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Abstract—The mixing of two different species of nano-particles using an environmentally benign
technique called rapid expansion of high-pressure suspensions (REHPS) has been studied experimen-
tally. Comparative experiments were also performed by mixing the nano-particles in an organic sol-
vent under ultrasonic agitation and in a dry mechanical mixing process called magnetically assisted
impaction mixing. Various characterization methods for evaluating the degree of mixing at length
scales of about 1 um and lower based on electron microscopy are also described. An analysis of the
experimental results indicates that the REHPS mixing, which also includes supercritical conditions,
provides results that are significantly better than those of the other two mixing methods considered.
It appears that the sudden decrease in pressure in the REHPS process breaks up the nano-particle ag-
glomerates and results in good mixing, especially when the two constituents do not vary significantly
in density. The characterization results show that field emission scanning electron microscopy can be
used for distinguishing mixtures at the nano-scale if a significant difference in size or shape exists.
However, in general, electron energy loss spectrography is the most powerful method to characterize
nano-particles mixtures as it maps elemental distribution at nanometer resolution. Energy dispersive
X-ray spectroscopy can also be used as a cheap and simple semi-quantitative method to measure the
degree of mixing.

Keywords: Mixing; nano-particles; characterization; rapid high-pressure expansion; energy dispersive
X-ray spectroscopy; field emission scanning electron microscopy; electron energy loss spectrography;
magnetically assisted impaction mixing; solvent-based mixing.

1. INTRODUCTION

Powder mixing is widely used in the chemical, pharmaceutical, food, cosmetic and
pigment industries, and, thus been the subject of intense research during the past
10 years [1, 2]. However, most research in this field has been limited to large,
non-cohesive, spherical particles and rarely includes micron- or submicron-sized
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particles. Recently, due to the increasing emphasis on research and development
of nano-structured materials, nano-particle mixing has become important due to
potential new applications of nano-composites [3]. However, two major problems
need to be solved for nano-particle mixing, i.e. how to mix them well [4—6] and
how to characterize the degree of mixing at the nano-scale [7-9]. '

Since nano-particles are always agglomerated due to their large interparticle
forces, de-agglomeration is the first step necessary for obtaining a good mixture.
For commonly used dry mechanical mixers, either intense shear or high velocity im-
pacts, or both, are needed to de-agglomerate and mix the particles. In previous work
by our group, several mechanical mixing devices were utilized to mix nano-particles
with varying results [10]. In this paper, we concentrate on mixing nano-particles by
the rapid expansion of supercritical (or liquid, at very high pressure) suspensions
(REHPS) and compare the results with those obtained using a mechanical mixing
device and the magnetically assisted impaction mixer (MAIM). The MAIM process
was developed in our laboratory and is based on the magnetically assisted impaction
coater (MAIC) patented by Aveka (Minnesota, USA). Control experiments were
also carried out using an organic solvent in which the nano-particle suspension is
subjected to ultrasonic agitation.

Our investigation is also concerned with the problem of evaluating the degree of
mixing at the nano-scale, which is essentially a new area of research. Traditional
mixing measurement methods (for larger particles) such as a colorimeter image
analysis system [7] or an electrostatic effect analysis system [8] cannot be used to
obtain nano-scale resolution data for quantitative characterization. In this study, two
different length-scale characterization methods were used. Energy dispersive X-ray
spectroscopy (EDX) was used as a micron-size analysis tool, while field emission
scanning electron microscopy (FESEM) and electron energy loss spectroscopy
(EELS) were used to evaluate the degree of mixing at length scales as small as
100 nm.

2. EXPERIMENTAL
2.1. Powders

Five different nano-particles were used to study mixing performance. (i) Molybde-
num trioxide, U2, crystallized particles produced by Climax Molybdenum with a
specific surface area of 35 m?/g and an average size of about 20—70 nm. A FESEM
analysis shows that the size distribution is very wide, including many micron-sized
flakes. (ii) Nano copper particles supplied by Argonide with a specific surface area
of 5-8 m?/g and an average size of 100—150 nm. The particles are spherical,
produced by the electro-exploded wire technique and then passivated with air to
form a coating of copper oxide. (iii) Aerosil R972 silica supplied by Degussa with
a specific surface area of 114 m?/g. A transmission electron microscopy (TEM)
analysis indicates an average particle size of about 25 nm in a chain-like structure.
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(iv) Aluminium oxide C, also supplied by Degussa, with a specific surface area
of 110 m?/g. A TEM analysis indicates an average particle size of about 13 nm.
(v) Titanium dioxide P25, also supplied by Degussa, with a specific surface area of
48 m?/g and an average particle size of about 28 nm.

