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Monitoring Strain Rate Effects on Nanocomposites using
Piezospectroscopy
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Alumina nanoparticles can be added to an epoxy matrix to improve material properties and also allow
for the monitoring of stress within the composite. This stress monitoring ability is enabled by the photo-
Juminescent characteristics of alumina. Known as the piezospectroscopic effect, the characteristic R-line peaks
present in the emission spectrum of alumina shift with stress. The use of piezospectroscepy to study the effects
of strain rates on nanocomposites is a novel approach. In this work, alumina-epoxy nanocomposites of 4.5,
13.6 and 29.7% were investigated under low compressive strain rates of 107*57*, 107357 and 107s™". For
each volume fraction and strain rate, the R1 peak shift with respect to applied uniaxial compressive stress was
observed. Results illustrate the capability of alumina nanoparticles to act as diagnostic sensors to measure the
stress-induced shifts of the spectral R-line peaks under dynamic loading conditions. The range of PS coeffi-
cients measured, correlates well in comparison with static experimental behavior for similar volume fractions.
Results also show that as the strain rate increases, the failure of the sample was delayed to an increased stress
value. Upon further analysis of the data, a general trend of increasing sensitivity of the PS coefficients with
increasing strain rate was shown. Also, the dynamic PS coefficients measured here show an inereased sensi-
tivity to stress when compared to similar materials under static conditions. This information can be used to
determine the time-dependent micro-scale stresses the nanoparticles sustain during composite loading.

Nomenclature
o alpha phase
I/mm lines per millimeter
R1 Spectral emission peak from alumina
R2 Spectral emission peak from alumina
Oij piezospectroscopic stress tensor
Tij piezospectroscopic coefficients
3% frequency shift
Inc nanocomposite piezospectroscopic coefficient

Oapplied applied nanocomposite stress
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I. Imntroduction

HE addition of reinforcing particulates within a polymeric matrix has demonstrated benefits in the overall ma-
Tterial properties of the nanocomposite in response to external loading. These nanocomposites exhibit enhanced
properties ideal for applications in aerospace and defense. Some examples include light-weight armors that have su-
perior load bearing capability under external impact of blast and energetic materials that have a high amount of energy
release with reduced sensitivity to impact. Composites with reinforcing particles can be customized for desired me-
chanical properties with different matrix or filler materials, particle size, shape, or volume content, and loaded under
any condition %, In addition to the bencfit of customization, particulate composites can have improved fatigue resis-
tance, corrosion resistance, and lower manufacturing costs, which make them very attractive when compared to their
conventional metal counterparts. Nanometer sized 7O particles in an epoxy matrix have been used to increase com-
posite scratch resistance’, flexural strength, and toughness®. SiC has been used in various matrices to increase the
strength of the composite®, and aluminum particles have been introduced to epoxy to increase fracture toughness '°.
The contrast in rigidities offered by the particles and the matrix has benefits in providing energy dissipating properties
which are utilized in applications for protection against micrometeorites for satellites and high-speed particle impact
for jet engine turbine blades!!. Ceramic nanocomposites, specifically, alumina particulate composites are becoming
more widely used due to their low densities and relatively high strengths!2, High stiffness-to-weight ratios due to
increased particle rigidity facilitates load transfer to the particles and high surface areas allow for sufficient particle-
matrix bonding. Statically, alumina particles have been used in adhesives '3!3 and as plasma sprayed coatings to
improve the wear, thermal, electrical, and/or corrosion properties of machine components %7, Dynamic applications
of alumina particulate composites include encapsulation of ferroelectric elements for shock depoling '® and potting
compounds for explosive and propellant tests 2, Various types of alumina composites have also been used as armor
materials?!, where the durability and energy dissipating properties have proved beneficial.

