"), as per ASTM D-6110-06 test requirenserFive samples were tested
from each configuration with and without notch. Ti@ch, where applicable, was
cut by specially made milling cutter with an angfe45’ and a depth of 2.54 mm
(0.1”) from top of plate, maintaining a dimensiohl®.16 +0.05 mm (0.400”_+
0.002") for thickness under notch. The specimercinaterves to concentrate the
stress and facilitate fracture initiation at thensdocation.

All the dimensions except that of notch were talisimg digital vernier caliper
with least count of 0.01 mm (0.0005”). Notch dimiens of random specimens
were verified on comparator for angle, depth amlius In all other samples, notch
depth was measured using vernier caliper and &lstradge. Straight edge was
kept on top of the surface and depth was measwsid) unside jaws of vernier
caliper with one jaw on straight edge and anotimeerd of notch.
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Figure 1. Sample mounted in Dynatup Figure 2.
8250 impact test system

Specimens of dimensions as specified earlier was de a steel support fixture
having central span (Dimension Span, Figure 2) 2% mm (3.75”) with notch
(where applicable) facing down, simulating a simgypported beam configuration.
These specimens were impacted with a steel chagpfram a suitable drop height.
It was ensured that the steel tup hits the specim¢ne middle both lengthwise as
well as widthwise by providing appropriate stoppers

After several trial runs, the cross head weight wasat 2.364 Kg (5.2 Ibs)
providing a total drop weight of 3.318 Kg (7.3 Ilgith a drop height of 177.8 mm
(7”). Load range used for tests was standardized448 kN (1000 Ibs.). Filter was
set at 4 KHz and time for data collection was &G mS.

Shock Tube Test

A simple shock tube consists of two halves isolafean each other by a
diaphragm with high gas pressure on the driver siléhe shock tube [8-10].
Diaphragm is controlled to burst at the requireglspure difference which develops
a shock wave. This shock wave propagates intodbesection (low pressure or
driven section) of the tube. At the same time, apaasion wave develops and
propagates in the driver side of the tube. If & sg®cimen is kept in the driven
section (low pressure region) of the shock tube,sfhecimen undergoes this shock
which simulates the rush of gas after an explosiime shock tube facility at
University of Rhode Island that was utilized in therent study is shown in Figure
3 and the specifications are given in Table | [10].



Figure 3. Shock tube facility at University of Rhode Island [10]

Table I. Length and diameter of different sections of the shock tube [10]

S. No. Section Length Diameter
1 Driver Section 6 ft (1.83 m) 6in (0.15 m)
2 Intermediate Section 12 ft (3.66 m) 6 in (0.15 m)
: Converges from 6 in (0.15 m) to 3
3 Convergent Section 2 ft (0.61 m) in (0.076 m)
4 Driven Section 6 ft (1.83 m) 3in (0.076 m)

Shock tube tests were conducted on plates of dime2$4 mm x 101.6 mm X
9.9 mm (10" x 4” x .39"). One panel from each cgufiation was subjected to 70
psi (482.3 kPa) and another at 120 psi (827.4 keak pressure. It is to be noted
that pure vinyl ester specimen was first impacteth WO psi (482.3 kPa) peak
pressure and then with 120 psi (827.4 kPa) peadspre. Samples subjected to 70
psi (482.3 kPa) peak pressure did not fracturedadintie samples subjected to 120
psi (827.4 kPa) peak pressure shattered into pi&esilts are reported for the tests
performed at 120 psi (827.4 kPa) peak pressure only

The nanocomposite panels were held under simplgastgd conditions so as to
minimize damage due to gripping and clamping. Tpensof the simply supported
plate was 152 mm (6”) and the overhangs measuré&drbth (2”) from along each
end. The center of the specimen was kept in lirth thie center of the shock tube.
The ratio of the loading diameter to the span w&s The specimens were blast
loaded from the exit of the shock tube on the fameosite to the supports [10].