2.2. Mixing methods

2.2.1. REHPS mixing. Figure 1 is a schematic diagram of the first REHPS
mixing apparatus that we used in our experiments. It consists of a 1000-ml high-
pressure vessel with depressurization of the suspension occurring at the top of the
high-pressure vessel (called top release). This top-release apparatus is capable of
achieving pressures up to 1.724 x 107 Pa and a stirring speed of 800 r.p.m. As
will be shown later, this apparatus produced results with limited success. We also
used a second similar apparatus (300-ml high-pressure vessel) with depressurization
of the suspension occurring at the bottom of the high-pressure vessel (called
bottom release). This second apparatus is capable of achieving pressures up to
4.137 x 107 Pa and a stirring speed of 3000 r.p.m.

In the top-release apparatus a mixture of AlO3/SiO; (1:1, by weight),
Al,03/Mo0O3 (1:1) or Cu/TiO, (2:1) was loaded into the 1000-ml REHPS re-
actor and then CO, was pumped in until the pressure reached a specified value. The
temperature of the water bath was set at 40°C. Before depressurization (top release)
the suspension was stirred for 20 min at 100 r.p.m. and released through a nozzle of
diameter 500 wm. Samples were collected in the collector tank (see Fig. 1) with the
release pressure carefully controlled.

In another series of experiments, a mixture of nano A1,03/SiO; (1 : 1, by weight),
Al,03/Mo00s3 (1:2) or Cu/TiO; (3: 1) was loaded into the 300-ml bottom-release
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Figure 1. Set-up of the top-release REHPS mixer. 1, CO; cylinder; 2, CO, pump; 3, water bath;
4, high-pressure vessel; 5, agitator; 6, pressure gauge; 7, nozzle; 8, filter; and 9, collector vessel.
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Figure 2. Experimental set-up of the MAIM system.

REHPS reactor and then CO, was pumped in until the pressure reached a specified
pressure. The temperature was kept at 42.5°C. The suspension was stirred for
20 min at 1000 r.p.m. and then released through either a 500- or 250-um diameter
nozzle. Samples were once again collected in the collector tank with the release
pressure carefully controlled.

2.2.2. MAIM mixing. A mixture of nano Al,03/SiO; (1: 1), Al,03/MoO; (1: 1)
or Cu/TiO; (3: 1) was poured into a 200-ml glass bottle and processed for 15 min.
The size range of the magnets used was 1.4 to 1.7 mm and the mass ratio of powder
mixture to magnets was 1:12. A schematic diagram of the MAIM apparatus used
is shown in Fig. 2.

2.2.3. Solvent-based mixing. A mixture of nano Al,03/Si0; (1: 1), Al,03/MoO3
(1:1) or Cu/TiO; (3:1) was dispersed into 40 ml of hexane and the suspension
placed in an ultrasonic bath (100 W, 20 kHz) for 20 min. The solution was filtered
and dried at 80°C for 24 h to obtain dry samples.

3. CHARACTERIZATION OF THE MIXING OF NANO-POWDERS

The characterization of nano-particle mixtures requires high-resolution instruments
that can image particles down to the nano-scale. SEM and TEM were utilized for
this task.



