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Abstract

Magnetic responsive materials can be used in a variety of applications. For
structural applications, the ability to create tunable moduli from relatively
soft materials with applied electromagnetic stimuli can be advantageous for
light-weight protection. This study investigated magnetorheological
composite materials involving carbonyl iron particles (CIP) embedded into
two different systems. The first material system was a model cementitious
system of CIP and kaolinite clay dispersed in mineral oil. The
magnetorheological behaviors were investigated by using parallel plates
with an attached magnetic accessory to evaluate deformations up to 1 T. The
yield stress of these slurries was measured by using rotational and
oscillatory experiments and was found to be controllable based on CIP
loading and magnetic field strength with yield stresses ranging from 10 to
104 Pa. The second material system utilized a polystyrene-butadiene rubber
solvent-cast films with CIP embedded. The flexible matrix can stiffen and
become rigid when an external field is applied. For CIP loadings of 8% and
17% vol %, the storage modulus response for each loading stiffened by 22%
and 74%, respectively.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.1

Introduction

Background

Magnetorheological (MR) fluids, composed of ferromagnetic nano- and/or
micro-particles suspended in a carrier fluid, are of interest for a broad
range of applications because of their ability to transform from a flowable
liquid state to a stiff solid state on the order of milliseconds when
subjected to an external magnetic field. Application of a magnetic field
prompts the suspended magnetic particles to move within the fluid from a
relaxed, random distribution and firmly align themselves along the lines of
the magnetic flux, which causes an increase in apparent viscosity (Ashour
et al. 1996). Several potential applications have been identified for these
smart fluids, including MR dampers (Bose and Ehrlich 2012) and MR fluid
augmented protective fabric (Son and Fahrenthold 2012).

Recently, magnetorheology has been identified as a possible method to
improve infrastructure performance. MR fluid sandwich panels and
beams, composed of a thin MR fluid core layer encompassed by traditional
face layer materials, such as metals and composites (Lara-Prieto et al.
2010; Manoharan et al. 2014; Joshi 2012), have shown promise in
controlling vibration and acoustic properties in structures.
Magnetorheological elastomers (MREs), composed of ferromagnetic nano-
or micro-particles embedded in a stiff polymeric matrix, have also been
used as a core layer to produce smart, adaptive sandwich panels and
beams with promising results (Yalcintas and Dai 2004; Lee et al. 2014;
Hasheminejad and Shabanimotlagh 2010). Basic composite MR fluids
have been produced by adding a small volume of non-magnetic micro-
particles, such as polystyrene or glass spheres, to traditional MR fluids
(Popplewell and Rosensweig 1996; Powell et al. 2012) to enhance colloidal
stability of the fluid and increase yield stress, and set-on-demand concrete
has been investigated by adding ferromagnetic particles to cement paste
during the mixing process and using an external magnetic field to
influence the fresh-state properties (Nair and Ferron 2014). However,
while useful for controlling the fresh-state properties of concrete, note that
the dispersed magnetic particles cannot be used to influence properties of
MR concrete after setting has occurred because the magnetic particles
cannot freely rearrange themselves within the stiffened concrete matrix.
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Both composite MR fluids and MR concrete could be considered
precursors to the slurry type MRCMs proposed in this project, while MREs
could be considered precursors to the proposed polymer-based MRCMs.
Thus, the current project built upon fundamentals from past work in the
literature with fresh, innovative ideas for a new research direction. For
example, the slurry MRCMs contained a much higher volume of non-
magnetic particles as compared to composite MR fluids such that the
slurry MRCMs had a consistency similar to a typical mortar or concrete
rather than a fluid. Additionally, infrastructure constituent materials for
the non-magnetic particles were used, such as kaolinite clay, which yields
an economically scalable material with sufficient workability for rapid,
temporary construction and/or repair applications. The polymer-based
MRCMs in this project were designed with deformable, lightweight,
polymeric matrix materials as opposed to the stiff matrices that have been
used for MRE design in the literature such that the polymer-based
MRCMs had flexibility in the absence of an external magnetic field. These
flexible polymer-based MRCMs could be used for many applications,
including lightweight, portable (i.e., roll-out) airfield matting and
temporary protective panels.

