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A B S T R A C T   

Magneto-active elastomers (MAEs) are a subclass of smart materials that have the ability to actuate and alter 
their mechanical and magnetic response when subjected to an external magnetic field. Past research has shown 
that higher net magnetic remanence of an MAE is desirable to increase actuation and produce the most magnetic 
work. To create a magnetically aligned MAE, a hard magnetic material is mixed in an elastomer solution, then 
cured in a strong external magnetic field causing particle alignment. A high degree of alignment of magnetic 
particles is expected to result in improved remanence. However, in MAEs with soft magnetic particles cured in a 
field, past research has shown that the degree of alignment, vs. less ordered clustering, varies with particulate 
volume content. Consequently, it is important to study the degree to which volume content of magnetic material 
affects physical particle alignment, bulk magnetic properties, and the coupling between the two in MAEs with 
hard magnetic filler particles. In this study MAEs with a hard magnetic filer (barium ferrite) are investigated with 
varying volume content of magnetic material ranging from 5 to 30% by volume. Batches of MAEs were tested 
using X-ray diffraction and vibrating sample magnetometry to gain information on crystal structure and bulk 
magnetic properties. The results of the collected data suggested all poled samples had both higher physical 
particle orientation as well as a larger remanence than the unpoled counterparts. As volume fraction of magnetic 
filler was increased the net magnetic properties per volume of magnetic material remained fairly constant. 
However, the degree of physical particle orientation varied with a local minimum at medium volume fractions. 
Collected data was used to calculate two orientation parameters, the degree of preferred alignment parameter, η, 
and the orientation of distributions of magnetic domains parameter, σ. The two parameters were compared to 
show a relationship between physical particle alignment and net magnetic properties as volume of magnetic 
material increases. Based on the collected results, a hypothesis is presented on how particle interaction is 
speculated to evolve as volume fraction of magnetic material is increased.   

1. Introduction 

Magneto-active elastomers (MAEs) are a subclass of a more well- 
known material, magneto-rheological elastomers (MREs). Broadly 
speaking, MREs are a viscoelastic solid whose mechanical properties can 
be controlled by an external magnetic field [1]. These composites have 
applications in media data storage, magnetic position sensors, flexible 
magnets, touch screen displays, electromagnetic shielding, vibration 
absorbers, and engine mounts [2–6]. When placed in an external mag
netic field, the combination of internal particle interactions and the 
applied field leads to actuation and alteration of the material mechanical 
properties[7,8]. By increasing the volume content of magnetic material 
in an MAE the net magnetization can be increased thus increasing the 

work that is able to be produced. However, previous studies have shown 
that increasing the amount of magnetic material causes particle in
teractions to occur that may limit the bulk magnetic properties of the 
MAE[9]. 

Various magnetic fillers have been used in MAEs to maximize actu
ation. Previous work has investigated the behavior between materials 
embedded with hard magnetic materials (barium ferrite) in two cases: 
aligned, or materials cured in a high magnetic field and unaligned, or 
materials cured in zero field[10]. Results showed the combination of 
hard magnetic particles and coherent alignment of the particles’ mag
netizations were required to maximize actuation. It has also been shown 
that hard magnetic materials with higher net magnetizations produce 
larger motion and blocked forces[11]. 
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Based on the results of the previous work, hard magnetic barium 
ferrite (BaFe) is chosen as the magnetic filler of the MAEs in this study. 
Due to its hexagonal magnetoplumbite structure the material is referred 
to as barium hexaferrite as well. It is attractive to MAE applications due 
to its relatively high Curie temperature of 450 ◦C, high coercive force of 
6700 Oe, high magnetic anisotropy field, and its chemical stability to 
resist corrosion[12–14]. Its high anisotropic magnetic field indicates 
that the coherent alignment of particles can create a greater bulk mag
netic moment. Due to the size and shape of barium particles, typical 
barium ferrite crystals grow very little in its crystallographic c-direction 
while growth is significantly more rapid in the crystallographic a-plane. 
This growth causes barium ferrite to form thin hexagonal plate-like 
structures with the easy axis of magnetization out of plane of the 
plates[15]. These structures result in anisotropic magnetic properties 
within a crystal[16]. The alignment of BaM particles in a magnetic field 
is directly related to its crystallographic orientation since the easy axis of 
magnetization corresponds to the crystallographic c-axis[17]. In a bulk 
sample of BaM, randomly oriented particles result in isotropic magnetic 
behavior. Therefore, to achieve the most efficient development of 
anisotropic magnetic performance it is desirable to magnetically align 
the particles of BaM within a given sample. 

In MAE applications, samples may be poled in various directions 
causing hard magnetic particles to align within the sample in various 
orientations. Two of the most common directions of poling are in-plane 
and out-of-plane. These alignment directions are shown in Fig. 1 where 
the bulk gray cylinder represents the elastomer matrix, the large blue 
arrow points in the direction of the applied field, and the small black 
arrows represent the hard magnetic particles pointing in the direction of 
their internal magnetization. 

Previous work has quantified the magnetic properties of both barium 
ferrite powders and MAEs containing various weight percentages of 
barium by collecting hysteresis loops of samples[12,18,19]. Results 
showed that increasing the barium ferrite content in a Polyvinylidene 
fluoride (PVDF) material increases both remanent and saturation 
magnetization[19]. Previous work has also investigated the change in 
particle microstructure as volume content of magnetic material (iron) is 
increased[9]. Results showed lower fractions (1.5 and 11.5% by vol
ume) contained well-ordered chainlike structures which had larger 
spatial separation between particles. Higher volume fractions (33% by 
volume) showed more complex clusters of particles with less spatial 
separation between them. The transformation from well-ordered struc
tures to particle clusters may limit the bulk magnetic properties of the 
MAE. While previous studies have measured the bulk magnetic prop
erties and microstructure of MAEs with varied volume content of mag
netic material, studies have not linked the physical assessment of 
particle orientation to bulk magnetic properties as this study purposes. 