Mixing of nano-particles by REHPS 475

3.1. FESEM

We used a JEOL 6335F and a LEO 982 capable of obtaining a high magnification
image and enabling us to differentiate nano-particles by their shape or size. In
addition, the ratio of the two metallic elements in a mixture of metals and/or
metal oxides can be obtained by analyzing a micro area or spot of around 1 pm
in diameter on the sample surface with an EDX detector. A small amount of the
powder samples was randomly dispersed onto a piece of carbon tape for analysis by
EDX. A comparison of the atomic ratio of the two metallic elements obtained from
many randomly chosen spots along the sample surface would indicate the degree
of homogeneity of the sample. If enough data points are collected, a standard
deviation can be calculated. By comparing the standard deviation obtained from
different samples, a fairly reliable indicator can be obtained for evaluating the
degree of mixing of the sample at the micron scale. Also, an EDX mapping of
the elemental distribution in the samples can directly demonstrate the lhomogeneity
(or in-homogeneity) of the mixture.

3.2. Scanning TEM (STEM)

STEM (LEO 922) requires preparation of very thin samples, which were prepared
by blowing a small amount of powder directly onto the TEM sample grid. Due to
the very light/thin samples used and a higher resolution than FESEM, it was easier
to detect different nano-particles in the images by their size and shape. Moreover,
by using EELS along with STEM, mapping of selected elements can be observed
directly. As will be shown in the results, this is a powerful tool to study the degree
of mixing of nano-particle mixtures at high resolution.

4. RESULTS AND DISCUSSION
4.1. Evaluation of mixing methods: top-release REHPS apparatus

In the first series of experiments, the mixture of Al,O3/ SiO; (1:1) was processed
by various mixing methods, including REHPS using the top-release apparatus. In
order to evaluate each of the mixing methods, an EDX spot analysis was run. For
each sample imaged, at least 20 spots were randomly chosen and the results were
statistically analyzed. The results are shown for the three different mixing methods
in Fig. 3, where the distribution of the atomic ratio of Al/Si is plotted against the
frequency of occurrence. In these plots, a sharp single peak in the frequency plot
corresponds to better mixing. The plots shown indicate that the top-released REHPS
mixture (here we collected the sample during the time interval when the pressure
in the reactor dropped from 1.379 x 107 to 8.274 x 10° Pa) gives only one peak,
which is also very close to the theoretical Al/Si ratio (1.1344), while the other three
mixtures all show more than one peak, which means that the distribution of the
two components is not very uniform. When the standard deviation of the data for
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each mixing method is computed (see Fig. 3), it clearly shows that REHPS is the
best mixing method for this mixture with the smallest standard deviation of 0.116,
followed by solvent-based mixing and MAIM, with standard deviations of 0.446
and 0.954, respectively.

Figure 3d shows the spot analysis result of mixing in the REHPS apparatus,
except that the sample was collected from the high-pressure chamber before rapid
expansion took place. These mixing results are poor, with a standard deviation of
0.598. Furthermore, none of the peaks are near the theoretical Al/Si ratio of 1.134,
indicating that the stirring of the sample in the supercritical fluid alone does not
produce good mixing.

The excellent mixing result achieved using REHPS is attributed to the rapid
expansion in volume when the pressure is sharply reduced from 1.379 x 107 to
much less than 1.724 x 10° Pa (in the collector tank). The calculated ratio of
volume expansion due to REHPS is about 360, which is highly explosive. It is
believed that this explosive expansion breaks down the nano-particle agglomerates,
and allows different particle species to collide and mix with each other to form a
uniform mixture (e.g. see Fig. 14b in [10]). It appears that the mixing effect of
this expansion is even better than the cavitation effect produced by ultrasonic waves
in solvent-based mixing, which is the baseline method in our experiments. It is
noted (although not shown here) that hand-mixing of nano-particles produced very
poor results, confirming the common knowledge that these powders cannot be easily
mixed (one result for hand-mixing is shown later in Fig. 6).

The corresponding EDX mappings in Fig. 4 show the Al (shown in red) and
Si (shown in green) elemental distributions. Careful observation of these images
indicates that there are hardly any micron-sized agglomerates of individual species
in the REHPS and solvent-based mixtures. In fact, the REHPS results are the most
uniform, indicating that mixing at the micron volume scale is excellent. However,
for MAIM, since the mixing process was carried out by the mechanical collision
of particles with each other as well as with magnets, which is capable of breaking
down big agglomerates, there are still some small-agglomerates in the mixture of
size about 2—4 um. These agglomerates can be seen as the bright spots in the Al
mapping. As was expected, based on the result shown in Fig. 3d, the EDX mapping
of the sample collected from the high-pressure chamber before rapid expansion took
place shown in Fig. 4d indicates that the mixing is poor.

