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Hybrid carbon fiber reinforced polymers (HCFRPs) are a new breed of material that
are currently being explored and characterized for next generation aerospace applications.
Through the introduction of secondary reinforcements, such as alumina nanoparticles, it is
possible to achieve improved mechanical behavior and enable structural sensing to create
unique hybrid properties. The photoluminescent properties of the alumina inclusions allow
for the application of local stress measurements through piezospectroscopy (PS) in addi-
tion to dispersion characterization. Measuring the shift in emission wavenumber at several
points across the face of a sample allows for determination of the local stress through the
application of the PS relationship. Measuring local intensity di↵erences across the face of
the sample, alternatively, allows for the determination of relative local particle concentra-
tion for dispersion characterization. Through investigation of an HCFRP sample loaded
with 10 wt% of alumina nanoparticles, it was found that stress was greater in regions with
high relative particle concentrations upon mechanical loading. Further investigation also
found evidence of particle-matrix debonding, characterized by a lower particle stress re-
sponse to increasing composite strain at higher loads. In order to address both of these
issues silane coupling agents are utilized to adjust particle behavior. It is found that the
use of these treatments results in improved particle dispersion and reduced sedimentation.
A reactive and non-reactive surface treatment were compared and it was found that the
reactive treatment was more e↵ective at improving dispersion for the weight percentage
investigated. The outcomes of this work demonstrate the potential of utilizing the photo-
luminescent sensing capability of these reinforcing particulates to tailor the design of the
hybrid carbon fiber composites.

I. Introduction

Carbon fiber composites are highly suitable materials for aerospace applications due to their high strength
to weight ratio.1 However, the properties of these composites can only be selected from a linear spectrum

ranging from full fiber to full matrix properties.2 For next-generation applications, the usage of multiple
reinforcements for the creation of hybrid carbon fiber composites is necessary in order to provide for a greater
spectrum of selectable material properties. Carbon fiber composites have been explored with the inclusion
of a variety of secondary reinforcements including: multiple fiber types,3 carbon nanotubes,4 and various
other particulate inclusions.5,6 Alumina nanoparticles are particularly promising as a hybrid reinforcement
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due to their improvement of mechanical properties such as elastic modulus and fracture toughness.7 Figure
1 shows a schematic for the potential application of these materials.
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Figure 1. Schematic of an aerospace application of these hybrid carbon fiber composites due to improved
mechanical properties and stress sensing capabilities.

These property improvements are highly dependent on the successful dispersion of the inclusions, as a ho-
mogeneous distribution of reinforcement provides better mechanical performance.8 Previous work developed
photoluminescence spectroscopy as a novel method to measure particle dispersion in nanoparticle reinforced
polymers.9 This technique was then applied to the investigation of the e↵ects of particle loading on the
dispersion of alumina nanoparticles in hybrid carbon fiber composites.10,11 This work found that increasing
levels of particle loading resulted in an increased presence of particle agglomerates. These agglomerates
can act as failure nucleation sites;12 and, it is therefore imperative to assess methods for improving parti-
cle dispersion. This work explores the application of silane coupling agents as particle surface treatments.
These coupling agents act as intermediary compounds which serve to reduce the net attractive force on each
individual particle through a variety of mechanisms,13–16 ultimately improving dispersion. This is expected
to allow for the maximum improvement to mechanical properties at higher weight percentages.8,17

Furthermore, the photoluminescent emissions of alumina allows for the use of Piezopectroscopy.18–20

Piezospectroscopy is a technique for resolving stress from spectroscopic data and can be applied to the pho-
toluminescent emissions of chromium (Cr3+) doped alumina (Al2O3). These emissions from alumina, arise
from the excitation of the chromium substitutional impurities which occupy sites with trigonal distortion.21

When these impurities are excited with a laser, the material emits photons over a wavelength spectra includ-
ing the characteristic R-line doublets. It is known that the doublet emissions of chromium doped alumina
shift linearly with applied stress and one form of this relationship is shown in Equation 1:19