By measuring the hysteresis curve for samples, remanent and satu
ration magnetization can be extracted. By determining these values, it is 
possible to quantify the distribution of internal magnetic domains in an 
MAE. Previous work has related the squareness ratio, or the ratio of 
measured remanent magnetization to the saturation magnetization to 
the distribution of orientations of magnetic domains in an MAE[20]. 
Details are given in Appendix C. By considering a single magnetic 
domain in a Cartesian coordinate system, the location and orientation of 
the domain can be completely described. Integrating over the entire 
sample volume in the coordinate system and assuming a Gaussian dis
tribution of magnetic domains, the width of the distribution, σ, can be 
determined. Ideally samples with a high degree of magnetic alignment 
will have a narrow distribution and show small σ values. Randomly 

orientated domains will show a broad distribution of magnetic domains 
indicated by a large σ. 

In order to determine the degree of physical particle alignment in an 
MAE, X-ray diffraction (XRD) techniques can be applied. Previous work 
has theoretically calculated and experimentally confirmed the lattice 
spacing associated with each (hkl) plane in barium ferrite[21]. This 
theoretical pattern represents the random orientation of barium ferrite, 
or how the material would naturally appear before any alterations are 
made to crystallinity or structure [22]. Using this reference pattern al
lows for the comparison of peak intensities as well as match Miller 
indices to the correct peaks in the pattern. Previous studies have used 
techniques to determine physical particle alignment in samples [23]. By 
collecting the XRD pattern for samples the appropriate crystallographic 
planes, and thus peak intensities, in the pattern can be compared to 
determine if particles are aligned with preferred alignment in the 
observed planes. However, the direct comparison of absolute peak in
tensities from sample to sample cannot be done. Many factors affect the 
intensity of diffracted x-rays from a sample between two runs. Sample 
placement, sample size, sample height, temperature, and the tube 
strength from the source of x-rays all have an impact of the absolute 
intensity of x-rays diffracted[24]. For this reason, it is important to 
compare relative intensities between samples, or the ratio of absolute 
intensities of a given plane to another plane in the material[24]. In XRD 
it is typical to define relative intensities to the maximum peak in the 
pattern such that the maximum peak has a relative intensity of one and 
each other peak in the pattern has a relative intensity less than one. 

Using collected XRD patterns, previous work by Zolotoyabko has 
developed an analytical method to quantify the degree of preferred 
orientation of crystallites[25]. First the collected relative intensities I(h)
and I(h0), along an arbitrary axis , h, and the nominal alignment axis, h0, 
are related to the corresponding relative intensity of the powder pattern 
to define the March parameter, r, from 

r =

⎡

⎢
⎣

sin3(α)
(

κ
κp

)2/3

− cos2(α)

⎤

⎥
⎦

1/3

(1) 

Here, κ = I(h0)/I(h), α is the angle between h and h0, and κp =

I(h0))/I(h∞) where I(h∞) is the intensity of a random powder sample. 
The degree of preferred orientation of crystallites, η, can then be 
calculated as a function of r from 

η(%) =

[
(1 − r)3

1 − r3

]1
2

× 100 (2) 

where the η parameter is defined as 100% for the case of perfect 
uniaxial preferred orientation, and 0% for a perfectly random powder. 

2. Material and methods 

2.1. Morphology of the fabricated samples 

The MAEs used in this study were fabricated using a silicone rubber 
compound and Barium ferrite (BaFe). Barium ferrite with the chemical 
formula BaFe12O19 is also referred to as M− type barium hexaferrite 
(BaM). The barium ferrite used in this study was 325 mesh (particle size 
less than 44 µm) < BaFe12O19 > of 99.9% purity from ESPI metals (ESPI 
Metals, Oregon, USA, stock number: Knc6220). A silicone solution of 
DOW Sylgard 184 rubber compound was mixed with its catalyst at a 

Fig. 1. Illustration of hard magnetic particles in an MRE poled out-of-plane (left) and in-plane (right). Arrows represent the preferred magnetic axis of a particle.  
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10:1 ratio in an aluminum mixing pan. To be sure the silicone and 
catalyst compound were not degraded, all samples were made using 
solution that had not been opened for more than one month. The catalyst 
and silicone mixture were mixed together by hand using a spatula micro 
spoon for at least 5 min. After the catalyst and silicone solution was well 
mixed, the required mass of BaM to achieve a desired volume fraction 
was added by 

MB =
%vol

(1 − %vol)
ρBarium

ρelastomer
Melast/cat (8) 

where %vol is the desired volume fraction of BaM in the MAE, ρ is the 
density of barium or elastomer as listed, and Melast/cat is the mass of the 
elastomer/catalyst solution. The density of the 325 mesh BaM used in 
this study is 5.28 g

cm3, and the density of the elastomer used is 1.00 g
cm3. 

