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ABSTRACT: The dispersion state of composite materials is known to primarily govern their macroscopic properties. With nanoscopic
fillers tiny fluctuations in the interactions among particles may even become the prominent parameter. In this article, the dispersion
of carbon nanotubes within a polymer was studied by means of UV-visible spectroscopy and transmitting light microscopy. With
thin films, it was found that all the measured absorbances obey a parallel model between the dispersed and the aggregated phases. A
method could thus be proposed and validated to gain micrographies of the optical densities within the samples. The Beer—Lambert
law was applied to the description of this solid/solid structure, leading to an extinction coefficient for carbon nanotubes comparable
to that proposed in solutions. In conclusion, it is shown that one can obtain valuable information from the dispersed phase in optical
micrographies, especially the effective filler concentration and a dispersion index in agreement with the literature. © 2013 Wiley
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INTRODUCTION

Multiscale understanding of polymer composites filled with
conductive particles established strong correlations between the
electrical properties and the filler geometry,"* content,” disper-
sion state, and distribution.*® By comparison to conventional
carbon blacks, carbon nanotubes® induce comparable or
enhanced electrical or mechanical properties with lowered frac-
tions."”® For example, one of the lowest percolation threshold
in the literature (0.0025 wt %), was reported several years ago
with carbon nanotube filled epoxy composites.” However, these
very large dilutions make it difficult to measure the effective
amount of filler with conventional techniques, like thermogravi-
metric analysis (TGA). Moreover, controlling the particles
arrangement becomes decisive challenge to design materials
with controlled and repeatable properties.

Several techniques of morphological characterization can be
applied to probe the architecture of composites, from microns
to nanometer.'’ Light microscopy (LM) gives information on
the dispersion state at micron scale. This common, easy to use,
and cost effective technique is usually employed to characterize
the shape, size, and density of heterogeneities larger than a
few square micrometers. At higher magnification, transmission
electron (TEM), scanning electron (SEM), or atomic force
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microscopies (AFM) are preferred. With a nanometer resolu-
tion, these techniques give valuable information on the nanofil-
lers distribution, dispersion state, or orientation but are,
consequently, very local probes.

Finally, the overall amount of filler is commonly studied by
TGA. Unfortunately, for the very diluted nanocomposites, the
resolution of this equipment may not be sufficient.

As carbon nanotubes strongly absorb the visible light, it is pos-
sible to determine their concentration in liquid media by means
of UV-visible spectroscopy.'"”'? This was shown to obey the
Beer—-Lambert’s law and allowed the determination of extinction
This article proposes to
employ a similar method with light microscopy and on solid—
solid systems. Comparison of composites absorbances to their
meso scale distribution is also discussed.

coefficient for carbon nanotubes.'®

MATERIALS AND METHODS

Materials

Three series of multiwall carbon nanotubes (MWNT) filled
thermoplastic polymers samples were studied. Arkema Graphis-
trength C100 was used as MWNT. First series, “K series,” was
obtained from successive twin-screw dilutions of a masterbatch
in a commercial Very Low Density Polyethylene (VLDPE).
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Table I. Carbone Nanotube Loadings and Film Thicknesses for the Sam-
ples Used in This Study

K series C series sC series
MWNT  Thickness MWNT Thickness MWNT Thickness
(wt %) (um) (Wt %) (um) (wt %) (um)
0.05 65 0.80 34 0.80 30
0.10 67 1.20 29 1.20 30
0.50 26 1.70 35 1.50 26
1.00 25 2.20 31 2.00 27
2.00 25 2.50 34 2.50 29
3.00 28 2.70 30 5.00 17
4.00 16 5.00 i3
5.00 15

C and sC series were prepared by direct mixing of the MWNT
with an ethylene-co-vinyl acetate (EVAc; vinyl acetate content
12 wt %). Fillers were first incorporated into the melt matrix
using a 300 cm’ Brabender mixer for 15 min at 110°C. Compo-
sites were then homogenized for 20 min using a two roll mill.

For sC series, the MWNT powder was sieved to only retain
within the samples the agglomerates smaller than 250 um. The
resulting composite was further processed as described above.