Dynamic pressure sensor (PCB Piezotronics A123)nteounear the exit of the
shock wave measures the shock pressure and reflpotssure history. Shock
velocities are measured using break circuits aretja@ate calibration data is also
available for the same. The shock wave velocitedte experiments conducted in
this study were 500 m/s for a peak pressure ofsr@482.3 kPa) and 600 m/s with
a peak pressure of about 120 psi (827.4 kPa). Immaf¢he specimens loaded by
the shock wave were captured in real time intere&l$00-150 microseconds [10]
by using a high-speed camera (IMACON 200).



Split-Hopkinson Pressure Bar Test

SHPB tests were performed with a set-up consigsifrgjriker bar, incident bar,
and transmission bar, all made of maraging steil vdiameter of 12.7 mm (0.5").
Length of striker, incident and transmission baré2 mm (307), 1219.2 mm (48”)
and 2438.4 mm (96”) long respectively. Circular@gpen of 9.9 mm ( 0.39”)
and thickness of 4.5 mm (0.18") is sandwiched itwieen the incident bar and the
transmission bar. Trailer ball hitch grease wasliegpto both surfaces of the
specimen in contact with the bars to reduce theceféf friction. Strain gauges
mounted on incident bar and transmission bar weee as signal indicators.

The strain is recorded from the strain gages neslmn the incident and
transmission bars. Two gages are mounted diamkriocpposite each other on
each bar to record any bending strains. The sstegis relationship is based on one
dimensional elastic bar-wave theory for a pulsepagating in a uniform bar that is
at rest and unstrained prior to the pulse arrivifige test method is described in
reference [12].

For the specimen of cross-sectional afeabar cross-sectional are bar
material modulugk, transmitted strain;, wave velocityCo, specimen length and
reflected strain, the stress and the strain rate in the specimegiaga by:

SS:EAE} =K.g 1)
A

o 222

S

er = Kzer (2)

Ki: and K, are the stress and the strain rate multiplyingofacfor a given
specimen and the setup. Hence, only the transieain sdata is required to be
recorded. Utilizing this data and using equationandl 2, the transient stress and
strain rate can be calculated. Strain rate datheas integrated to get the strain
versus time data. On superimposing with the stvessus time data, the transient
stress-strain data is obtained. For this data aisalywuPoint signal analysis
software [12] was used. Absorbed energy densityergiunit volume), is
calculated by the formula

t

1
u,@t)= > S (t)emdt (3)

0

The absorbed energy is then calculated by multiglyihe above with the
volume of the sample.



Strain Rate Calculations

An approximation of the transient strain rate fowdvelocity impact test has
been obtained using bending moment equation undk&sigtatic load conditions.
For this purpose transient load data is record@tjubke Instron machine software.
Typical load vs time response output obtained flom-velocity impact test for
2.5% graphite platelet/vinyl ester sample is shawfigure 4.

Quasi-static bending moment equation was used dompating the flexural
stress ():

MI’V (4)

S =

In the case of dynamic loading, transient bendingment, M (t), can be
computed from transient load P (t) vs time outpbtamed from the impact
machine. Boundary conditions are approximated sisnaly-supported beam, with
the maximum bending moment at mid-span given by:

M@ =02 (5)

Moment of inertia for rectangular beam specimegiven by:

bxd?
| = (6)
12
Load vs Time
1000
= - Load
800 - J."“-
~.7
~ 600 ’
z /./ \
g 400 / -
— 7 .
v
roo \
200 { ,- \" :
[\ /! \
0 ./ T T T : T
0.00E+00 5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03
Time (s)

Figure 4. Load vs time for 2.5% graphite platelet/vinyl ester un-notched specimen from low-
velocity impact test



With maximum flexural stress occurring at outermbsttom layer of the
specimen:

_d ;
y=4 (7)

Using above equations, the transient flexural stres(t) can be calculated.
Transient bending strain,(t) as a function of the instantaneous transieatl| can
be obtained from:

eft) = s—ét) ®

Substituting value of from Equation 4,

elt) = % ©)
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Figure 5. Load and strain vs time and deflection for 2.5% graphite platelet/vinyl ester
un-notched specimen obtained from low-velocity impact test