Objective

This research employed MR principles to produce first-of-their-kind
magnetorheological composite materials (MRCMs) in which the materials’
mechanical properties, shape, and position were manipulated in real time
by an external magnetic stimulus. Two types of MRCMs were investigated
(Table 1).

Table 1. Description of proposed MRCM types: slurry-based and polymer-based.

MRCM Type Dispersed Phase(s) Matrix Phase(s)

Slurry-based Synthetic ferromagnetic Lightweight non-aqueous fluid, such as
nano- and/or micro- mineral oil. Slurry-based MRCMs have a
particles. consistency similar to a freshly mixed
Non-magnetic filler mortar or concrete when deactivated.

particles (e.g., sand and
polymer particles).

Polymer-based | Synthetic ferromagnetic Flexible, lightweight, synthetic and/or
nano- and/or micro- bio-based polymer. Polymer-based
particles. MRCMs have a consistency similar to a

typical polymeric composite when
deactivated.
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All the MRCMs investigated in this study, regardless of type, were
composed of ferromagnetic nano- and/or micro-particles suspended in a
non-magnetic matrix. These smart composites were highly tunable by
means of an externally applied magnetic field, which prompted the
particles to move from a random distribution and align themselves along
the lines of the magnetic flux (Ashouret al. 1996). This rapid (on the order
of milliseconds) and reversible transformation resulted in a complete
reorganization of the material’s microstructure, which in turn caused
changes in apparent viscosity. Because of this unique ability to adjust the
microstructure of the material on demand to manipulate properties, the
authors hypothesized that MRCMs could gain sufficient strength and
stiffness to act as load-bearing, protective materials in seconds as
compared to common materials fabricated in situ (e.g., concrete), which
typically require several hours and/or days to gain substantial strength
and stiffness.

Impact and significance: This research introduced a novel group of
smart materials that could be useful for a wide variety of military
engineering applications, such as rapid temporary construction/repair,
rapid protection from impact and/or explosives, and lightweight portable
(i.e., rollout) airfield matting. Figure 1 shows a typical response of
suspended magnetic particles in an MR material to an external magnetic
field. In the following figure, it is evident that application of an external
magnetic field causes the particles’ magnetic dipoles to form linear
structures parallel to the applied field.

Figure 1. Schematic showing the response of an MRCM to an external magnetic field.

Dispersed e © 0o
Magnetic o © _ %6 0" =) Magnetic

No Magnetic Field Applied Magnetic Field

To acquire a fine-tuned understanding of the macro-scale mechanical
response of MRCMs subjected to external magnetic stimuli, the team first
planned to characterize and model the bonding behavior between individual
ferromagnetic nanoparticles in response to changes in magnetic field
strength, shape, and/or position on the nano- to micro-scale. Additionally,
it is known that properties of the suspended particles in traditional MR
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fluids have substantial influence over properties of the aggregate structure
(Vereda et al. 2015; Sarkar and Hirani 2015; Shah and Choi 2015); thus, a
key focus of this research was to determine the optimum size, gradation,
concentration, and mineralogy of the dispersed magnetic nanoparticles to
produce the strongest magnetized aggregate structure.

Approach

Project description: The project was divided into four tasks to be
completed in a sequential fashion.

Task 1 involved characterization of candidate materials for MRCMs. This
task investigated a wide range of matrix materials, non-magnetic filler
particles, and dispersed ferromagnetic particles. The morphology,
composition, size distributions, and magnetic properties were assessed for
the various materials.

Task 2 focused on the MR behavior of slurry-based MRCMs selected from
the best performers in Task 1. The MR testing was conducted by
sophisticated, quantitative MR testing of the trial MRCMs using a TA
Instruments Discovery Hybrid Rheometer (DHR) with an MR accessory.
The MR accessory passes a current through a coil to generate a uniform
magnetic field (up to 1 T"), allowing the DHR to capture changes in the
material viscoelastic properties as a function of magnetic field strength
and temperature. Using a parallel plate geometry, the apparent viscosity
and dynamic yield stress of each MRCM, with and without an applied
magnetic field of a set magnitude, were obtained from rheograms (i.e.,
flow curves), and viscoelasticity was characterized by using small angle
oscillatory shear testing to quantify the loss modulus (i.e., viscous
component) and the storage modulus (i.e., elastic component) of each
MRCM with and without a magnetic field.