In addition to improved mechanical properties, chromium doped a-alumina particles can offer additional diagnos-
tic benefits through their photo-luminescent properties. Through the use of optical methods, such as piezospectroscopy,
particle stresses and load transfer mechanics can be characterized through the piezospectroscopic (PS) coefficient by
measuring the stress-induced shifts of the characteristic R-line peaks present in the emission spectrum of alumina,
known as the PS effect. The increased significance of particulate composites such as alumina-epoxy nanocomposites
motivates the need to develop these novel measurement techniques to understand the material behavior under static,
quasi-static, or dynamic conditions. Previous studies have demonstrated the successful PS calibration of the static
response of alumina particulate composites 3?2, This highlights the potential for this method to monitor particulate
stress under variable strain rates in the quasi-static regime, typical in many applications.
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Figure 1: Future application of dynamic piezospectroscopy for possible use in impact testing

One specific application in this regime is stress monitoring in particulate composites during the cure period. When
a polymer base, such as an epoxy, is cured, the applied thermal loads cause mechanical loads within the composites.
These mechanical loads cause residual stress within the final products, which can affect the overall material properties
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of the composite. The novel technique presented here could potentially enable the monitoring of this stress as the
composite cures. This information could then be used to cure a composite to a desired residual stress or tailor the
curing process as to minimize this residual stress. Additionally, in the ever-expanding field of additive manufacturing,
this technique to monitor stress during quasi-static loading can be applied to ensure each layer of material is applied
uniformly. As each layer of material cures, the shear stress between the layers could be monitored to avoid stress
concentrations in the final composite. In addition to the current applications in static and quasi-static loading regimes,
this technique could be applied to dynamic testing in the future. One such future application of this work is shown
in Figure 1. There, the stress in the alumina-epoxy coating is being monitored while the test sample undergoes a
high strain rate impact from a Split Hopkinson Pressure Bar. The micro-scale stress data collected during the impact
could be used to investigate failure mechanics during an impact event on a microscopic scale. The realization of this
application is currently only limited by the speed of the spectral data collection system.

It has been shown that this novel technique for stress monitoring can be used in static applications (in previous
work), quasi-static applications (in this work) and has significant promise in dynamic regimes. Since the material
behavior of composites, those studied in this work and previously, has been shown to vary significantly with strain
rate®?, understanding the failure mechanics under variable strain rates is important for the design and safe use of these
materials. The need to understand the mechanics of particulate composites, such as alumina-epoxy nanocomposites,
coupled with the potential for high speed in-situ collection of stress information of this material using piezospec-
troscopy provides an excellent motivation for the variable strain rate studies initiated through this work.

II. Experimental Procedure

Shear Mixing: Casting: i

i 1hourwithout cure, ! {, 0.5x0.2in cylinder molds | Lo 4hoursat120°C . .-
{_then 1 hour with cure T

{ Degassing: |
t _lhour. |

&3 Air Bubbles
0 Alumina Nanoparticles

@ Epoxy Resin

Figure 2: Fabrication of alumina-epoxy composites consisting of shear mixing, degassing, casting, and curing

The bulk alumina-epoxy composites for testing were fabricated using a-alumina nanopowder with an average par-
ticle size of 150 nm, 99.85% purity, and a density of 3.97 g/em? as the filler material. The epoxy resin, density of
1.17 g/em?®, and curing agent implemented was Epon 862 (Bisphenol-F type) and Epikure-W, respectively. Volume
fractions were chosen to correlate to static studies?, which resulted in 4.5, 13.6, and 29.7% in volume of alumina
filler material. Appropriate amounts of each component, e-alumina nanoparticles and epoxy resin were measured
and mixed using a high shear mixer for a duration of 1 hour as shown in Figure 2. The curing agent was measured
and added to the particle-epoxy mixture and mixed for an additional hour. The use of a high shear mixture removed
most of the agglomerates that were present, and a low-pressure vacuum system was then utilized for approximately 1
hour to completely remove entrapped air bubbles. The mixture in its uncured state was transferred to a 0.5 in thick
aluminum mold with 0.2 in diameter holes. The cast composite was cured for 4 hours in a furnace at 120°C. After the
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curing process was complete, the mold was removed from the furnace and the nanocomposite billets were removed
while the mold was still warm using a gentle extraction process. Finished sample dimensions were approximately 0.2
in diameter with 0.4 in length. Sample geometry was chosen based upon work by Lankford?* and Jordan?’ to ensure
right cylindrical samples with an aspect ratio of 2:1. Conventional strain gages made from annealed constantan foil
with a strain range of up to 20% were also attached and used to collect in-situ strain information with respect to time
during loading.