All formulations (Table I) were finally processed by hot
melt compression
decreasing from 65 to 15 pm with increasing the MWNT
content.

into films with controlled thicknesses

UV-Visible Measurements

UV-Visible spectroscopy characterizations performed
within the 200-900 nm range (wavelength step: 1 nm, scan
speed: 240 nm min~') using a Perkin Elmer Lambda 11
spectrophotometer.

were

Light Microscopy

The optical density determination method was developed using
a Leica DMLM system microscope in light transmission mode.
Sixteen bit grayscale micrographies were acquired with a Leica
DFC420 CCD camera using a 5X objective (total magnification
50X) connected to a computer. In this study, all micrographies
were performed in a dark room using the whole light spectrum.
Camera setup (exposure time, gain, and gamma) and image
acquisitions were performed using Leica Application Suite soft-
ware (LAS v. 2.4.0 R1). Microscope lamp voltage was measured
with a Metrix mtx 3281 Multimeter. Optical density calibration
was done using Edmund Optics Techspec 63-469 neutral density
filters kit (Filters of calibrated optical densities ranging from
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0.10 and 3.00; Table II). Micrographies were finally processed
using Tmage]J freeware'*'> with the help of in-house codes based
on “threshold,” “histogram,” and “analyze particles” functions.

RESULTS AND DISCUSSIONS

UV-Visible Spectroscopy

To assess the validity of Beer—Lambert’s law for our solid—solid
systems, MWNT/polymer composites films were observed by
means of UV—Visible spectroscopy. The mass extinction coeffi-
cient of MWNT (epwnt) Was then determined from Beer—Lam-
bert’s law:

A=—log (£> =eXIXC (1)
Iy
where A is the absorbance of the system, I, and I correspond to
the intensities of the incident and transmitted light beams,
respectively, | the sample’s thickness and C its concentration. € is
the extinction coefficient of the studied filler, here the MWNT.

From the literature, Rance et al.'' measured MWNT mass
extinction coefficient performing UV-Visible spectroscopy on
suspended liquid media. These authors concluded that “all val-
ues fall within a narrow range from 44.5 to 54.5 mL mg '
cm™ " disregarding carbon nanotubes structural parameters.”

The UV-Visible response of a series of “K” samples is presented
in Figure 1. As expected, absorbance increased alongside with
the amount of filler. The curves further revealed the presence of
a maximum at about 250 nm. This peak was already observed
with carbon nanotubes and associated to the electronic delocali-
zation (7-plasmon absorbance).'"'? At highest volume fractions,
the saturation of the measurements did not allow to observe
this peak which was however likely to be present.

Mean absorbances within the visible domain (400-800 nm)
were studied as function of filler fraction. In order to obtain a
comparable data, samples thicknesses were normalized to 15
pum (Figure 2). For ease of comparison, the absorption values of
K, C, and sC samples are represented on the same graph.

From the latter, a strong dependency was revealed between the
samples preparation and their absorbance. The three different
preparations indeed lead to large discrepancies. It was however
further noticed that for a given series of samples a linear rela-
tionship was evidenced between filler fraction and absorbance.
In addition, the slopes obtained with the K and C series lead to
extinction coefficients in agreement with that obtained in the
literature for MWNT suspensions (Table Ir).'h2

The differences in slopes could not be ascribed to the compo-
sites constituents, because all the MWNT, in this study,

Table II. Optical Density and Transmitted Light (OD = — log T) of the Absorptive Neutral Density (ND) Filters Employed for Calibration (Edmund

Optics Techspec #63-469 kit)

Optical density 0.10 0.15 0.20
Transmittance 79.4% 70.9% 63.1%
Optical density 0.90 1.00 1.30
Transmittance 12.6% 10.0% 5.0%

0.30 0.40 0.50 0.60 0.70
50.1% 39.8% 31.6% 25.1% 20.0%
1.50 2.00 2.50 3.00

3.2% 1.0% 0.3% 0.1%
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Figure 1. Raw experimental UV-Visible absorbance for K series samples as
a function of wavelength. Dashed lines delimit the visible domain. The C
and sC (data not shown) presented very similar trends. [Color figure can
be viewed in the which is available at

online  issue,

wileyonlinelibrary.com.]

originated from the same batch. The polymeric host, with a
very small absorption coefficient as compared to the MWNT
was not likely either to be responsible for the differences.
Because the measurements in solution have to be made with
high dispersion quality, it was assumed that partial aggregation
could induce variations. It was thus decided to perform light
microscopy measurements to assess the quality of the dispersion
within the different samples.