Substituting value di(t), y & | from equation 5, 6 & 7 respectively:

_®x 3 P(H)A

TEer 2 Exond’ (10
or €=K3P(1) (10
3 |
where K== 5 (12
2 Exbd

K will be constant based on experimental set-up tgpd of material tested.
Transient strain achieved can be computed as didnnaf the transient load using
this equation plotted with time on the x-axis. Togdigraph of transient strain vs.
time and load vs. displacement for 2.5 wt. perggaphite platelet/vinyl ester is
shown in Figure 5.

Slope of the strain curve when plotted with time tbe x-axis will give the
approximate strain rate. However, since stresgapgstional to strain within the
elastic limit, and there are fluctuations in thémge, a liner approximation of the
curve is obtained over the elastic region. Slopthisflinear fit line is approximated
to be the transient strain rate experienced byémeple under low-velocity impact.
Typical graph for the slope of strain curve up ®&alp load for 2.5 wt. percent
graphite platelet/ vinyl ester is shown in FigureA6 similar approach used for
shock tube tests results in an approximate stim of 1600 per sec for 120 psi
peak pressure.
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Figure 6. Strain rate for 2.5% graphite platelet/vinyl ester un-notched specimen for low-
velocity impact test



RESULTS
Low-velocity Impact Test

Typical output of load and energy vs deflectiontfoe low-velocity impact tests
on two un-notched samples of 2.5 wt. percent gtaghlatelet/vinyl ester is shown
in Figure 7. Figure 8 shows the total energy altsmmpup to failure for notched and
un-notched vinyl ester specimens, and with nanodckaygl graphite platelet
reinforced composites. It is to be noted that ined and 5 un-notched specimens
from each category were tested. Energy absorpt@hown to be increasing with

increasing reinforcement for both nanoclay as walf graphite platelet
reinforcements.

Figure 7: Typical load and energy vs deflection graph for un-notched 2.5% graphite
platelet/vinyl ester specimens
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Figure 8. Total energy absorbed for notched and un-notched pure vinyl ester, and with
nanoclay and graphite platelet reinforced composites



Shock Tube Test

Typical pressure profile curve, real time imagesl @ost impact images for
2.5% graphite platelet/vinyl ester are shown inuFég 9 to 11 [10]. The mid span
deflection vs. time graph for pure vinyl ester amhocomposites are shown in
Figure 12. It is to be noted that pure vinyl esjgecimen was first impacted with 70
psi (482.3 kPa) peak pressure and then with 12(B@%i.4 kPa) peak pressure.
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Figure 9.Pressure profile for 2.5% graphite platelet/vingiez specimen subjected to 120 psi peak
pressure in shock tube [10]

Figure 10. Real time image of 2.5% graphite platelet/vinyl ester specimen subjected to 120
psi peak pressure in shock tube [10]



Figure 11. Post impact image of 2.5% graphite platelet/vinyl ester subjected to 120 psi peak
pressure in shock tube [10]

Time vs Deflection
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Figure 12. Deflection — time plot obtained from high speed images for pure vinyl ester panel
and their nanocomposite [10].

In order to analyze the material response to sHoakling, quasi-static and
dynamic approaches were adopted. In the quascstathod, energy absorbed by
each specimen is obtained by correlating the mafhggeflection with the pressure
in terms of transient load. Pressure at respedinae intervals was converted to
transverse load exerted on the specimen by muktigly with the effective cross-
sectional area of the driven section (3" Diameté€ransient load thus obtained was
plotted against respective mid-span deflectionrggnabsorbed was then computed
with numerical integration up to the point of maxim deflection (failure), using
Simpson’s one-third rule in a MATLAB routine [13].
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Figure 13: Energy absorption for pure vinyl ester and nanocomposites subjected to 120 psi
(827.4 kPa) peak pressure

Energy absorbed up to failure for 120 psi peak qunes shock loading for the
pure vinyl ester and nanoclay and graphite plateieforced composites is shown
in Figure 13. As per this approach, the 2.5 wtceet graphite platelet reinforced
vinyl ester absorbs maximum energy up to failure.