Task 3 investigated the use of bauxite as a supplementary magnetic
material for slurry-based MRCMs. The bauxite was treated to remove

* For a full list of the spelled-out forms of the units of measure used in this document, please refer to US
Government Publishing Office Style Manual, 31st ed. (Washington, DC: US Government Publishing
Office 2016), 248-52, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-
STYLEMANUAL-2016.pdf.


https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
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alumina-based phases and enhance iron-rich phases to potentially
produce higher levels of magnetizations.

Task 4 involved using polymer-based MRCM designs using the magnetic
candidate selected from Task 2. The magnetic particles were embedded in
a polymer matrix and characterized by using scanning electron microscopy
(SEM), magnetization behaviors, and MR behaviors from o to 1 T, using
the DHR and MR accessory. Magneto-sweeps, strain sweeps, and
frequency sweeps were performed to understand oscillatory behaviors of
the polymer-MRCMs.
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2.2

Experimental Methods

For formulations of MRCMs, initial magnetic and non-magnetic materials
were selected to determine optimum particle size, gradation, and
mineralogy to yield high performing MRCMs.

Materials

Candidates for MRCM synthesis and formulations were selected from
varying mineralogies and particle sizes. Carbonyl iron particles (CIP)
(BASF Grade SM), iron for analysis (IFA) (EMD Millipore Sigma), iron
electrolytic powder (IEP) (Fisher Chemical), kaolinite (Fluka Analytical),
mineral oil (HyDurance AW NZ fluid 32, Chevron), magnetite, hematite,
and sand were used as received. For polymer MRCMs, polystyrene-
butadiene rubber (SBR) copolymer (23 wt. % styrene) was purchased from
Scientific Polymer Products. National Institute of Standards and
Technology (NIST) standard reference material (SRM) of bauxite
originating from Arkansas (69b-Ark), Australian (600-Aus), Dominican
(697-Dom), Jamaican (698-Jam), and Surinam (696-Sur) were obtained
from Sigma Aldrich. Bauxite samples were treated under the following
procedure: 20 g of bauxite was mixed in 150 ml of 3M NaOH" solution and
autoclaved at 121 °C at 15 psi for 60 min. The mixture was then vacuum
filtered through a 0.2 um filter. The solids collected in the filter were dried
at 50 °C for 24 hr before being sieved though a No. 325 sieve.

Magnetorheological composite material (VIRCM) synthesis

Slurry-based MRCMs were formulated to have similar characteristics to a
freshly mixed cement paste when under no applied field. To achieve this,
formulations were prepared at 60 wt. % solids (CIP + kaolinite) within a
40 wt. % nonmagnetic carrier fluid of mineral oil. Samples were combined
into 20 ml speed mixing cups and mixed by using a speed mixer
(FlackTek, Inc.) at 3,500 RPM for 3 min.

* For a full list of the spelled-out forms of the chemical elements used in this document, please refer to
US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US Government Publishing
Office 2016), 265, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-
STYLEMANUAL-2016.pdf.


https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
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Polymer-based MRCMs were mixed based on the following procedure. A
polymer solution of 15 wt. % was prepared by dissolving polymer in
toluene. The solution was mixed by using the same speed mixer as above
for 10 cycles of 3 min and 3,500 RPM each. The CIP was then mixed into
the polymer solution and speed mixed for 1 cycle of 3 min at 3,500 RPM.
The solution was placed into a vacuum oven to remove air bubbles. The
solution was cast into a silicon mold or aluminum dish and placed into an
oven at 60°C for at least 6 hr. Discs were cut out with diameters of 20 mm
and thicknesses of 1 mm.

Characterization methods
2.3.1 Particle size analysis

Particle size analyses were performed by using a Malvern Mastersizer
3000 with laser diffraction capable of measuring particles with diameters
ranging from 0.01 to 3,500 um. Samples were dispersed in deionized
water for testing.

2.3.2 Scanning electron microscopy (SEM)

SEM was performed in this study by using a low-pressure SEM (Nova
NanoSEM 630, FEI Co.), which eliminated the needs for sample
preparation and application of a conductive coating.