Light Microscopy

Light microscopy (LM) is a simple, fast, and cost effective tool
widely used to characterize the dispersion of the carbon nano-
tube within the polymeric host.®'” A typical photomicrograph
of these materials can generally be segmented in two domains.
The foreground includes large heterogeneities. It is constituted

2.0+

m K series
e ( series
4 sC series

Absorbance (15 um)

0.0 T T J T T
0 1 2 3
Filler weight fraction (%)

Figure 2. Effect of the filler concentration (wt %) on the absorbance for
the three series of samples. These A;s,,, values were defined as the mean
absorbance of a 15 pm sample in the 400-800 nm wavelength range.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Table III. Measured Extinction Coefficients for the Three Series of Sam-
ples: with the Same Type of Carbon Nanotube, the Measured Absorbance
is Significantly Altered by the Preparation Method

Overall extinction

Slope of coefficient
Series A1s.m versus V¢ (mL mg=t.cm™?)
K 0.628 419 + 0.8
C 0.584 389 0.8
sC 0.318 21.3+0.5

by the darker areas and related to non-dispersed carbon nano-
tubes. The number of aggregates per surface unit, together with
their geometric properties (e.g., shape ratio, area, and perime-
ter), are commonly employed to estimate the filler dispersion at
micron scale. Several dispersion indexes have been proposed to
that purpose.'”'® Regarding the electrical properties and perco-
lating network construction, aggregates represent an unfavorable
phase with high concentration of carbon nanotubes essentially
wasted.

The background of micrographies is generally not considered or
observed at higher magnification (AFM, TEM, ...), although this
phase—made of objects not distinguishable at light microscopy
observation scale—is likely to contain information on submi-
cronic fillers. Moreover, this phase is continue and must therefore
govern the electrical properties of composites. Albeit it depends
on parameters such as the sample’s thickness and the observation
settings, the grey level observed on light micrographies should
give hint on the amount of filler at sub-micron scale.

Estimation of the Dispersion Indexes

The dispersion quality of the samples was evaluated by means
of transmitting light microscopy. Dispersion indexes were calcu-
lated from the following equation given in the literature:'”

Scnt
D—<1—f><i>><1oo (2)

vol

where Scnr is the area occupied by MWNT aggregates with
areas larger than 5 pum? ; S, the total picture area ; @, carbon
nanotube volume fraction and f a constant factor that describes
the aggregates density (estimated to be equal to 0.25).'”'? If D
= 100% the dispersion state is considered as being perfect at
the observation scale.

The dispersion indexes versus filler weight fractions for K, C, and
sC series are presented in Figure 3. Distinct behaviors are observed,
in agreement with the hypothesis that the experimental extinction
coefficient primarily depend on the dispersion state of MWNT.
On one hand, K series was prepared by successive dilutions of a
masterbatch and scores a 94% mean dispersion index. Dispersion
indexes are very similar for all samples. In other words, this series
appears almost fully dispersed at micron scale. Correlation of this
result to the measured extinction coefficient—which fell in a very
close range of the literature values—tends to confirm that UV-
Visible determination of fillers extinction coefficients in solid—solid
systems requires fully dispersed samples at the observation scale.
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Figure 3. Dispersion indexes versus filler concentration for the three series
of samples, the dashed lines are eyes guidelines. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

In contrast to both sC and C series, processed by direct mixing
of MWNT with the polymer, show increasing dispersion index
with filler fraction. From the lowest to the highest filler concen-
tration, D increased by 60% and 25% for the for “sC” and “C”
samples, respectively. This can originate from the amplified filler
to filler interactions responsible for agglomerates breakup dur-
ing the mixing process. Aggregates fragmentation and erosion
mechanisms'”* are indeed more likely to occur in more con-
centrated systems. On the application standpoint, this means
that the use of carbon nanotube masterbatches dispersed in
polymers is not only preferable for practical reason, but should
also be preferred to improve the micron-scale dispersions.