In the dynamic approach, material response from1P@ psi peak pressure
impulse was approximated using the following foratian:

(13)

(14)

(15)

whereF is force (from shock pressure loading) exertedhenspecimenk(t) is
transient pressuréy is specimen cross-sectional are@ the pressure impulse,
V, and a are the specimen mid-span deflection, velocity amteleration
respectively;t is time;m, , andz are the specimen mass, density and thickness
respectively.



Response vs Impulse

0.25 _
OPure vinyl ester

B 1.25% nanoclay

020 7 m2.5% nanoclay

3 W 1.25% graphite platelet
2 015 4 m2.5% graphite platelet
S

P

> 0.10 -

[}

(2]

c

o

2 005 1

(&)

o

0.00

Vinyl ester nanocomposite

Figure 14. Ratio of material response to the 12@@ak pressure impulse provided in shock tube
test for the vinyl ester nanocomposites

The left hand side of equation 15 (i.e. impulsevted under shock loading)
was obtained by integrating the transient pressome history up to the point where
smoothed (obtained by taking moving point avera@ies oconsecutive points)
pressure time curve goes below zero using Simpsworesthird rule in a MATLAB
routine [13].

For the right hand side of equation 15, slope ef deflection vs. time (t) is
obtained by a straight line fit of the data shownFigure 12 for each specimen.
This slope is then multiplied with density and Kmess of respective specimen. The
response of pure vinyl ester reinforced with naap@and graphite platelet to the
120 psi pressure impulse, expressed as a dimeasgrdtio, is shown in Figure 14.
Again, 2.5 wt. percent graphite platelet reinforegyl ester appears to absorb the
maximum impulse shock loading up to failure.

Split-Hopkinson Pressure Bar

Typical absorbed energy density for 2.5 wt. perggaphite platelet/vinyl ester
at an approximate strain rate of 2500 per secorsthasvn in Figure 15. Figure 16
shows the comparison of energy absorption of pumylvester and its
nanocomposites at approximate strain rates of 26003500 per second. It should
be noted that data at 3500 per second for the 112&%6clay/vinyl ester specimen
is not available at this time and more SHPB testimiprogress. Energy absorption
is observed to be increasing with increasing straies for pure vinyl ester as well
as with 2.5 wt. percent graphite platelet and neyoeinforcement.
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Figure 15. Absorbed energy density w.r.t. for 2.5% Graphite platelet/vinyl ester at an
approximate strain rate of 2500 per second from SHPB
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Figure 16. Energy absorption for pure vinyl ester and its nanocomposites at approximate
strain rates of 2500 and 3500 per second from SHPB



CONCLUSIONS

From low-velocity impact testing it is observedttf@a un-notched specimens,
the energy absorption of pure vinyl ester doubldtenvreinforced with 2.5 wt.
percent Cloisite 30B nanoclay and exfoliated gréglniano platelets. However,
notched specimens showed a 50% decrease in erfegggpton for 2.5 wt. percent
nanoclay and a 75% decrease for 2.5 wt. percemhgdeaplatelet reinforcement,
suggesting their notch sensitivity.

From shock tube tests, energy absorption from tlasiestatic approach and the
dimensionless ratio of material response to thesgunee impulse from dynamic
approach shows similar trends as that of low-véjaonpact tests. Results of shock
tube tests are qualitative and inconclusive at gége as only one sample was
tested in each case.

Energy absorption showed an increase of 50% witheasing strain rate in
SHPB test for pure vinyl ester, while it reduced 3% for 1.25 wt. percent
reinforcement of graphite platelet. Reinforcemeh2® wt. percent nanoclay in
vinyl ester showed an increase in energy absormi@0% for both strain rates as
compared to pure vinyl ester. Further testing wite SHPB apparatus is in
progress.
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