The Nova NanoSEM 630 has a field-emission gun with a tungsten filament.
The imaging conditions employed an accelerating voltage of 25 to 30 KeV
and 1.69 mA with a resolution of 1.6 nm at 1 kV. Images of these samples
were collected over a period of 30 sec and stored as 2 MB TIF files.

2.3.3 X-ray diffraction

The mineralogies of the materials used in this study were determined by
using X-ray diffraction (XRD) analysis. Bulk XRD tests were conducted on
each of the samples, using the material as received. In preparation for XRD
analysis, if needed, a split portion of the sample was ground in a
Pulverisette (Fritsch Co., Idar-Oberstein, Germany) and passed through a
45 um (No. 325) sieve. Random orientation powder mounts of bulk samples
were analyzed by using XRD to determine the mineral constituents present
in each sample. XRD patterns were collected from an X-Pert Pro
Multipurpose Powder Diffractometer system that used standard techniques
for phase identification (Panalytical, Inc.). The run conditions included
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Co-Ka radiation and scanning from 2 to 70 ©20 with collection of the
diffraction patterns accomplished by using the personal computer-based
Windows version of X-Pert Pro Data Collector and analysis of the patterns
by using the Jade2010 program (Materials Data, Inc.).

2.3.4 Shear rheology

MR testing was performed on a TA instruments Discovery Hybrid
Rheometer Series 2 (DHR-2) with MR accessory. The MR accessory
allowed for applied fields of up to 1 T with an external hall probe to
monitor real-time magnetic fluxes. Experiments were conducted with a
20 mm top parallel plate test geometry with a gap of 1 mm. To minimize
wall slip effects for slurry-based MRCMs, 600-grit sandpaper was adhered
to the top plate.

All slurry-based MRCMs samples were pre-sheared at a shear rate (y) of
1 s for 30 sec before testing to create homogenous samples. Testing with
polymer-based MRCMs was conducted on discs, with an applied normal
force of 4 N to reduce slipping of the samples. For magnetic time sweeps,
strain and angular frequency were held constant at 0.1 % and 1 Hz,
respectively, while the magnetic flux was ramped from o to 1 T. For
determination of the linear viscoelastic regime (LVE), strain amplitude
sweeps were performed at constant angular frequency of 10 rad/s, and
strain was varied from 0.01% to 100%. Frequency sweeps to understand
the time-dependent deformation behavior under various fields were
performed under strain values within the LVE (determined from
amplitude sweeps) with frequency being varied from 100 to 0.01 rad/s.
For rotational experiments, flow curves were performed under constant
magnetic fields, and the shear rate was varied from 0.1 to 100 s.

2.3.5 Magnetic property characterization

The vibrating sample magnetometer (VSM) module on Versalab
(Quantum Design) was used to characterize magnetic properties of
MRCMs. For candidate materials for MRCM formulation, VSM
experiments were conducted in powder cells. VSM experiments on
polymer MRCMs were performed by using a small piece of the composite
adhered to the brass tube. Magnetic properties were collected from a cycle
of + 30,000 Oe to determine magnetic moment (emu). Data were then
normalized by the weight of each sample to obtain magnetization values in
the units of emu/gram.
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2.3.6 Thermogravimetric analyses (TGA)

TGA were performed on CIP, control SBR, and 8 and 17 CIP-SBR polymer
MRCMs to see the degradation effects of the polymer. Using a Netzsch
Simultaneous Thermal Analyzer 449 F1 Jupiter and a Tg sample carrier,
samples were weighed into tared aluminum oxide crucibles and exposed to
a temperature ramp procedure in a silicon carbide furnace. The test
parameters involved a linear temperature increase carried out from
ambient temperature to 1,000 °C at a rate of 10 °C/min in an air
environment. Results were then analyzed to see effects of degradation due
to CIP addition.
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3.1

MRCM Constituent Selection

Morphological characterization

SEM was used to understand morphological characteristics of candidate
MRCMs. For each material, SEM images were taken at 1,500x and
20,000x magnifications to see changes in the size scale of groups of
particles and of individual particles. Figure 2 and Figure 3 illustrate the
similar size characteristics of CIP and IFA particles. In both materials, the
particles had uniform appearance and were spherical in nature. IEP
images are presented in Figure 4 and show that these particles had
irregular, non-spherical shapes with smooth surfaces. The angular and
plate-like characteristics of kaolinite clay are shown in Figure 5. To probe
the morphology of sand, magnifications of 150x and 1,000x in Figure 6
were used to capture the large rounded particle characteristics. Hematite
was observed to be angular in particle shape and porous, as shown in
Figure 7. The iron ore of magnetite shown in Figure 8 had angular shape
with a range of observable particle sizes. Table 2 summarizes the
characteristics of the materials for preparation of MRCMs.