Optical Density by Light Microscopy

In a transmission mode, light microscopes measure the intensity
of light that could pass through the observed samples. Dark
areas thus correspond to the zones where the light from the
source is more efficiently absorbed by the sample. This is very
similar to a numerical spectrophotometer. A grey level picture
actually represents a quantification of the amount of transmit-
ted light on a given position. Besides the spatial resolution, light
microscopes differ from regular spectrometers because the latter
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are regularly calibrated prior to measurements, and use mono-
chromatic sources. A specific methodology was therefore devel-
oped to calibrate the measurements with light microscopy and
validate the technique with polychromatic sources.

Using light microscopy, a series of images was obtained in the
form of 16 bit grayscale. The grey levels appeared correlated to
several parameters for which individual contributions had to be

identified:

e incident light intensity;

e CCD detector response, controlled by gamma, gain, and ex-
posure time parameters;

e sample’s transmittance (7T), that depends on composition and

geometry.

The individual influences of the microscope parameters were
first studied with the help of calibrated filters in order to define
and validate a “microscope law” for determination of optical
density. For easy differentiation from UV-Visible spectroscopy,
polychromatic absorbance measurements performed by means
of light microscopy are named “optical density” (OD) in this
study.

Determination of the Microscope Law

Incident Light Intensity. For incandescent lamps, the luminous
intensity and the applied voltage are inter related by a power-
law relationship®': I V,. Thus, an indirect but reliable and
easy way to control the incident light intensity is to measure
the voltage applied to the microscope lamp. This voltage—inten-
sity relationship was experimentally verified many times with
our system configuration, Figure 4(a). A value of y = 3.85 =
0.05 was obtained.

Response of CCD Detector. The transmitted light intensity has
to be calculated from the numeric photomicrograph. Light mi-
croscopy may obviously not reveal the individual MWNT, but
the mean grey level of the background is likely to indicate the

(b)
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Figure 4. Determination of Voltage Exponent y in the microscope law equation [eq. ((3))]. (a) Grey level versus transmittance for several voltages: the
slope in this plot increases with the light source beam intensity as the corresponding micrograph becomes lighter. (b) Influence of the applied voltage on
the measured grey levels for three values of the gain. Inset shows the logarithmic plot to determine the x parameter (y = 3.85 = 0.05). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Optical density parameters

Figure 5. Final set of parameters for the calibration of the light micro-
scope to measure optical densities. (Only f and 7 are supposed to be de-
pendent on the experimental setup.) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

amount of MWNT dispersed in the polymer. Practically, the
CCD detector response is altered by tuning gamma, gain, or ex-
posure time. This naturally impacts grey levels. Because our
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experiments did not require changing the gamma parameter,
the latter was fixed to unity. Increasing the exposure time or
gain tends to lighten the photomicrograph and to increase the
grey levels to higher (whiter) values. Grey levels (GL) were thus
expected to take the following form:

GL= X T*XGain' XVoltage’ X Time" (3)

where f is a constant related to the specific device and therefore
called microscope calibration constant. It takes into account the
microscope’s light path, from light source to CCD detector, the
lamp characteristics and all the structural features of the device.
The o exponent value was experimentally determined plotting
Log(GL) versus Log(T). 1, y, and t exponents correspond to
slopes in Log (GL vs. T slope) versus Log(Gain), Log(Voltage),
and Log(Time) respectively [Figure 4(b)]. The mean value of f
was calculated by minimizing the square error between calcu-
lated and experimental GL values for 30 experiments with

0.05 wt%

0.10 wt%

th = 65 um th = 67 um

teap = 17.2ms texp = 17.2ms
G=1.0x G=1.0%
V =3.58V VW =4.32}
K =0.107 &K = 0.121
k= 3.912 ® = 3.903