The mixture was mechanically mixed after each addition. The 
mixture was then placed in acrylic molds to cast the MAEs as cylinders 
with a diameter of 6 mm and height of 1.5 mm. Enough solution was 
mixed to cast four samples in two identical molds. One of the molds was 
set aside for at least two days to cure outside of the influence of a 
magnetic field. These samples are referred to as the unpoled samples for 
a given volume fraction. The second set of samples in the second mold 
were immediately placed in a MFG-6–12 Magnetech Corp table top 
magnet with the poling faces sitting directly in contact with the top and 
bottom of the mold. This poling configuration is shown in Fig. 2. 

Samples were subjected to an applied field of 1.43 T for about 12 
min, or until the poling magnet reached a maximum temperature of 
50 ◦C. By placing the mold between the poling faces as shown in Fig. 2, 
the magnetic flux lines of the electromagnet were perpendicular to the 
material being cast in the mold. This configuration poled all the MAEs in 
this study out-of-plane. All poled samples were left to cool in the poling 
magnetic for at least 12 h before removing them from the mold. 

Batches of MAEs were fabricated with 5%, 10%, 15%, 20%, 25%, and 
30% by volume BaM. Each batch contained four poled and four unpoled 
samples. The same BaM-elastomer mixture was used to cast both poled 
and unpoled samples of each volume fraction for consistency. 

When samples are poled, the coherent alignment of BaM particles 
increases the bulk magnetic remanence of a sample. The alignment of 
the physical particles can be seen by scanning electron microscopy 
(SEM). As previously stated, particles form hexagonal plate like struc
tures with their crystallographic c-axis, which corresponds to the easy 
axis of magnetization, out of plane of the plate. Therefore, it is expected 
to observe the plate like formations to orient with their surface normal 
being parallel to the applied field. These structures and their orientation 

are shown by the SEM images in Fig. 3 where the white arrow corre
sponds to the direction of the applied magnetic field. 

2.2. Vibrating sample magnetometry (VSM) 

Hysteresis loops were collected on all four samples in each poled 
batch and the four unpoled samples in the 10% by volume batch using a 
Microsense EZ7 vibrating sample magnetometer. Plots for each sample 
were measured using an applied magnetic field strength from − 19500 to 
19,500 Oersted (Oe). Data points were collected every 1000 Oe when 
the applied field was between 9500 and 19,500 Oe, and also when the 
applied field ranged from − 19500 to − 9500 Oe. When the applied field 
ranged between − 9500 and 9500 Oe, data points were collected at 500 
Oe intervals to gain higher resolution in the remanent region. 

The measured magnetic moment from each of the four samples in a 
batch was averaged and a standard deviation was calculated for each 
data point collected at the applied field strengths. Fig. 4 shows the 
average measured magnetic moment of each batch of a given volume 
fraction of BaM with error bars of one standard deviation (some error 
bars are not visible due to the very low scatter between samples 
measured). As shown, the 5% and 10% by volume poled samples 
approach full saturation. Higher volume fractions are nearly saturated; 
these volume fractions, however, are experiencing coherent domain 
rotation as opposed to domain switching near hysteresis. For this work, 
we denote the highest recorded magnetization in each VSM test as the 
“highest magnetization”. As expected, both remanence and magnitude 
of hysteresis increase with magnetic volume content. This trend agrees 
with the previous study on barium ferrite films with increasing barium 
ferrite content [18]. The unpoled batch shows a very low remanence, as 
expected since it represents an isotropic sample in which magnetic 
particles have no preferred orientation. 

In order to compare the measured bulk magnetic moment between 
various volume fractions, it is necessary to normalize by the volume of 
magnetic material in the sample. The measured data in emu/g was 
normalized by the amount of magnetic material in a given sample and 
converted to units of Tesla. The normalized remanent and highest 
magnetization values (approaching saturation) from the four samples of 
each batch were averaged together and a standard deviation was 
calculated for each batch to observe trends in bulk sample magnetiza
tion. The results are shown in Fig. 5. For a baseline comparison, the 
average normalized remanent and highest magnetization of the 10% by 
volume unpoled batch tested is shown on the plot as a square marker. 
Since the unpoled sample ideally represents the isotropic case, the value 
is extended, for visual reference, across volume fractions. 

According to Fig. 5, the results show a nearly constant normalized 
remanent value for each batch. All poled batches are within a 0.111 T 
(v/v) band from the calculated average normalized remanent magneti
zation. The maximum average remanent magnetization was shown in 
the 5% by volume batch with a remanence of 0.523 T (v/v), 19.7% 
above the mean for all volume fractions. The minimum average rema
nent magnetization was the 20% by volume batch with an average 
remanence of 0.413 T (v/v), 5.58% below the mean for all volume 
fractions. It can also be noted that samples showed very consistent re
sults within each batch shown by the small standard deviation bars. For 
batches containing 15% BaM by volume or higher, most error bars are 
not visible due to the width of the data point. 

The highest magnetization of each batch is very close to the average 
highest value for the unpoled batch. The 10% by volume unpoled batch 
showed a normalized highest magnetization of 0.517 T (v/v). The 
average highest magnetization of all poled samples for all volume 
fractions is 0.519 T (v/v) with a standard deviation of 6.4% from the 
mean. The maximum average highest magnetization measured was 
0.597 T (v/v) in the 5% by volume batch, and the minimum average 
measured was 0.496 T (v/v) in the 30% by volume batch. This high 
degree of consistency for varied volume fractions is contributed to the 
fact that each sample used the same material, BaM, as a magnetic filler. 