Dynamic Loading Condition Applied Load
via Strain Rate

=== Unloaded

women [ 0aded

Arbitrary Intensity

Wavenumber (cm)

Figure 3: In-situ data collection for PS coefficient determination under quasi-static loading conditions?’

Table 1: Summary of Samples

# of Samples  Strain Rate # of Samples  Strain Rate # of Samples  Strain Rate
3 107451 1 1079571 3 1074571
3 1073571 1 1073571 2 1073571
3 1072571 1 102571 3 1072571
(a) 4.5% Samples (b) 13.6% Samples (c) 29.7% Samples

The experimental setup was utilized for both mechanical and piezospectroscopic characterization. A Renishaw
Raman spectrometer with a 2400 [/mm grating and attached fiber optic probe? was used to obtain photo-stimulated
luminescent spectroscopy (PSLS) readings. A Ne-Ar source was used to calibrate the spectrometer before data col-
lection. The laser used had an excitation wavelength of 532 nm with approximately 18.5 mW of power at the probe
exit. The collection of data is shown in Figure 3 depicting the resulting peaks R1 and R2 and their shift with stress.
An MTS Insight Electromechanical system was utilized to apply a stress via crosshead deflection in order to achieve
target strain rates of 1074, 10~3, and 10~25~!. The maximum force the sample sustained was recorded using values
from the electromechanical test system. This value was divided by the initial sample cross-sectional area and corre-
lated to calculated strain values using data from attached strain gages. The exposure time for PSLS data collection
was 0.1 s with 1 accumulation for 4.5 and 29.7% and 0.05 s and 3 accumulations for 13.6% at all rates of loading.
The exposure time for each volume fraction was determined in order to allow for sufficient exposure and resulting
photo-luminescence, which is needed for sufficient intensities to enable accuracy in R-line peak monitoring, without
CCD saturation. A summary of the samples tested in this work is included in Table 1.
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III. Results and Discussion

Photo-luminescent data was collected in-situ as shown in Figure 3 and peak position shifts for R1 were analyzed.
Due to the similarity between the trends in the R1 and R2 data, only R1 results are presented here. The slope of
the peak shift with respect to the applied stress is represented by the piezospectroscopic (PS) coefficient and this

coefficient is an indication of the load transfer to the particles. The unloaded R-line peak positions for each sample
* were used as the reference point to which all subsequent R1 shifts with stress were analyzed. This reference position
would also account for any residual stress introduced by the manufacturing process and as a result, the PS coefficients
presented in this work are determined with respect to the unloaded sample. Each sample was loaded continuously
under compression at the quasi-static strain rates as determined by the attached strain gage.

As each sample was loaded, photo-stimulated luminescent spectroscopy (PSLS) data was taken using the system
described. The R1 peak shift was plotted against the applied uniaxial stress for each volume fraction as seen in
Figure 4 and Figure 5. The data was smoothed for these plots using a moving average. To quantify the error in the
measurements a residual peak shift was calculated at each data point by subtracting the smoothed data point from
the actual data point. The average peak shift residual for each sample was calculated. The maximum error observed
in the lowest strain rate (10~2s~1) data was +0.0085cm ™! and in the intermediate strain rate (10~3s~!) data was
+0.0097cm 1. For the highest strain rate of 10~25~2, only a few data points were able to be collected in the short
span of the test. This caused the resulting R1 peak shift versus stress plots to have very little noise and as a result, the
data for that strain rate was not smoothed. With the smoothed data, clearer trends were observed and the strain rate
effect was able to be investigated.

‘== Intermediate Strain Rate (1075”1
- = == High Strain Rate (107%™
1 Low Strain Rate (107%7)

Peak Shift (cm™)

L L ) ! 1 1 L 1 1

i i
0.06 0.08
Uniaxial Compressive Stress (GPa)