It is noted that the physical properties, particularly the primary particle size and
material density, of A, O3 are similar to those of SiO,. Therefore one may expect
that these particles may be more easily mixed as compared to other materials where
there is a significant difference in the physical properties of the two constituents. In
the next series of experiments, different systems of particles were used to determine
the effectiveness of mixing by the same three methods considered above. The first
system considered is the MoO3/AlL, O3 (1: 1) mixture where, as mentioned earlier,
the MoO; has a wide size distribution (SEM images are shown to illustrate this).
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Figure 5 shows the distribution of the atomic ratio of Al/Mo plotted against the
frequency for mixtures of MoO3;/Al,0s. The results indicate that both REHPS
‘and solvent-based mixing produced mixtures that result in a frequency distribution
with essentially a single peak. However, the standard deviations for the REHPS
mixture collected at two different operating conditions varied between 0.157 and
0.117, and are both smaller than the standard deviation of the solvent-based mixture
(0.562). Here the first sample was collected in the time interval when the pressure
in the reactor decreased from 1.379 x 107 to 8.274 x 10° Pa and the second sample
was collected in the time interval when the pressure in the reactor decreased from
1.034 x 107 to 3.447 x 105 Pa. The mixing result for MAIM (standard deviation of
2.858) is quite poor. Overall, the trend of these results is similar to those obtained
for the Al,O3/Si0, system.

While the standard deviations for the REHPS MoQO;/Al,O; mixtures are lower
than for the other two mixing methods, the peaks do not correspond to the actual
value of the original elemental ratio of the intended mixture (shown as a vertical
line at a calculated value of 1.259). That means that although the mixing is uniform
at the micron level, there is an overall stratification of the constituents during the
mixing process. This may be attributed to the wide size distribution of MoOj5.

EDX mapping of the elemental distribution for the MoO;/Al,O; system is shown
in Fig. 6. Here, the mappings for Al (shown in red) and Mo (shown in blue)
correspond well with each other (the spatial distribution of the mixture sample is not
uniform, but for REHPS mixing, wherever Al is observed, Mo is also observed at the
corresponding location). Obviously, the uniformity in the elemental distribution for
REHPS mixtures (Fig. 6a and b) is not as good as that observed for the Al,03/SiO;
system. However, it is better than that of the solvent-based mixing (Fig. 6¢), and
much better than that of MAIM (Fig. 6d) as well as hand-mixing (Fig. 6e) done
for the sake of a baseline comparison. It is noted that for the hand-mixed sample,
the elemental ratios vary widely from point to point, and hence a corresponding
frequency plot is meaningless and is not included in Fig. 5. For the solvent mixture
(Fig. 6¢), small micron-sized MoQOj; agglomerates are observed, and, for the MAIM
mixture, big agglomerates of MoO3 and Al,O3 can be seen to have separated.

Another mixture system that is even more challenging than the MoO3/Al,O3
system was also considered. Accordingly, comparative experiments (REHPS,
MAIM and solvent-based mixing) were conducted with a mixture of Cu and TiO,,
and the results are shown in Fig. 7. The calculated elemental ratio of Cu/Ti is
1.3333. EDX spot analysis indicates that the standard deviation of the REHPS
sample is 0.210 and the frequency distribution for the REHPS sample is reasonably
good with one major peak. Unfortunately, the peak does not correspond to the
theoretical value for the mixture and, clearly, these results are much worse than the
results for Al,O3/Si0, or Al,O3/MoQO; mixtures.