Fig. 2. Electromagnet used to create the poled samples. The three-part mold 
was placed on the bottom poling face and the top poling face rested directly on 
the three-part mold to maximize the magnetic field experienced by the samples 
by reducing the gap. The maximum field produced in this configuration was 
1.43 T. 
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The distribution of orientations of magnetic domains parameter, σ, 
was estimated for each sample using the collected VSM data. To calcu
late the squareness value of each sample, the measured remanent 
magnetization (normalized by the amount of magnetic material) was 
divided by the highest measured magnetization across all samples (also 
normalized by its amount of magnetic material). This highest measured 
value was 0.623 T [19]. The squareness of each sample was then related 
to the distribution of orientations of magnetic domains in the sample 
using the relationships developed in previous work [20]. An average σ 
value was then calculated for each poled batch along with the standard 
deviation, the results are shown in Fig. 6. A distribution parameter was 
only calculated for poled samples since the squareness value determined 
for unpoled samples was too low to mathematically calculate a σ value. 

A small σ indicates a narrow distribution of magnetic domains. As 
shown in Fig. 6, the 5% by volume batch of samples has the smallest 
distribution parameter and therefore the smallest distribution of mag
netic domains. Samples with 10% up to 30% by volume show a fairly 
uniform distribution parameter. Average σ values for samples between 

10% and 30% volume fraction range between a minimum of 0.664 at 
25% and a maximum of 0.750 at 20% by volume. The results suggest low 
volume fractions have a narrowly distributed distribution of magnetic 
domains, and higher volume fractions tend to have a more uniform 
(wider) distribution of magnetic domains. 

By plotting the average calculated σ versus the average squareness of 
each batch correlations can be observed. The results are shown in Fig. 7. 

Fig. 7 shows a linear relationship between σ and normalized rema
nent magnetization. For the greatest MAE performance, it is desired to 
operate in the lower right corner of the plot. This region corresponds to a 
narrow distribution of magnetic domains and a high remanence 
magnetization. As shown in the figure, the lowest volume fraction, 5% 
by volume, shows the highest correlation yielding a high remanence 
magnetization and narrow distribution of magnetic domains. The 
remaining five batches with varied volume fraction show inconsistent 
results varied with increased magnetic content. Although the data seems 
to form a linear trend between the orientation parameter and normal
ized remanence, there is no obvious trend showing a relationship to 

Fig. 3. (a) SEM image of a BaM plate like particle in an MAE. The structure shown in this image measures 1.46 µm from edge to edge [unpoled sample]. (b) SEM 
image of BaM particles in an MAE. White arrow indicates the direction of poling [poled sample]. 

Fig. 4. Magnetic Hysteresis plot of average data points measured for all four samples per batch. Standard deviation bars are shown on each point, many are not 
visible due to the very small variance between samples. 
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increased BaM volume content. The assertion can be made that higher 
remanent magnetization requires a more narrow distribution of mag
netic domains. The linear behavior shown above is unexpected since the 
σ parameter is determined based on a Gaussian distribution, which is an 
exponential function. Therefore, it is expected to observe an exponential 
relationship between the parameters plotted. However, the data 
collected may only cover a narrow band of the entire curve making it 
appear linear. 

2.3. X-ray diffraction (XRD) 

X-ray diffraction pattern of each sample was measured using a 
PANalytical X’Pert Pro Multi-Purpose Diffractometer (MPD). Power was 
set to 45 kV and 40 mA to create CuKα radiation with a wavelength of 
1.5418 Å. A beam mask of 10 mm and a scatter slit of 0.5◦ was used to 
direct the beam. Samples were tested sweeping angles from 5.0◦ to 70.0◦

in 0.0263◦ increments. The raw collected x-ray patterns were analyzed 
using Jade software. Typical diffraction patterns for a poled and unpoled 
MAE are shown in Fig. 8. 

This study focuses on five particular Miller indices: (006), (008), 
(107), (114), and (0 0 14). Since each sample was poled out-of-plane, 
and it is known the easy axis of magnetization corresponds with the 
crystallographic c-axis of BaM, the (00 l) directions were selected. Poling 
samples out-of-plane aligns the BaM particles in this direction with 
respect to the sample surface. The (107) plane was selected because it 
was found to be the maximum peak in all poled samples. The (114) 
plane was chosen because it is known to be the primary peak or 
maximum plane in a random sample; this was also proven true in all 
unpoled samples[21]. Since the (114) was shown to be maximum in 
unpoled samples and in the powder pattern[21], it was chosen as the 
characterization peak for relative intensities. 

The relative intensity to the (114) peak of each plane of interest was 
recorded for every sample. An average and standard deviation was then 
calculated for each plane of interest of each volume fraction for both 
poled and unpoled batches. The results are shown in Fig. 9. Also, Table 1 
shows 80 percent confidence window relative intensity of each plane of 
interest for every batch of samples. 

The results show all planes in the direction of poling, (00 l) planes, 
and the (107) plane have a significant increase in average relative in
tensity for poled samples over that of unpoled samples indicating an 
increase of particle alignment. Also, since each of the planes of interest 
for every poled sample has a relative intensity above one, each of these 
planes have a larger absolute intensity than the (114) plane in their 
respective patterns. In unpoled samples, the (114) plane has the largest 
absolute peak intensity indicated by each of the other planes of interest 
having a relative intensity below one. The figure also shows that the 
(107) plane has a larger relative intensity than each of the other planes 
of interest for poled samples. In the poled batches, the average (107) 
relative intensity remains larger in each batch except for the 30% by 
volume batch. In general, comparing (hkl) planes, the average relative 
intensities for all volume fractions of poled samples are ranked (107), 
(008), (006), and (0 0 14) from highest to lowest. 