0.50 wt% 1.00 t%

th = 26 um th = 25 um
texp = 25.4ms texp = 25.4ms
Gd=10X G=10x
V=397V lo=5.1aV
K =0.127 K =0.140
k= 3.901 B=3.5(3

OD15um = 0.033 OD15Hm = 0.082

3.00 wt%

2.00 wt%

4.00 wt% 5.00 wt%

th = 25 um th =28 um
texp = 25.4ms texzp = 98.0ms
G=20x G=30%
16 ='8.700 v = 11.52%
K =10.113 K = 0.095
x = 3.850 Kk = 3.850

th = 16 pm th =15 um
texp = 98.0ms texp = 58.0ms
G=20x G=4.0x
V=917V V=11.12V
K = 0.095 K = 0.085
k= 3.894 x = 3.900

OD15,um = 1.342

ODlgwm = 2.466 ODlgum = 3.449

Figure 6. Typical photomicrographs for various films, amounts of filler and films’ thicknesses. Chosen experimental conditions to obtain the pictures.
Resulting optical densities after correction of the experimental features. The scale bar represents 250 pum in length. (The dispersion state is not considered
here.) [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Application of the experimental technique to determine the Optical Density (OD) of unknown samples. (a) Optical densities of several carbon
nanotube/PE nanocomposites, the weight percent in MWNT for each sample is indicated on the top of the graph (n = 10). (b) Effect of filler concentra-
tion on the OD at 15 pm. (The corresponding transmittance variation are shown in the inset.) The error bars here correspond to the width of the opti-
cal density’s peak measured for 10 samples (at 0.63 of the peaks’ heights). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

calibrated filters. The resulting set of parameters and standard
errors are collected and plotted in Figure 5.

The results indicate that «, 1, and t mainly correspond to the
CCD behavior and followed the expected trends with very good
stability over time and low sensibility to the nature of the sam-
ples. These three parameters were thus considered constant and
equal to one. In contrast, f and y presented much larger uncer-
tainties and should thus be regarded with more attention. For
best precision on optical density measurement, a new calibra-
tion was performed on a daily basis to accurately determine f§
and y values. The calibration requires testing at least three neu-
tral density filters within the expected range of the samples to
be measured, prior to any testing of unknown samples.

Finally, the microscope’s law for optical density determination
takes the form:

GL
100X X GainX Voltage’ X Time

OD=-log (T)=—log

Effect of Samples Thickness. According to Beer—Lambert’s law,
a proportional relationship is expected between the optical den-
sity of a sample and its thickness. In order to compare samples
with various thicknesses, the following normalization was
performed:

Normalization Value
OD =
norm Thickness

oD 5
Sample 5

Characterizing Composites with Optical Density

The validation of a microscope calibration law made it possible
to measure and compare optical densities of various samples
measured in very dissimilar manners. It was more specifically
used to compare the dispersed phase of samples presenting dif-
ferent thicknesses, and filler concentrations. The observation
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parameters had indeed to be largely varied depending on the
specimen absorbencies.

First, optical densities of K series composites, with the best dis-
persion index and a homogeneous appearance in the light mi-
croscopy, were measured compared to UV-Visible
absorbencies for validation. The sC and C composites were then
studied the same way.

and

Figure 6 summarizes samples information and observation pa-
rameters for K series. The best fit values for f and 7 are
reported as well as the resulting optical densities.

The impact of the nominal weight fraction of filler on the meas-
ured optical densities is presented in Figure 7. Figure 7(a) shows
the normalized pixel fractions as a function of the grey levels
converted into optical density. Each curve represents the average
value of at least 10 micrographies with a given amount of filler.
Each presents a very well-defined peak with an easy to determine
maximum that was considered as the optical densities of the con-
sidered films. In Figure 7(b) is plotted 15 um optical density ver-
sus filler weight fraction (Vj). A linear relationship is evidenced
between optical density and filler concentration, meaning that
the data obtained from light microscopy are in excellent agree-
ment with the Beer—Lambert’s law. Only for the darkest films was
the difference between the experiment and the model a bit larger.