Figure 4: R1 Peak Shift dependence on strain rate for the 4.5% volume fraction

The data for all tested strain rates (10~%s~1, 10735~ and 10~25~) are plotted on the same graph. Figure 4 shows
the data for the 4.5% volume fraction samples in which there are clear differences in the behavior of the samples at the
three different strain rates. Although all strain rates exhibit similar linear slopes, the failure regions differ significantly
for different strain rates. The lowest strain rate data shows failure of the sample is starting around 0.065G Pa, with
failure beginning for the intermediate strain rate at 0.085G Pa, and failure starting to occur in the highest strain rate
data at 0.115G Pa. It is clear that increasing the strain rate delays the failure of the sample, and increases the ultimate
compressive strength of the sample. A similar trend to the 4.5% samples can be seen with the 13.6% samples, shown
in Figure 5, however, a failure region for the high strain rate data was not observed due to the speed of the test and

115




the limitations of the data collection hardware. Lastly, Figure 5 shows the data for the 29.7% samples. Here, the trend
of increasing strength with increasing strain rate is observed again for the entire range of strain rates tested. As with
the 4.5% samples, the high strain rate data shows details of a region of increased stress sensitivity. Overall, Figure 4
and Figure 5 show that, independent of volume fraction, as the strain rate is increased, the onset of sample failure is
postponed to higher stress values.

Insight into the stress transferred to the particles in the alumina-epoxy composites during failure is also apparent in
Figure 4 and Figure 5. It can be seen that for the low and mid range strain rates, once a peak magnitude for the R1 peak
shift is attained, the samples go through a period of decreased stress transfer to the particle. This can be interpreted as
the overall stress in the composite increasing and the stress transferred to the alumina particles decreasing. This same
pattern can be seen across all volume fractions, 4.5, 13.6 and 29.7%. The opposite behavior is seen for the high strain
rate data for both the 4.5% and 29.7% volume fractions; as the stress in the overall sample increases past a certain
value, increased stress sensitivity in the particles is observed. This indicates that the particles are absorbing more stress
from the composite as higher loads are achieved. A similar trend may be present in the high strain rate data for the
13.6% samples; however, the high speeds of the test and hardware limitations may have contributed to the absence of
a transition period for those samples.

13.6 Percent

seeseeede st Low Strain Rate (107%™ s
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Figure 5: R1 Peak Shift dependence on strain rate for the 13.6% and 29.7% volume fractions

Higher volume fractions of alumina-epoxy composites are generally more difficult to manufacture and issues such
as completely dispersing the filler material in the matrix could lead to the presence of agglomerations and voids within
the sample. Regions that are not completely homogeneous could cause localized stress concentrations within the
sample, resulting in an uneven stress distribution and poor load transfer mechanics. Stress concentrations within the
sample would cause the sample to fail prematurely or have high stresses in regions other than the data collection
location, thus leading to inaccurate values of PS coefficient sensitivity. In addition to the manufacturing difficulties,
higher volume fraction samples inherently have more particles and less matrix material. As a result, there is less
binding material within the sample and higher concentrations of ceramic particles, which may also affect the stress
distribution of the sample at the microscale. The uncharacteristic and unpredictable fluctuations in the 29.7% data
shown in Figure 5 can be attributed to the combination of all these factors.

To determine the relationship between volume fraction and stress sensitivity, the R1 peak shift for all volume
fractions was plotted against stress. The failure region is highly dependent on difficult to control variables such as
sample manufacturing and sample dimensions. As a result, to avoid including the unpredictable failure regime in these
studies, the data presented accounts for only the linear part of the stress-strain curve. For the low range of strain rates
around 104571, the data set was very large and noisy, which resulted in data that was only qualitative. The opposite
was true for the high range of strain rates around 10~25~. Due to the limited amount of data (a result of the high
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speed nature of the tests) these tests were only useful for qualitative purposes. As a result, only the intermediate strain
rates were considered for the PS coefficient studies presented here.

Table 2: Dynamic and Static PS coefficient comparison

Quasi-Static PS Coefficient (Volume Fraction) Static PS Coefficient® (Volume Fraction)

—4.16cm™1/GPa (4.5%) —3.16cm™"' /G Pa (5%)
—4.29cm™! /GPa (13.6%) —3.34cm ™1 /G Pa (20%)
—4.88em ™! /GPa (29.7%) —4.10cm™1 /G Pa (34%)

Table 2 shows the dynamic PS coefficients com- .
pared to static PS coefficients of similar volume frac- StI'CSS VS. Straln
tions. Note that the tabulated values are for the interme- 0.12 ' "
diate strain rate of 1073571, as previously mentioned.