Using the relative intensity data collected in each x-ray diffraction 
pattern, the average degree of preferred orientation value, η, was 
calculated for each of the four poled and four unpoled samples of each 
volume fraction for the (006), (008), (107) and (0 0 14) planes. An η 
value cannot be defined for the (114) plane since it is the characteristic 
normalization plane. An η value of 0% indicates a perfectly random 
sample, and an η value of 100% indicates perfect uniaxial alignment. 

The calculated orientation parameter suggests the unpoled batches 
show a low and constant degree of alignment in each plane when 
compared to the poled batches. Every poled volume fraction shows a 
higher degree of preferred orientation in each plane than the corre
sponding unpoled volume fraction. Among poled samples the lowest 
volume fraction, 5% by volume, has the highest degree of preferred 
alignment. There is a local minimum value in the alignment parameter 

Fig. 5. Average normalized remanent magnetization values and average 
highest achieved magnetization values for each batch of poled samples with 
error bars of one standard deviation. The hollow marker at 10% by volume, 
extended across volume fractions for reference, is the average value collected 
from the unpoled 10% samples, and therefore represents the isotropic case. 

Fig. 6. Average calculated σ value for each batch of poled samples. Each data 
point is plotted with error bars of one standard deviation. 

Fig. 7. Average calculated distribution parameter, σ, versus average square
ness. Each data point represents a given batch, and the attached error bars show 
standard deviation of the batch. 
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for the 15% by volume batch. As volume content increases or decreases 
from this local minimum the degree of preferred orientation parameter 
increases in each (00 l) direction. 

2.4. Comparison of physical and magnetic alignment 

To observe a correlation between particle alignment described by the 
calculated alignment parameter, η, and the bulk magnetization of a 
batch, the squareness was plotted versus η in Fig. 11. For the most 
efficient MAE performance, ideally each data point would be located in 
the upper right corner of each plot in Fig. 11. The upper right corner 
corresponds to a high remanent magnetization and a high degree of 
particle alignment. All three index planes plotted show consistent re
sults. The 5% and 10% by volume batches are located at a higher η and 
remanence than other batches for each plane plotted. Also, each of the 
remaining batches show uniform placement relative to the others for 
each plane of interest. The lowest volume fraction, 5% by volume, is the 
only batch of samples that tends towards the ideal operation location. In 
each plane of interest, the 5% volume fraction measures the highest 
degree of alignment and the largest normalized remanent 
magnetization. 

Batches of samples with more than 5% by volume show relatively 
little variance in remanence magnetization, but a large variance in 

calculated particle alignment. This suggests that increased volume 
content above 5% has little effect on increasing the effective remanent 
magnetization, however, the varied amount of magnetic material will 
have an effect on particle alignment. A large increase in particle align
ment and little increase in remanent magnetization may suggest particle 
interactions or agglomerates may be limiting the bulk magnetization. 
This behavior may also indicate the formation of structures which have 
differential effects in alignment and magnetization. 

The distribution parameter, measures the orientation of magnetic 
domains and the alignment parameter, η, measures the physical align
ment of crystals in a sample. To determine if a correlation exists between 
the net magnetic orientation of a sample and the physical particle 
alignment of a sample each parameter is plotted with varied volume 
content. 

It is expected a highly aligned sample will have greater bulk 
magnetization thus a small distribution of magnetic domains. For this 
criterion to be met, data points are expected to tend toward the lower 
right corner of each plot. Results show that the 5% by volume sample is 
the batch that most closely reaches the desired performance region. The 
10% by volume batch is approaching the desired region as well. The 
20% and 15% by volume samples show the lowest alignment and 
greatest distribution of magnetic domains. 

A correlation observed in Fig. 12 is the behavior of the 20% and the 

Fig. 8. Typical x-ray diffraction pattern collected for (a) unpoled sample and (b) poled sample. Planes of interest are labeled to their corresponding peaks. Both 
patterns shown were collected on 10% by volume BaM MAEs. 
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Fig. 9. Average relative intensity to the (114) peak of each batch of samples. (a) Shows unpoled samples and (b) shows poled samples. Note that the relative 
intensity of the (00 l) peaks for the poled samples is much higher than the relative intensity in the same plane for the unpoled samples. The dotted line shows the 
(114) relative intensity. Values above this line have larger absolute intensities than the (114) plane. 

Table 1 
Relative intensities of poled and unpoled samples with 80% confidence interval.  

Relative Intensity to (114) 
Volume (%) Poled Samples Unpoled Samples 

(006) (008) (107) (0 0 14) (006) (008) (107) (0 0 14) 