Figure 2. SEM images of CIP: (left) 1,500x maghnification and (right)
20,000x magnification.




ERDC/GSL TR-20-36 11

Figure 3. SEM images of IFA: (left) 1,500x magnification and (right)
20,000x magnification.

Figure 4. SEM images of iron electrolytic powder: (left) 1,500x magnification and
(right) 20,000x maghnification.




ERDC/GSL TR-20-36 12

Figure 5. SEM images of kaolinite: (left) 1,500x magnification and (right)
20,000x magnification.

Figure 6. SEM images of sand: (left) 150x magnification and (right)
1,000x maghnification.
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Figure 7. SEM images of hematite: (left) 1,500x magnification and (right)
20,000x magnification.

Figure 8. SEM images of magnetite: (left) 1,500x magpnification and (right)
20,000x magnification.

ERDC CMB.

Table 2. Summary of particle characteristics.

Magnetic Powder

Characteristics

CIP

Spherical, uniform

IFA

Spherical, uniform

IEP

Irregular, smooth

Kaolinite

Angular, plate-like

Sand

Rounded, large

Hematite

Angular, porous

Magnetite

Angular, non-porous
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3.2

3.3

Particle size

Particle size characterization of the candidates for MRCM was performed
to understand size distribution of the particles. Figure 9 illustrates the
particle sizes of the various materials at median diameter (D50). The
particle size distributions of each material can be found in Appendix B.
Sand had the largest median particle size at 348.92 + 17 um, as expected
from SEM observations. IEP had a median size of 79.99 + 0.78 um. The
other particles that were studied had lower particle sizes, which would be
needed for proper MRCM formulation. Hematite, with the angular and
porous characteristics, had a very large particle size distribution with a
median size of 20.84 + 2.19 um. Magnetite had a median size of 11.54 +
0.50 um, but large degrees of agglomeration can be seen in both SEM
images and size distribution data. Similarly, kaolinite had extensive
aggregation but had a median size of 10.37 + 0.33 um. The spherical
particles of CIP and IFA had very similar median particle sizes of 8.22 +
0.04 um and 8.62 + 0.02 um, respectively.

Figure 9. Median particle diameters of candidate materials (laser diffraction).
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X-ray diffraction

Quantitative XRD analysis of each material elucidated the amount and type
of mineral phases present (Table 3). The analyses were performed to verify
the sample mineralogy and to document any accessory minerals present.
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3.4

The outputs of all the non-metal samples are in Appendix C. XRD patterns
on the metal samples (CIP, IFA, and IEP) were run only from 5 to 75 ©20,
and as such, there was only one diffraction peak for the material in this

range. Therefore, the patterns were not included in this report.

Table 3. Quantitative X-ray diffraction analysis of samples examined in this study.

Amount Amount Amount Amount
Sample | Type Phases (%) Phases (%) Phases (%) Phases (%)
Al-1 CIp Iron 100
Al-2 CIp Iron 100
A2-1 IFA Iron 100
A2-2 IFA Iron 100
A3-1 IEP Iron 100
A3-2 IEP Iron 100
Ad-1 Hematite | Hematite | 74.1 Quartz 15.5 Mica 10.3 Kaolinite | <1
A4-2 Hematite | Hematite |82.1 Quartz 13.4 Mica 4.3 Kaolinite | <1
A5-1 Magnetite | Magnetite | 96.4 Hematite | 2.1 Quartz | <1 Kaolinite | 1.5
A5-2 Magnetite | Magnetite | 97.8 Hematite | 2.1 Quartz | <1 Kaolinite | <1
AG-1 Kaolinite | Kaolinite |90.3 Quartz 9.7 Mica <1
AB-2 Kaolinite | Kaolinite |90.7 Quartz 9.2 Mica <1
A7-1 Sand Quartz 100
AT7-2 Sand Quartz 100