�v =
1

3
⇧ii�ii (1)

where �v is the wavenumber shift of the doublet emissions, ⇧ii is the experimentally determined hydro-
static PS coe�cient of alumina,20 and 1

3�ii is the applied hydrostatic stress. These properties have been
utilized in previous work for the development of stress-sensing epoxy nanocomposites.22 These nanocom-
posites have several applications, one of particular interest being their application as stress-sensing coatings
that are capable of detecting the onset and propagation of sub-surface cracks in an underlying substrate.23

Embedding these nanoparticles in carbon fiber composites enables the collection of internal particle stress
measurements,10,24 which can reveal similar interlaminar cracking while simultaneously reinforcing the com-
posite as a whole. Application of this measurement technique allows for simultaneous particle dispersion
and stress characterization which can provide information on the e↵ects of manufacturing parameters on the
mechanical behavior of these composites. This allows for the manufacturing of next generation carbon fiber
composites which have improved properties that can be selected based on particle and fiber volume fraction.
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II. Experimental Methods

In order to utilize the stress sensing properties of the secondary alumina reinforcements, it is necessary to
combine several di↵erent optical systems. These are combined into a Portable Piezospectroscopy System,25

which uses a Princeton Instrument Pixis 100 charge coupled device, Acton SP2150 spectrometer, and an
InPhotonics Inc. RPB Raman Probe. The laser used outputted approximately 14 mW from the end of
the spectroscopic probe. This system is capable of measuring the local intensity of the photoluminescent
(PL) response in addition to tracking the frequency of the emissions. In order to provide stress and inten-
sity distributions across the sample surface, an XYZ stage is used in conjunction with the CCD to collect
measurements in a snake scan pattern. While both peaks of the characteristic doublet are stress-sensitive,
this work utilizes the R1 peak due to its higher intensity.23 The samples manufactured were produced using
a method known as resin infusion under flexible tooling (RIFT).26 A schematic describing this method is
shown in Figure 2.

11

Resin inlet Vacuum Reservoir

Alumina NanoparticlesResin

Figure 2. Schematic describing resin infusion under flexible tooling (RIFT) which utilizes a vacuum to drive
the infusion of resin loaded with nanoparticles into a carbon fiber stack.

This technique allows for the infusion of nanoparticles while also providing for a void free composite. All
tested samples were produced with a 57 ± 3% volume fraction of carbon fiber. The weight percentage of
nanoparticles was adjusted, depending on the sample, to between 10 and 12 wt%. Each weight percentage
was used to investigate di↵erent properties. The 10 wt% sample was used to determine any e↵ects of parti-
cle dispersion on the stress distribution of these composites. It was tested using an MTS electromechanical
load frame. Digital Image Correlation (DIC) was performed on the backside of the sample which provided
verification for the piezospectroscopic stress results. Timing of data collection was important as interference
was detected in the DIC measurements which resulted from the PS laser. To resolve this issue, DIC mea-
surements were taken during load ramping and PS stress data was collected during force controlled holds
every 1.05 kN. The equipment used is shown in Figure 3a and b and the loading profile is shown in Figure
3c. The scanning region was 10 mm x 50 mm and a resolution of approximately 300 µm was selected.

The primary di↵erence between the 12 and 10 wt% samples, outside of particle loading, was the use
of coupling agent surface treatments in the 12 wt% samples. The surface treatments investigated were a
reactive and nonreactive silane coupling agent, gamma-glycidoxypropyltrimethoxysilane and trimethoxysi-
lyl respectively. The di↵erence between these two is that the reactive coupling agent has organofunctional
groups capable of bonding with the matrix while the non-reactive surface treatment only bonds to the par-
ticles. Both are expected to provide for improved particle dispersion, albeit through di↵erent mechanisms.8

The reactive treatment covalently bonds the particles to the matrix during the curing process preventing
them from clustering.14 The non-reactive agent does not provide for the same bonding and simply reduces
the surface energy of the particles, which decreases particle-particle interactions15 thereby minimizing the
drive of the particles to cluster. A sample with untreated particles was also tested as a baseline for the
interpretation of the e↵ects of these surface treatments.