5 2.14 ± 0.08 3.85 ± 0.21 4.80 ± 0.33 1.75 ± 0.12 0.07 ± 0.00 0.13 ± 0.00 0.81 ± 0.02 0.06 ± 0.00 
10 0.84 ± 0.14 1.62 ± 0.33 3.10 ± 0.64 0.79 ± 0.16 0.09 ± 0.01 0.12 ± 0.00 0.75 ± 0.00 0.06 ± 0.00 
15 0.34 ± 0.05 0.67 ± 0.10 2.13 ± 0.12 0.34 ± 0.05 0.07 ± 0.00 0.11 ± 0.00 0.70 ± 0.00 0.05 ± 0.00 
20 0.47 ± 0.11 0.81 ± 0.13 1.82 ± 0.14 0.38 ± 0.05 0.07 ± 0.00 0.11 ± 0.00 0.67 ± 0.00 0.05 ± 0.00 
25 0.60 ± 0.08 1.29 ± 0.38 2.10 ± 0.21 0.53 ± 0.16 0.07 ± 0.01 0.12 ± 0.01 0.67 ± 0.00 0.5 ± 0.00 
30 1.09 ± 0.32 1.88 ± 0.53 1.81 ± 0.22 0.85 ± 0.27 0.08 ± 0.00 0.15 ± 0.01 0.68 ± 0.00 0.07 ± 0.00  
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30% by volume batches. Each of these batches have nearly the same 
average σ value, but the average η value shows variation. This trend 
suggests a greater alignment may not correlate with a more narrow 
alignment of magnetic domains. However, this phenomenon may be 
explained by considering the XRD measurements only capture a small 
spot size on the sample. The VSM measures the entire bulk sample 
magnetization. The XRD measurement may not capture enough of the 
sample to accurately describe the bulk material behavior. It is also 
important to note the XRD methods cannot distinguish the direction of 
the c-axis. The XRD techniques can determine if the c-axis is perpen
dicular to the sample surface but cannot differentiate whether the 
magnetic domain is aligned in the direction of poling or reversed. 
Having a large number of reversed domains will result in a high 
preferred alignment value but will greatly reduce the measured rema
nence magnetization. These reversed domains can be magnetically 
favorable since they close magnetic loops. 

3. Discussion of results 

VSM results of poled samples show that the normalized remanent 
and highest achieved magnetization remains relatively constant for 
samples of 10%% volume and above, with the lowest, 5% sample having 
a higher value than the other compositions (see Fig. 5). Results also 
show that the metric of alignment of magnetic domains, σ, appears to 
scale with the squareness ratio (see Fig. 7) and shows more alignment 
5% sample than all others (Fig. 6). In all cases, pre-curing increases the 
magnetic domain alignment (lowers σ)and thereby increases remanent 
magnetization. 

XRD results show that pre-curing also increases the metric of phys
ical crystallite alignment, namely η increases for all volume fractions 
(see Fig. 10). However, when viewed across volume fractions, an evo
lution of η is seen. In poled samples η is minimized near 15% − 20% 
volume fraction while in un-poled samples η is maximized in the same 
range. The 5% poled sample shows the most alignment. 

Based on the findings of this study, it appears increases in the mag
netic actuation performance, and efficient use of MAE material in ac
tuators, may be possible by using compositions below 10% v/v. The 
lowest, 5% v/v showed improvements in magnetic and physical align
ment above higher volume fractions that resulted in higher remanent 
magnetization per unit volume magnetic material (See Fig. 11). NOE 

that the magnetization of a body scales magnetic torque production 
along with the external field according to τ = m × H. Therefore 
increasing the magnetization per unit volume of magnetic material, as 
was shown at lower volume fraction herein, is beneficial in this instance 
because it allows use of less magnetic material for similar torque 
densities. 

In contrast, increased MAE actuator performance may not be 
attainable solely by increasing volume fraction of magnetic material. 
This would be the case in MAE compositions 10% or greater in uses 
where the MAE actuator’s effective composite stiffness varies linearly 
(or higher) with the volume of MAE material. Because the magnetization 
per unit volume magnetic material was shown to remain constant at and 
above 10% v/v (see Fig. 10), the constant value results in a linear scaling 
with increasing volume fraction that could be offset by increased ma
terial stiffness due to elastic reinforcement. 

It should also be noted, in the general design of MAE actuators, that 
linear increase in thickness of bending MAE actuators, which scales 
actuator volume and therefore torque produced linearly, will generally 
be offset be the accordant change in elastic bending stiffness, which 
scales as the thickness cubed. 

When comparing magnetic (σ from VSM) and physical (η from XRD) 
metrics of alignment, unexpectedly, results show that while the distri
bution of magnetic domains remains relatively constant, the degree of 
physical alignment still increases (see Fig. 12) . This somewhat con
founding result suggests that as volume fraction is increased, structures 
develop that increase in physical alignment, but do not subsequently 
increase the alignment of magnetic domains in the remanent state. 

A straightforward example explanation begins by considering stacks 
of particles (see Fig. 13a with plate-like particle shown on edge). Here, 
stacks are considered arrangements of successive particles layered on 
top of one another, with their out of plane easy axes aligned, examples of 
which can be see in in Fig. 3b. In other literature, these would be 
considered chains when successive stacks are aligned. Now consider two 
stacks of plate-like particles (See Fig. 13b-c). With the easy-axis shown 
out of the plane of the plate, individual stacks can have aggregate north 
and south poles as shown schematically given that, to first order, the 
constructive summation of the aligned dipole moments of individual 
particles. However, two stacks in proximity must seek a low energy state 
between themselves. This state can either be formed by a combined 
parallel collinear stack, or formed when the stacks align anti-parallel but 
adjacent to each other (see Fig. 13b-c). While less energetically favor
able arrangements (oblique incidence) may occur, discussion is limited 
to the more favorable possibilities. The anti-parallel case is actually the 
lower energy state given the two dipole moments are anti-parallel such 
that, to first order, the summation of their aligned dipole moments is 
zero. See calculations of magnetic dipole–dipole interaction energies in 
Appendix B for more details. 

It is further possible, that the degree of mobility, which arguably 
changes as we move from low volume fraction to higher volume frac
tions (approaching percolation) affects the degree of interaction of in
dividual particles seeking to form multi-particle stacks, and of stacks 
seeking to realign to lower their overall magnetic energy density as they 
form multi-stack arrangements. For example, low volume fraction al
lows more mobility, thus multi-particle stacks may more easily form and 
align themselves with the external field, but these now aligned stacks 
may not be in close enough proximity to other aligned stacks for dipo
le–dipole interaction strong enough to overcome viscous effects. Too 
much space may exist between the dipolar entities. In this fashion, the 
low volume fraction may reduce occurrence of both the collinear and 
anti-parallel structures, yielding dispersed, multi-particle, but still 
physically well aligned, stacks as a result. 