Magnetic characterization

Experiments conducted using the VSM instrument measure the
magnetization of a sample over a range of magnetic field strength. In
other words, the VSM instrument measures the degree to which a sample

material is influenced by the field. VSM data for the candidates for MRCM
formulations are presented in Figure 10. IFA and CIP exhibited the highest
magnetization values of 218.61 and 216.58 emu/gm, respectively. IEP also
had a relatively high magnetization of 192.05 emu/gm. The mineral
magnetite had a saturation magnetization of 80.4 emu/gm. The lowest
values of magnetization at 300 K were hematite, kaolinite, and sand at
0.813, 0.009 and 0.01 emu/gm, respectively. Higher magnetization values
suggest that use of such materials in MRCMs should result in a stronger
response to the magnetic stimulus.
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Figure 10. Magnetization curves for candidate materials.
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Magnetorheological Characterization of
Slurry-Based MRCMs

Slurry-based MRCMs have been used for a variety of applications from
dampening (Kwon et al. 2015) to on-demand setting concrete (Nair and
Ferron 2014). These MRCMs take advantage of fluidlike or pastelike
characteristics in ambient conditions. When exposed to an external
magnetic field, the dispersed magnetic particles within the suspension or
slurry begin to align themselves into chainlike conformations. This
alignment creates a second, more ordered structure within the system, as
shown in Figure 1 and previously described.

Studies on CIP suspensions in mineral oil or other viscous liquids have
been reported throughout the literature. With the high density of CIP
compared to the continuous phase, sedimentation and stability have been
problematic. Additives such as halloysite (Kwon et al. 2015), sepiolite
(Dong et al. 2018), attaapulgite (Chae et al. 2015), and polymers (Chao et
al. 2017; Cvek et al. 2015; Chin et al. 2001) have been employed to create
more stable and reversible composite materials.

For structural applications, the ability of a material to stiffen quickly
without long curing times is highly desirable. For protection and
transportation, this can allow for faster construction in expeditionary or
temporary situations. The evolution of yield stress is an important
characteristic of cement paste and concrete mixtures as it determines how
much force is needed for the material to flow at a given time, and the
workability is time dependent. A tunable yield stress could be very
advantageous; a suspension or paste could be designed to have a low yield
stress (high flow) during mixing and delivery operations, then, by
application of a magnetic field, be instantly switched to having high yield
stress (low or no flow) to retain its shape until solidification occurs via the
hydration reaction. Slurry-based MRCMs have yield stress responses that
are dependent on magnetic particle content and magnetic fields (Yang et
al. 2009; Caballero-Hernandez et al. 2017).

Various models are used to model the shear stress response and yield
stress, such as the Bingham model and Herschel-Bulkley (HB) model
(Cvek et al. 2016; Seo et al. 2016). The HB model is shown in Equation 1.
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4.1

T=1,+ny" (1)
where
T = shear stress (Pascals (Pa))
Ty = yield stress (Pa)
K = consistency index (or 1 for viscosity) (Pa*s)
y = shear rate (s)
n = power-law exponent.

Clay additives with irregular and angular shapes can be used as surrogate
portland cement particles in slurries to help researchers understand how
rheological properties change under applied magnetic fields. For the
slurries in this study, kaolinite was selected as the clay, CIPs were the
magnetic particles, and mineral oil was the continuous phase. To model
freshly mixed cement pastes (water-to-cement ratio of 0.4), mineral oil
was held constant at 40 wt. % of the total slurry, and kaolinite and CIP
were varied from 20-40 wt. % respective to overall slurry weight giving
samples of 20 wt. % kaolinite/40 wt. % CIP, 30 wt. % kaolinite/30 wt. %
CIP, and 40 wt. % kaolinite/20 wt. % CIP.