To further validate this appealing method, optical densities meas-
ured by light microscopy were compared to UV-Visible spectros-
copy absorbances. For all three series, OD values—obtained
using a white polychromatic halogen lamp—are found close to
mean absorbances, calculated within the visible domain (400 —
800 nm; Figure 8). This method furnished results very compara-
ble to those of the UV—Visible measurements. The three kind of
samples indeed presented a linear behavior, but with significantly
different slopes in OD versus Vj In other words, all type of sam-
ples followed the Beer—Lambert law but with different extinction
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Figure 8. Comparison of microscopic optical densities (open) with the
spectrophotometric absorbances (plain). A;s,, are mean values calculated
within the 400-800 nm Range. ODs are in agreement with <A>. The three
systems under study exhibit a linear behavior, although the slope increases
with the mean dispersion index measured by LM. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

coefficients. This seemed incorrect, because the extinction coeffi-
cient is supposed to be an intrinsic properties and all MWNT
were obtained from the same batch. A detailed analysis of the
uncertainty revealed that the differences could neither originate
from OD measurements nor from the estimations of the samples
thicknesses. The differences in OD versus Vyshould be related to
the effective filler fraction. In summary, optical density and UV—
visible techniques seem to be largely impacted by the effective fil-
ler concentration of the dispersed phase.

The dispersion indexes (D; Figure 9) indicate that the poorer
the dispersion, the lower the effective € value. This can be
attributed to the fact that lower D reveals the presence of more
numerous or bigger aggregates of MWNT that do not contrib-
ute to darken the dispersed phase. If this is correct, the MWNT

= Kseries
0.74| = Cseries

# sC series

® Mean values
— Linear fit

0.6 1

0.5+

0.4 4

el (mL.mg™)

0.3 1

0.2 . - o - r : v . . :
10 20 30 40 50 60 70 80 90 100
Dispersion Index (%)

Figure 9. Interrelationship between the Beer—Lambert parameter (el) and
the mean dispersion index (measured with LM). The scatter at D close to
49 and 79% indicates significant variations in the filler contents in these
systems. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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mass extinction coefficient should correspond to OD/Vj for per-
fectly dispersed system. Because D index of K series is close to
100%, the actual value for should be close to €K =43.3 *=0.3
mL mg~' em™".

In Figure 10(a) linear relationship is evidenced between (OD/
V) and mean dispersion indexes. The extrapolation of mass
extinction coefficient value for fully dispersed systems leads to .
Through film thickness, the optical density of composites seems
to obey a parallel model between aggregated and dispersed
phases. This model assumes that the aggregation process lowers
the overall optical density by reducing the volume fraction of
carbon nanotubes in the dispersed phase (€.¢):

Edisp X IX Pt VixD
OD=(8X1XC)eE=%; (peff:chm (6)
1- 1=
So So

This could be simplified to get a straightforward and accurate
approximation of the parallel model:

OD ~ SMWNTXZXVfXD (7)

In addition to expressing the meaning of the dispersion coeffi-
cient, this approach also rationalizes the agreement between
UV-Visible and light microscopy measurements. For each of
the 21 considered formulations, calculated OD values from the
latter equation were compared to the measured ones (Figure
10). eppwnr = 47.2mL mg71 ! was taken as MWNT mass
extinction coefficient. Very good agreement was observed
between calculated and measured optical densities, after correc-
tion of the dispersion index.

cm

Least squares method was finally applied to OD.,. versus
ODyeqs residual to determine the mass extinction coefficient of
MWNT with enhanced accuracy. A value of eypwnr = 47.0 mL
mg~' cm™' was obtained.