At high volume fraction, however, while dipole–dipole interactions 

Fig. 10. Calculated degree of preferred orientation parameter, η, for each 
volume fraction. Solid data points represent poled samples, and hollow data 
points represent unpoled samples. Each data color represents an index plane of 
interest in the direction of poling. Dotted lines are drawn to show the trend in 
poled and unpoled batches. 
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Fig. 11. Calculated degree of preferred alignment parameter, η, plotted versus the squareness to observe relationships between particle alignment and physical 
alignment for varied volume fractions. (a) Shows (006) alignment, (b) shows (008) alignment, and (c) shows (0 0 14) alignment. 
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will be stronger than at low volume fractions due to proximity, that 
proximity also reduces mobility through physical interaction. It is 
possible that while multi-particle stacks can form due to local proximity 
and dipole–dipole attraction, and subsequently align to some degree 
with an external field, further multi-stack alignment, collinear or anti- 
parallel, may be reduced. 

This mechanism would present the interesting possibility that there 
exist an intermediate volume fraction where multi-particle stacks may 
readily form in close enough proximity to each other for dipole inter
action, while at the same time having enough space and mobility to form 
the lowest energy anti-parallel case. Note that the ideal anti-parallel case 
will register as increased physical alignment through XRD (given ideally 
parallel crystallites) but also as lower alignment through VSM (given 

opposing magnetic dipoles). This combination could result in the 
experimentally observed reduction in physical alignment at the inter
mediate 15%-20% volume fractions (see Fig. 10). The mechanism could 
also present as the observed lack of increase in magnetic alignment 
while physical alignment increases across volume fractions (see Fig. 12). 

4. Conclusions 

This work studied the effect of increased barium hexaferrite 
composition as a magnetic filler material in magneto-active elastomers 
on physical particle crystallite alignment, magnetization orientation 
distribution, and bulk sample magnetization. Batches of MAEs were 
fabricated with BaM contents of 5%, 10%, 15%, 20%, 25%, and 30% by 
volume; each batch was divided into a sub-batch that was poled out-of- 
plane and a sub batch that was left unpoled. 

Results showed that exposure to a magnetic field during curing 
increased physical and magnetic alignment as well as remanent 
magnetization, as expected. Results also suggest that the degree of 
physical and magnetic domain alignment evolves with volume fraction, 
promoting the highest physical and domain alignment at the lowest 
volume fractions. Results ultimately suggest that careful processing is 
needed to ensure effect utilization of the magnetic filler with low mag
netic volume fractions (~5% v/v) possibly creating structures that 
promote higher magnetic remanence. More work studying composition 
increments at low volume fractions are suggested to track the evolution 
of the alignment response in this range. Further study of the behavior of 
materials with different crystal structures could also lead to insights on 
the evolution of structured formed and their effects on bulk properties 
versus volume fraction. 
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Fig. 12. Plots of the average calculated magnetic distribution parameter, σ, 
versus the average calculated degree of alignment parameter, η, for each batch. 
The error bars on each data point shows the standard deviation of each batch. 
(a) Shows alignment in the (006) plane, (b) shows alignment in the (008) plane, 
and (c) shows alignment in the (0 0 14) plane. 

Fig. 13. Schematic a of possible multi-particle stack arrangements. (a) plate- 
like particles shown edge on (blue) align their easy axes (red) due to dipo
le–dipole interaction to form stacks, then either (b) stacks interact to form 
collinear structures to align aggregate dipoles, or (c) stacks align anti-parallel to 
form minimum energy structures. 
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Appendix A 

X-ray diffraction techniques utilize the scattering effects that occur when x-rays interact with the regular spacing and arrangements of atoms to 
produce identifiable and differentiable characteristic scattering patterns. These patterns occur when an emitter sends x-rays into a sample while a 
collector records the intensity of the scattered x-rays. The angle of incidence of the emitter and subsequent relative angle of the collector are important 
details, discussion of which is beyond the scope of this appendix(see reference [24] for further details). 

For this work, a representative of each specific plane associated with our study of barium hexaferrite is shown in Fig. A1. Note that the studied 
planes include all successive planes associated with {0,0,6}, {0,0,8}, {0,0,14} and {1,1,4}, and {1,0,7} symmetries. The redundant fourth index has 
been omitted to align with the scattering results presented without loss of generality. 

Consider that within a crystal region of similar orientation, each plane will scatter x-rays at a given intensity yielding a nominal XRD pattern at a 
nominal angle of incidence. However, across the distribution of orientations in a polycrystalline material or across particles of varying bulk orien
tation, the nominal scattering of the ideal crystal shifts when viewed with respect to some fixed axis, but still is self-consistent with respect to the 
relative orientations inside a given crystalline region. Specifically, each crystalline region will yield the idealized XRD pattern when excited at its own 
nominal angle of incidence which may differ from other crystalline regions in the sample. The March parameter, and the estimation of the degree of 
orientation that follows from it, account for the variation in distribution of the orientation of different crystalline regions within the spot size of the 
XRD machine. The result yields a metric of how uniformly aligned the crystalline regions are based upon comparison idealized XRD pattern of the pure 
material at the nominal angle of incidence versus the measured results across a range of incident angles[24]. Further details can be found in the 
reference, but are beyond the scope of this work. 