Magnetic time sweeps

The oscillatory behavior from magnetic time sweeps of the slurry-based
MRCMs are shown in Figure 11. In these tests, strain and angular
frequency were held constant at 0.1% and 10 rad/s, respectively, while the
external magnetic field was increased to 1 T. The viscoelasticity of each
slurry was observed through the storage modulus (G’) and loss modulus
(G”) for the three formulations of CIP/kaolinite. The storage modulus
described the solidlike elastic response, and the loss modulus described
the liquidlike viscous response.
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Figure 11. Magnetic sweeps of slurry-based MRCMs of 20-40 wt. % CIP at magnetic
fields from O-1. T.
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At low flux densities (low magnetic fields), the storage and loss moduli
responses followed similar trends among the three formulations with G” >
G’. In this regime, the viscous component dominated, and the slurries
were pourable and spreadable. As the magnetic field was intensified, both
G’ and G” increased for all the formulations, and G’ eventually became
greater than G”, indicating slurry stiffening. The crossover in
viscoelasticity for the 40 and 30 wt. % CIP slurries occurred before the

20 wt. % CIP slurry, signifying alignment of the CIP within the matrix. The
overall magnitude of G’ and G” was also shown to be dependent on the
amount of CIP within the slurry. The 40 wt. % CIP slurry had the highest
modulus responses, as G’ increased by almost three orders of magnitude
due to the mobility of the CIP within the mineral oil matrix. For the 40 wt.
% CIP, the slurries were relatively fluid with only 20 wt. % kaolinite. As the
magnetic field was increased, the particles were able to align together to
create a stiffened slurry. Similarly, the 30 wt. % CIP slurry with 30 wt. %
kaolinite had very large increases in G’ and G” responses. The 20 wt. %
CIP with 40 wt. % kaolinite illustrated similar trends to the other slurries,
but the magnitude of the response was observably lower. The diminished
response was due to two factors: (1) higher clay content reduced mobility
and alignment of the CIP and (2) lower overall CIP content led to less
magnetic character in this slurry.
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4.2

Flow curves

The rotational behaviors of the slurry-based MRCMs were investigated by
obtaining flow curves using the DHR. Based off work on clay (Rich et al.
2012) and cement rheology (Burroughs et al. 2019), flow curves were
measured under increasing (loading) and decreasing (unloading) shear
rate conditions while decreasing the shear rate from 100 to 0.01 s

The shear stress response of the lowest CIP content slurry of 20 wt. % CIP
and 40 wt. % kaolinite under magnetic fields of 0, 0.1, 0.3, 0. 5, and 1 T are
shown in Figure 12 The magnitude of the shear stress response increased
as a function of the applied magnetic field. Fitting the HB model to the
shear stress response helped to analyze the results. The HB model
provided acceptable fits to data at no and low magnetic fields but was only
adequate at shear rates greater than 1 s for fields greater than 0.3 T.
Fitting parameters of the HB model are summarized in Appendix B. The
experimental yield stresses from the lowest applied shear rate of 0.01 s
are shown in Table 4.

Figure 12. Flow curves of 20 wt. % CIP/40 wt. % kaolinite at various magnetic fields.
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Table 4. Experimental yield stress of 20 wt. %
CIP/ 40 wt. % kaolinite at various magnetic
flux densities.

Field (T) Yield Stress (Pa)
0 125
0.1 706
0.3 4,019
0.5 6,422
1 10,005

Figure 13 and Figure 14 show the shear stress response of the 30 wt. % CIP
and 30 wt. % kaolinite and 40 wt. % CIP and 20 wt. % kaolinite slurries,
respectively, at magnetic fields of 0, 0.1, 0.3, 0.5, and 1 T. Similarly, to the
20 wt. % CIP slurry, large increases in the response from 0 T to 0.1 T were
observed as the CIP aligned in the slurry due to the high magnetization of
the particles. The stiffening responses continued as increasing magnetic
fields were applied. The experimental yield stresses are summarized in
Table 5 and Table 6.

Figure 13. Flow curves of 30 wt. % CIP/30 wt. % kaolinite at various magnetic fields.
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Table 5. Experimental yield stress of 30 wt. %
CIP/30 wt. % kaolinite at various magnetic
flux densities.

Field (T) Yield Stress (Pa)
0 36
0.1 1,173
0.3 5,402
0.5 6,607
1 15,119

Figure 14. Flow curves of 40 wt. % CIP/20 wt. % kaolinite at various magnetic fields.
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Table 6. Experimental yield stress of 40 wt. % CIP/ 20 wt. % kaolinite at various
magnetic flux densities.