4-
m K series =
® C series .
31 A sC series a7
- y=x .’/
a (- y=x | -
.
o 2 n.”
3 ..’
©
= ¢
o 14 C
© S
3] A‘ a
i
I/‘
0+ mA
1 1 1 : 1 I
“ T T T T 1
0. »
€ o3 4 -
k=] A - [
w & "
% = ah® e
-0.3 . .
0 1 2 3 4

measred OD
Figure 10. Validation of the optical densities (OD) analytical approxima-
tion by comparison of the experimental measurements with the calcula-
tions (OD ~ eywwrX [ X Vp X D) with no adjustable parameter. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Table IV. Total (V}) and Dispersed (V) Filler Weight Fractions for the Studied Composites Calculated From Samples Effective Mass Extinction Coeffi-

cients [¢ (mL mg~

1

cm™")] Assuming a Parallel Model of the Dispersed and Agglomerated Phases

K Series C Series sC Series
Eeff Eeff Eoff
(mL mg~* (mL mg~?t (mL mg~*
cm™Y) Vs (wt %) Vg (wt %) cm™Y) Vi (Wt %) Vg (wt %) cm™Y) Vi (wt %) Vg (wt %)
44.0 0.05 0.046 40.6 0.80 0.69 20.2 0.80 0.34
54.7 0.10 0.12 38.9 1.20 0.99 21.3 1.20 0.54
47.2 0.50 0.50 38.6 1.70 1.39 229 1.50 0.73
453 1.00 0.96 41.4 2.20 1.93 20.3 2.00 0.86
447 2.00 1.89 39.5 2.50 2.09 20.9 2.50 1.10
43.0 3.00 272 39.2 2.70 2.24 321 5.00 3.39
411 4.00 3.47 46.1 5.00 461 = = =
46.0 5.00 4.86 - - - - - -

A significant advantage the presented technique is that the effec-
tive dispersed phase filler concentration V; can easily be
deduced from OD measurements and €ypwnr This makes opti-
cal density determination by light microscopy technique com-
plementary to TGA (Table IV).

CONCLUSIONS

Meso—macro relationships in MWNT/polymer composites were
studied by means of light microscopy approach where the
aggregated and dispersed phases were assessed.

The large heterogeneities were probed by dispersion indexes
determination. The value proposed in the literature for the den-
sity of the aggregate (f = 0.25)"° was found in excellent agree-
ment with the set of results from this study.

A technique to probe the dispersed phase by means of light mi-
croscopy was developed. The measured optical densities were
shown to be similar to mean absorbance values obtained per-
forming UV-Visible spectroscopy within the visible wavelengths
range. OD measurements allowed the accurate determination of
MWNT extinction coefficient on solid—solid systems. A value of
47.0 mL mg~ ' cm™' was obtained.

Because optical densities, UV—Visible absorbances and disper-
sion indexes are related to the dispersed and total volume frac-
tions of filler, it is thus possible to switch from each other.

e Using carbon nanotube extinction coefficient, light transmis-
sion microscopy, as well as UV-Visible spectroscopy, can be
employed to determine the effective dispersed phase concen-
tration V,; making both techniques complementary to TGA.

e Comparing (OD vs. V¢) or (A vs. Vi) slopes to €yt sam-
ples dispersion indexes can be determined. In other words, it
is possible to assess samples micron-scale dispersion quality
with spectroscopic experiments.

e Starting from dispersion index and Vj it is possible to get an
estimation of the dispersed phase concentration V,; The
obtained value would however be less accurate than with op-
tical density, principally for two reasons: (i) dispersion index
calculation requires in such cases to take into account

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1
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aggregates sizes within the range of technique’s observation
resolution, implying image processing counting errors; (ii)
carbon nanotube aggregates density is unknown, not accessi-
ble with this characterization and has to be estimated.'**?

The sub-micron observation scale available with optical density
ranks the proposed technique between light microscopy and
transmission electron microscopy (TEM). Another advantage of
the latter is to prevent microstructure modifications or degrada-
tions that could occur during TEM observations.

The optical density technique could easily be applied to other
composite systems such as carbon black filled materials. An
example of application has also been recently proposed with
fullerene based composites for photovoltaic applications.” It
could also be implemented for the quality control of com-
pounds, and even to follow online processes. Another possible
application concerns metal coating thickness measurement or
permeability assessment”® on metal coated polymer films.
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