Appendix B 

Arguments for the parallel and anti-parallel stack arrangements find their basis in two key elements:  

1) the assumption that given barium hexferrite’s hard-magnetic c-axis, which allows particles to be viewed individually as dipoles, aggregates of 
particles may further create an aggregated dipole, specifically having a local magnetization equivalent to the sum of the magnetic dipoles in the 
aggregate; and  

2) the investigation of the potential energy between dipoles (either between individual particles or between stacks of particles) as given by 

H =
− μ0

4π|r|3
(3(m1∙r̂)(m2∙r̂) − (m1∙m2) ) (B1) 

where m1 and m2 are the magnetization of either two individual particles or of two aggregates of particles, and r is the vector between dipole 
centers. 

For the sake of analysis, consider the two dipoles defined in a 2D Cartesian system by 

m1 = m
(

cosθ1 î +sinθ1 ĵ
)

(B2-a) 

m2 = m
(

cosθ2 î +sinθ2 ĵ
)

(B2-b) 

where m is the magnitude of the dipole (assumed equivalent for each dipole, particles with particle, or stack with stack), r = |r| and 

r = r
(

cosθr î + sinθr ĵ
)

(B3) 

is the vector separating the centers of m2 and m2. The dipoles are treated as ideal point dipoles for the this analysis. 
Aggregates of particles that arise from argument 1 have the ability to enhance or diminish bulk magnetization. Fig. 13a depicts a well aligned 

aggregate of dipoles, herein called a stack, which to first order would have a magnetization m derived from the sum of the magnetizations of the 
individual particles contained in the aggregate, neglecting demagnetizing factors and assuming ideal magnetic behavior for sake of a simplified 
discussion as has been suggested elsewhere[26]. In a well aligned stack, the magnetization in the stack is enhanced by individual particle alignment. 
Fig. 13b depicts a case in which two aggregates are themselves aligned such that their net magnetization is enhanced. However, Fig. 13c depicts the 
opposite case, where the magnetizations of the two aggregates are in opposition such that the net magnetization is reduced. Moreover, in this opposing 
case a portion of the magnetic material would not contribute to the bulk magnetization, hence the total magnetization per unit magnetic mass would 
be decreased. 

A rationale for the initial formation of well aligned stacks (Fig. 13a) , and for the parallel (Fig. 13b) and anti-parallel (Fig. 13c) arrangement of 
stacks, is found in argument 2, examination of the potential energy between dipoles. Given equations (B2) and (B3), equation (B1) reduces to 

Fig. A1. Hexagonal crystal lattices. (a) Ideal crystallographic structure showing the two in-plane lattice parameters a, and the out-of plane parameter c, (b) (001) 
plane, (c) (114) plane and (d) (107) plane. 
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H* = − (3(cosθ1r)(cosθ2r) − cosθ12 )r− 3 (B4) 

where θab = θa − θb, and H* = (m2μ0/4π)− 1. 
In the case where the dipoles, individual particles or stacks of particle, are collinear and parallel (Fig. 13b), eq. (B4) reduces to 

H*
‖ = − 2r− 3 (B6) 

where we see a minimum energy case when the dipoles form the collinear stack with r→0 driving any subsequent reduction in energy. Hence, stack 
formation and alignment of stacks are promoted. This arrangement however, must still satisfy the divergence of the B field, namely 
∫

∇∙B = 0 (B7) 

which requires the return of magnetic flux from the north end of a stack to the south through air, a high magnetic impedance medium. The anti- 
parallel case helps address the divergence issue by lowering the magnetic impedance while still offering a low energy state. 

Consider stacks as dipoles where two are anti-parallel and adjacent (Fig. 13c) which reduces equation (B4) to 

H* = − r− 3 (B7) 

where the potential energy may be further reduced by decreasing r. While the energy is higher than the collinear and parallel case, the pair provide 
a framework for understanding how a series of stacks encompassing an arc of 360◦ can aid completion of the magnetic flux path needed to satisfy the 
divergence requirement by creating a lower impedance route from north back to south poles. Along this arc, any two adjacent stacks will have their 
energy bounded by either H* = − 2r3 if the pair form a shallow arc (θ1r→0)or H* = − r3 if the pair approach anti-parallel (θ1r→ − π), the two extremes of 
Fig. 13b-c, respectively. Consequently, the anti-parallel case, or a more complex closed loop, may lower the magnetic impedance, have favorable 
energy dipole energy characteristics between adjacent stacks, while providing no additional magnetization to the bulk from the magnetic material in 
the loop. This response mirrors what has been seen experimentally in this work. 

Appendix C 

The width of the distribution σ was found by fitting the experimentally measured squareness, 

Sexp =
Mr

Ms 

where mr is the remanence and Ms the nominal saturation (here is average highest recorded magnetization) ,to the squareness values predicted by a 
Gaussian distribution of magnetic domain alignment[20]. The prediction method assumes each domain exists at remanence at some orientation ϕ such 
that the width of the distribution about ϕ = 0 gives a metric of the degree of alignment. The predicted value is given by 

Spred =
1
Nf

∫ π/2

0
f
ʀ
ϕ
⃒
⃒σ2)|cosϕ|sinϕdϕ 

where 

f (ϕ) =
1

σ
̅̅̅
π

√ e−
ϕ2

2σ2 

and the normalizing factor is given by 

Nf =

∫ π/2

0
f (ϕ)sin(ϕ)dϕ  
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