The mixing of Cu and TiO, was also poor using the solvent-based system and
the MAIM system, as shown in Fig. 7. While the standard deviation for MAIM
is quite good, the actual mixing is poor, as the peak does not correspond to the
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Figure 7. EDX spot analysis results of the mixtures of Cu/TiO;. Results for (a) REHPS released
while pressure in the chamber dropped from 1.379 X 107 down to 6.895 x 10° Pa, (b) solvent-based
mixing and (¢) MAIM mixing.
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Figure 8. EDX mapping of the REHPS mixture of Cu/TiO;. Results in each case show secondary
electron image (top left), Cu map (bottom left) and Ti map (bottom right) for REHPS released while
pressure in the chamber dropped from 1.379 x 107 down to 6.895 x 10° Pa. This figure is published
in colour on http://www.ingenta.com.

theoretical value. The standard deviation for the solvent-based mixing is poor.
The actual elemental distribution for REHPS mixing is shown in Fig. 8, indicating
the presence of big several micron-sized copper agglomerates and confirming the
poor mixing results. Although not shown, the MAIM and solvent-based mixing
elemental distribution results are also poor (as was expected). A closer examination
of these and other results obtained (not presented in this paper) indicates that the
primary nano-sized copper particles have formed large micron-sized agglomerates,
which are very difficult to break down by REHPS processing.

In summary, all of the above results show that REHPS is the best mixing
method for nano-sized particles and is definitely better than solvent-based mixing.
The MAIM method only produced good results for the mixture of Al,05/Si0,,
indicating that it may work well only when the two constituents have similar
physical properties.

By paying close attention to the difference between the calculated elemental ratio
and experiment data in Figs 5 and 7, it can be concluded that the mixtures obtained
by the REHPS process are in general lighter (less dense) than the true mixtures.
For Al,03/MoQ; this may be caused by two possible reasons. (i) Since the density
of Al,O; is smaller than that of MoO; and the REHPS sample is collected from
the top of the reactor (top release), the lighter component can more easily leave the
reactor and discharge into the sample collector. (ii) The particle size distribution of
MoO; is uneven and there may be size stratification, since the large micron-sized
flakes may stay at the bottom of the reactor. For the mixture of Cu/TiO,, since the
copper particles are much heavier and larger than the titania particles, density-based
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stratification will occur. The results indicate that not only does the mixing method
affect mixing behavior, but the properties of the components of the mixture also play
an important role as well. Thus, to obtain a better mixture of Al/MoOs3, we need
to mix two nano-particles having similar properties or modify the REHPS mixing
procedure. In the next section, the bottom-release REHPS apparatus is considered.

4.2. Evaluation of mixing methods: Bottom-release REHPS apparatus

Based on the above results, it appears that the mixing efficiency may be improved
by using a REHPS apparatus where the sample is released from the bottom of the
vessel. Using our second REHPS mixing apparatus (bottom release), we repeated
the Al,O3/SiO, experiments and the results are shown in Fig. 9 for three different
operating conditions (pressure in the reactor = 8.274 x 10°, 1.379 x 107 and
2.068 x 107 Pa, respectively). As can be seen, for all three pressures, the frequency
plots show a single sharp peak and the standard deviations are also very low, i.e.
0.15, 0.138 and 0.155. These results are as good as or better than those obtained
using the top-release apparatus and also better than solvent-based mixing shown
in Fig. 3.

The results for the mixture of Al,O3/MoQs processed in the bottom-release
system are shown in Fig. 10. As can be seen, these results are also significantly
better than those reported for the top-release apparatus and also the solvent-
based mixing results in Fig. 5. For each operating condition (8.274 x 10° and
1.379 x 107 Pa), there is a single dominant peak in the frequency distribution plots
and it also corresponds to the theoretically calculated value (Al/Mo), with standard
deviations of 0.082 and 0.097.

From these results, an important observation is made, i.c. that the operating
pressure within the reactor (mixing chamber) does not appear to make a significant
difference in the mixing results when the pressure and temperature are above the
critical condition.

The results for the mixture of Cu/TiO, (bottom release) are shown in Fig. 11 for
two operating pressures (8.274 X 10 and 1.138 x 107 Pa). These results show that
mixing is still poor even when using the bottom-release apparatus. The reader is
reminded that, as shown in Fig. 7, the results of solvent-based mixing as well as
MAIM are both quite poor. In fact, all of these results are not very good, despite
the fact that MAIM shows the lowest standard deviation of the mixture. These poor
results are due to the presence of large agglomerates of copper nano-particles, which
are quite difficult to de-agglomerate since copper nano-particles have a tendency to
be sintered with each other. As will be shown in an FESEM image later, primary
particles of copper are about 150 nm and they form micron-sized aggregates which
appear to be soft-sintered, and hence cannot be de-agglomerated by REHPS.