The photoluminescence of the treated samples was investigated using the same Portable Piezospec-
troscopy System.25 These tests were conducted in a 10 mm x 40 mm scanning region with a spatial res-
olution of 200 µm. Scans were conducted on the front and back faces of each sample in order to infer
dispersion behavior of particles through sample thickness. All measurements presented are in the form of
contour maps. In these maps, each pixel represents a specific characteristic of the R-lines at that point.
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Figure 3. a) Schematic showing location of PS and DIC measurements on HCFRP sample b) Labeled ex-
perimental setup showcasing PS equipment setup, DIC equipment setup, and the mechanical load frame and
c) Loading pattern applied to HCFRP samples showing the timing of DIC and PS measurements with the
maximum achieved stress.

The peakshift of each spectra from the unloaded polycrystalline alumina peak position27 can be calculated
and then inputted into the PS relationship in order to resolve local stresses. While a direct conversion from
intensity to particle concentration has not been established, relative concentration of particles across the
sample surface can be investigated. Higher local intensities correlate to higher local particle concentrations,
as an increased presence of chromium impurities in the scanning region results in more photon emissions
which is measured as higher intensities. This allows for the comparison of the dispersion of samples with
di↵erent surface treatments.

III. Results
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Figure 4. PS measurements on front face show internal stress distribution and backside DIC measurements
show composite strains for mechanically loaded 10 wt% HCFRP specimen.

Stress and surface strain maps are compared in Figure 4. There is a resolution mismatch with the PS
measurements having a spatial resolution of approximately 300 µm and the DIC measurements having a
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higher resolution of approximately 90 µm. This lower PS resolution arose from a necessary optimization of
collection parameters for short times during the force controlled holds. Internal stress concentrations are
measured by PS and were observed to be aligned in a columnar manner. While similar stress distributions
were not detected with DIC, both measurements agree that the left region of the sample is the likely failure
zone. The di↵erences in distribution shape of these techniques arise from the di↵erent parts of the sample
being investigated. The DIC measurements report surface composite strain, and so provide deformations
that result on the surface of the sample. The PS technique is unique in that in this sample configuration, the
stress values reported are from the alumina nanoparticles. As such, the stress measurements are indicative
of matrix to particle load transfer, and the columnar stress distributions noted indicate inhomogeneity in
matrix properties across the scanning surface.

These columnar stress concentrations are seen to arise from particle agglomerations which can be detected
through the PL intensity distributions. The distribution of intensities in the photoluminescence profile match
very closely to the stress profile presented in Figure 5, which shows the stress profile for the investigated
region with di↵erent loads and the accompanying intensity distribution at zero load. There is a clear match
between the areas of high intensity and high stress; and, since it is established that the local intensity of the
emissions provides for local particle concentrations, it is found in this work that the areas with high particle
concentrations exhibit higher stress upon mechanical loading of the samples.

Spatial Dimension (mm) Spatial Dimension (mm)

Sp
at

ia
l D

im
en

si
o

n
 (

m
m

)

Intensity (Counts) Stress(MPa)

-300

-230

-140

-70

0

70

140

230

300

35 MPa

315 MPa

630 MPa
5 10 15 20 25 30

0

2

4

6

8

10

12

14 2000

4000

6000

8000

10000

12000

14000

16000

Peak shift columnar stress concentrations 
clearly noticed corresponding to intensity 

concentrations

Columnar particle concentrations 
detected through intensity 
distributions

5 10 15 20 25 30

0
2
4
6
8
10
12
14

Figure 5. Comparison of intensity profile to stress profile shows the resulting match of particle agglomerations
to stress concentrations at various loading stresses.