The dynamic PS coefficients listed were calculated us- 0.1f - 1
ing only the linear portion of the R1 peak shift versus
stress plots. The linear portion was identified by us-
ing the stress strain curves for each sample to deter-
mine the stress at which sample yielding started to oc-
cur. One such curve, for a 4.5% volume fraction sam-
ple tested at the intermediate strain rate of 1073571, is
shown in Figure 6. It is evident that the dynamic PS co-
efficients listed increased with increasing volume frac-
tion, as 4.5% has the lowest magnitude R1 PS coeffi-
cient of —4.16cm™! /G Pa, 13.6% has a R1 PS coeffi-
cient of —4.29¢m—-1/GPa, and 29.7% has the highest ) , )
magnitude R1 PS coefficient of —4.88cm =1 /G Pa. This % 00075 0015 00225  0.03 0035
trend of increasing PS coefficient with volume fraction . Strain

is also seen in static data® for comparable volume frac- Figure 6: Stress-Strain curve for 2 4.5% sample tested at a
tions. The static data? is presented in Table 2 as well and _Strain rate of 10735~

shows the quasi-static PS coefficients presented here are

consistently greater than the comparable static PS coefficients. This indicates that the higher volume fraction alumina-
€poxXy composites are more sensitive to stress than lower volume faction alumina-epoxy composites, even during
quasi-static loading events. The increasc in PS coefficient for the quasi-static tests indicate that the PS coefficients
for these composites are dependent on strain rate and that as the strain rate is increased, the composites sensitivity to
stress also increases. The increased PS coefficients observed here signify an increase in the stress resolution of this
technique under quasi-static conditions when compared to previous static experiments>.

Stress (GPa)
° °
g8

=
Q
=]

While the stress sensitivity was expected to increase with increasing strain rate, the complex microscale factors
ultimately have a large influence on the PS sensitivity results and made it difficult to show that expectation. Factors
such as microcracking are most certainly affected by increasing strain rates, which affect the degree of load transfer
to the particle modifiers and thus affect the PS sensitivity. Factors such as particle dispersion, which varies for each
sample, also affect the PS sensitivity. In order to minimize the affects of these issues on this work, relatively low strain
rates were used, and particle dispersion studies were conducted for every sample. The dispersion tests were done at
zero load for each sample and consisted of a vertical PSLS scan to show the varying intensity, which is indicative of
varying alumina particle concentrations. With this data, the samples that had the best dispersion were chosen to be the
most representative of a specific volume fraction because they exhibited the least amount of localized volume fraction
variation. By mitigating as many factors as possible, the particle behavior in relation to strain rate was ultimately
determined, and it was clearly shown in this work that the loading rate does have an impact on the load transfer and
the resulting PS sensitivity.
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IV. Conclusion

The results illustrate the capability of alumina nanoparticles to act as diagnostic sensors to measure the stress-
induced shifts of the spectral R-line peaks resulting from stress applied by low compressive strain rates. The range
of R1 PS coefficients measured, —4.16 to —4.88cm™1/G Pa, show some variation from previous static test results
of similar volume fractions, —3.16 to —4.10cm ™! /G Pa; however the same trend of increasing PS coefficients with
increasing volume fraction is seen in both the quasi-static and static data. In addition, the magnitude of the PS coef-
ficients for a given strain rate are consistently greater than the magnitude of the PS coefficients for comparable static
tests. This supports the expectation that during quasi-static loading events, the compressive strength of the composite
increases. Results also reveal that, independent of volume fraction, the alumina-epoxy nanocomposites exhibit delayed
failure with respect to stress as the strain rate is increased. This result illustrates the improved composite performance
under increased strain rates, which is expected in these types of materials.Improvements in composite dispersion, es-
pecially at higher volume fractions, may lend to improved stress distributions within the sample and improved curve
fitting techniques may lend to more accurate R-line peak position shifts. Calibration of the in-situ diagnostic stress-
sensing capabilities of varying volume fractions of alumina-epoxy nanocomposites under quasi-static strain rates in
this work set the precedent for future studies at high strain rates.
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