A limited set of results is also shown for mixing using liquid CO; instead
of supercritical CO; and the effect of using a smaller nozzle. Figure 12 shows
the results for REHPS mixing of the Al,03/SiO, system at a pressure and tem-
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Figure 9. EDX spot analysis result of the REHPS mixture of Al;03/Si05(1: 1) (by using the bottom-
release apparatus). Results for REHPS released in the chamber at a pressure of (a) 8.274 x 109,
(b) 1.379 x 107 and (c) 2.068 x 107 Pa.
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Figure 10. EDX spot analysis result of the REHPS mixture of Al;03 /MoO3 (using the bottom-
release apparatus). Results for REHPS released in the chamber at a pressure of (a) 8.274 x 106 and
(b) 1.379 x 107 Pa. :

perature (1.034x 107 Pa and 20°C) such that liquid CO, is present in the mix-
ing chamber. Once again, a single dominant peak is observed in the frequency
distribution plot, indicating good mixing (standard deviation is 0.145). The re-
sults for a 250-um (instead of a 500-um) expansion nozzle, shown in Fig. 13,
indicates that the homogeneity of the mixture is similar to that obtained us-
ing the 500-um nozzle (Fig. 3a). This implies that the nozzle size probably
does not have a significant effect on the mixing quality. It is noted, however,
that the results shown in Figs 12 and 13 are preliminary, and more extensive
studies are required to make a strong conclusion regarding the effect of lig-
uid media and/or nozzle size. However, as was previously concluded, the pre-
liminary results using liquid CO, indicate that the high-pressure drop expansion
is mainly responsible for de-agglomeration and subsequent mixing of the nano-
particles.
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Figure 11. EDX spot analysis result of the REHPS mixture of Cu/TiO, (using the bottom-release
apparatus). Results for REHPS released in the chamber at a pressure of (a) 8.274 x 10° and
(b) 1.138 x 107 Pa.

4.3. FESEM evaluation

4.3.1. Secondary electron image. Although EDX analysis is a powerful tool
for both quantitative analysis as well as mapping the elemental distribution in
the mixture, its resolution is limited to a quasi-spherical volume of around 1 pum
in diameter. FESEM can provide a very high magnification image at the nano-
scale and can be used to determine the mixing behavior at that scale. Generally,
a secondary electron image of FESEM with high magnification can be used to
distinguish a nano-particle mixture directly if the two constituents have significant
size and/or shape differences. Here, several images for the mixture systems
considered in the previous section are shown to illustrate the capability of this
approach for qualitative evaluation.
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Figure 13. EDX spot analysis result of the REHPS mixture of Al;03/SiO, (using the bottom-release
apparatus) with release through a 250-m nozzle and supercritical CO;.

For example, the FESEM images in Fig. 14a show that the MoO; particles have
many particles shaped like flakes, which can be clearly seen in the mixture of
AL 03/Mo0; (Fig. 14d). While these big flakes can be identified in the image, the
small MoO; particles present in the mixture cannot be easily distinguished at this
scale. Similarly, it is very easy to distinguish copper particles (Fig. 14b) in the mix-
ture of Cu/TiO; (Fig. 14e), because the size of the copper particles is much larger
than the titania particles and copper has a strong secondary electron signal. We
can clearly see titania agglomerates among the copper agglomerates. On the other
hand, for the mixture of SiO,/Al,O; where the size and shape of SiO, (Fig. 14¢)
and Al,Oj; are similar, it is more difficult to clearly distinguish between them, ex-
cept for the distinct chain-like structure of the SiO, particles clearly visible at the
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magnification of x 150000 in the mixture of Si0,/Al,O3 (Fig. 14f). Nonetheless,
high-resolution FESEM images can only provide a qualitative indication of particle
mixing at the nano-scale, and even that is highly dependent on the size and shape of
the particles in the mixture.