In order to further investigate the properties of these composites, a small homogeneous region is selected
for the comparison of local stress from PS measurements and strains from DIC measurements. These values
are then plotted in order to view nanoparticle behavior versus overall composite behavior. Figure 6 shows
a somewhat linear trend initially between particle peak shift and composite strain. At higher composite
strains this behavior begins to breakdown and a maximum peak shift is reached. This behavior is indicative
of interfacial failure between the particles and matrix resulting in reduced load transfer10 which indicates
failure initiation.

The findings regarding particle clusters acting as stress concentrators and a poor particle-matrix interface
necessitates the investigation of the previously described coupling agents. Their application is expected to
improve dispersion, and in the case of the reactive treatment specifically also improve the strength of the
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Figure 6. Particle stress vs composite biaxial strain shows particle behavior with increasing composite loading.

particle-matrix interface. In the current work, the e↵ects of the coupling agents on particle dispersion is
presented for untreated, RSCA treated and NRSCA treated samples. Contour maps for 12 wt% samples
with and without treatments are shown in Figure 7.

For the analysis of these contour maps it is necessary to consider two primary factors related to overall
sample dispersion. The first factor is the distribution of particles. In an ideally dispersed sample all pixels
have the same intensity which correlates to equal particle concentrations across the surface. Alternatively,
samples dominated by high intensity gradients have poor dispersion. This is characterized by the presence
of regions which have high intensities surrounded by regions with very low intensities. Furthermore, another
factor necessary for understanding particle dispersion is the sedimentation of particles. This is characterized
by an intensity mismatch between the front and back faces, and is indicative of poor particle dispersion
through sample thickness. Both factors must be taken into account when comparing sample dispersion.

For the presented contour maps, the first analysis done will be with respect to particle distributions. The
sample dominated most by large intensity gradients is the untreated 12 wt% side B sample. The presence
of these large intensity gradients is mitigated with the application of the surface treatments. The higher
intensity side of the RSCA and NRSCA treated samples, side B and side A respectively, both have more
homogeneous intensities throughout the sample surface than the untreated sample. The RSCA treated
sample is seen to have better dispersion than the NRSCA treated sample, which indicates that at these high
weight percentages the reduction in surface energy provided by the NRSCA treatment is not su�cient to
counteract the increased particle attractive forces. With respect to sedimentation, the treatments again are
seen to provide improvements. The untreated side A and side B have large intensity mismatches, with a
majority of intensity present on Side B. This indicates that the particles are primarily concentrated on side
B and that there is likely a significant dispersion gradient through thickness. This intensity mismatch is
reduced with the NRSCA treatment and almost non-existent in the RSCA treated sample. It is confirmed
again that at this high weight percentage, the RSCA surface treatment provides for the largest benefits to
particle dispersion.
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Figure 7. Dispersion contour maps for both sides of each 12 wt% sample shows dispersion improvement with
application of particle surface treatment.

IV. Conclusion

Carbon fiber composites were designed and manufactured with the addition of secondary alumina nanopar-
ticle reinforcements. Utilizing piezospectroscopy, the di↵erence in particle stress within di↵erent matrix re-
gions can be quantified through the tracking of the energy of their PL emissions. These investigations found
that with applied loads, stress concentrations tended to form in regions with higher PL intensities. This
shows the importance of a well dispersed reinforcement, as higher local particle concentrations are associated
with higher local stresses. Further investigation, through the comparison of DIC strain and PS peak shift,
found interfacial failure between the particles and matrix at higher loads. In order to address these issues,
silane coupling agents are explored. Application of silane coupling agents as particle surface treatments is
found to improve dispersion of particles in HCFRPs. The reactive coupling agent was found to be more ef-
fective at higher weight percentages, likely due to the covalent bonding mechanism. Future mechanical tests
will show the improvements to mechanical properties associated with the improved dispersion and improved
particle/matrix interface from the applied particle surface treatments.
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