4.3.2. Back scattered image. In addition to secondary electron imaging, back-
scattered imaging can also be used to distinguish particles that have different
atomic weights. As seen in the back-scattered images in Fig. 15, the MoO; and
copper particles are much brighter than the alumina and titania, respectively. When
compared with the secondary electron images, the back-scattered images are easier
to identify. Since back-scattering electrons reflect signals of nanometer scale, it
can be used to identify nano-particles. As seen in the images of the mixtures of
Al,03/Mo0O3; and Cu/TiO; in Fig. 15, one can identify the brighter particles of
MoO3 and copper, respectively. However, for the mixture of Al,O3/Si0;, it is not
easy to obtain a meaningful image contrast since the atomic weight difference is too
small to be distinguished.

4.4. EELS/STEM characterization

Although FESEM is capable of distinguishing nano-particles directly, it is only
suitable for mixtures with differences in size, shape or some other physical
properties like atomic weight. Thus, this technique is not adequate for a mixture
of SiO,/Al,05. To obtain quantitative information for this nano-particle mixture,
EELS with a STEM mode can be used. A LEO 922 in-column energy filtering TEM
with scanning mode was utilized for the nano-scale analysis of the SiO,/Al,O5
mixture.

As seen in Fig. 16, the two different types of particles can be clearly distinguished
by a comparison of the original zero loss image and the Al element filtered
image. The sample processed using solvent-based mixing appears to be less
homogeneously mixed at the nano-scale when compared to the REHPS-based
mixture. The results shown in Fig. 16 are typical of several samples that were
analyzed using EELS. The results indicate that EELS can provide a very accurate
image of element distribution at the nano-scale and that REHPS mixing is effective
even at the nano-scale. The EELS technique is based on the atomic order of an
element, and has no relation to particle size and shape. Thus, it is the most powerful
method to characterize a mixture of nano-particles.

5. CONCLUDING REMARKS

The objective of this paper was to evaluate the effectiveness of the REHPS process
for nano-particle mixing. This was accomplished through analyzing the results of
a number of experiments on several nano-particulate systems. Mixing was also
carried out using the MAIM process and a solvent-based process for comparison
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Figure 16. EELS images of mixtures of Al,03/Si05: (a) solvent mixing results [zero loss image (top)
and Al map (bottom)] and (b) REHPS mixing results [zero loss image (top) and Al map (bottom)].

with the REHPS results. A number of mixture characterization methods were also
evaluated.

It is shown that EDX spot analysis is useful for a semi-quantitative analysis at the
micron scale, but cannot determine mixing quality at the nanoscale. FESEM may
be used for characterization at the nano-scale, but it can only provide qualitative
results when a significant difference in size, shape and atomic weight exist between
the constituents. It is also shown that EELS, along with STEM, is the most
powerful method to characterize nano-particles mixtures as it can map the elemental
distribution at nanometer resolution. However, it is an expensive and time-
consuming method for obtaining a large amount of statistically significant results.

An analysis of the experimental results by various methods, in particular the EDX
spot analysis technique, indicates that REHPS is the best mixing method for nano-
particles amongst the three methods studied. It works very well when the two
particles mixed are generally similar in size and do not have a wide size distribution,
e.g. the mixtures of nano-sized Al;O; and SiO, described in this paper. It also
works well for a mixture of Al,O3 and MoOj3, even though the MoOj; particle size
distribution is wide, but the density difference between the two materials is not very
large. When the density difference is significant and the agglomerates of one of
the constituents are very difficult to break, REHPS mixing does not provide good
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results. However, the results obtained using the REHPS method were as good or
better than the results obtained using the other mixing methods.

Good mixing by REHPS appears to be due to the rapid pressure expansion of
the suspended mixture. It was observed that the samples collected before the
rapid expansion were not well mixed, while the samples collected after the rapid
expansion were very well mixed. Hence, the sudden decrease in pressure appears
to be the major reason for the break-up of agglomerates and subsequent mixing.
Overall, the REHPS process is a promising new method for nano-particle mixing,
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