Field (T) Yield Stress (Pa)
0 5
0.1 1,770
0.3 8,294
0.5 10,655
1 15,441
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4.3 Yield stress as a function of CIP content

The experimental yield stress as a function of CIP wt. % for the three
formulations at magnetic fields of 0, 0.1, 0.3, 0.5, and 1 T are shown in
Figure 15. At no magnetic field, the yield stress response was dependent on
the amount of kaolinite within the slurry, as indicated by the 20 wt. % CIP
(40 wt. % kaolinite) slurry having the highest experimental yield stress. As
the magnetic field was applied, the dependence on the clay for the yield
stress gave way to the amount of CIP within the slurries. The 40 wt. % CIP
slurry had the highest yield stresses under magnetic fields.

Figure 15. Experimental yield stress as a function of CIP loading at various
magnetic fields.
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Structural and Magnetic Characterization
of Bauxite

Bauxite, commonly referred to as red mud, is an industrial waste product
from alumina (Al-O3) production (Borra et al. 2016). Bauxite is a mixture
of various minerals with residual metal oxides of Al, Fe, and Si as
characterized through XRD, TGA, and gamma spectroscopy (Earnest et al.
2018; Miller and Voutchkov 2014). Currently, the waste is collected in
landfills with environmental concerns of toxicity and pollution of the
surrounding soils and rivers (Mayes et al. 2011).

Al-rich phases in bauxite can be removed by washing with base in an
adapted Bayer process (Tsamo et al. 2017; Li et al. 2016). The elimination
of Al phases within the bauxite enhances the amount of Fe-rich phases
present. Fe phases such as magnetite and hematite can be present and
separated with a magnetic field (Rao et al. 1997).

Waste products have been previously used as admixtures and
supplementary materials in concrete. For example, silica fume (Siddique
2011), fly ash, and other byproducts of industrial processes are widely used
and provide benefits in the strengthening of concretes.

This study was performed to understand the magnetic properties of
bauxite before and after base treatment to create a magnetic
supplementary material in concrete. Chemical composition and magnetic
properties were characterized with XRD and VSM for the untreated and
treated bauxite samples. As indicated earlier in Section 2.1, the bauxite
was treated with NaOH to remove certain constituents in the samples. In
particular, NaOH was extremely effective at removing the Al-rich phases
such as gibbsite (AI(OH)3) and kaolinite (Al-Si-O5(OH),4) as well as
carbonate phases such as calcite (CaCOj3) and siderite (FeCOs3). After
treatment, phases that were not removed, such as Fe-rich phases
(Hematite (Fe=03) and Iron Aluminum Oxide Hydroxide (FeAlIO(OH))
showed higher concentrations in the treated samples.

X-ray diffraction

The mineral contents of each sample of NIST 69B-Ark before and after
reaction with NaOH are given in Table 7. The reaction lowered the
amount of gibbsite, siderite, and muscovite (highlighted in red font);
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preferentially enhanced those minerals present; and allowed observation
of minerals not observed in the untreated sample. The presence of
magnetite was observed in this sample.

Table 7. Quantitative X-ray diffraction analysis of 69b-Ark and 69b-Ark-treated.

Phase Formula As received Treated
Gibbsite Al(OH)3 67.3 6.9
Kaolinite Al2Si205(0H)4 19.0 54.9
Siderite Fe(CO3) 11.3 0
Muscovite KAI2(AISiz010)(F,0H)2 7.8 0.6
Anatase TiO2 1.2 5.9
Magnetite Fes0a4 1.2 7.8
Quartz SiO2 0.7 6.8
Boehmite AIO(OH) 0.5 0.1
Sodium Aluminosilicate Nas(AleSis024)2NaFxH20 0 16.9

The mineral contents of each sample of NIST 698-Jam before and after
reaction with NaOH are given in Table 8. The reaction lowered the amount
of gibbsite and calcite (highlighted in red font) and allowed detection of
phases that were at lowered concentration in the untreated sample.

Table 8. Quantitative X-ray diffraction analysis of 698-Jam and 698-Jam-treated.

Phase Formula Asreceived | Treated
Gibbsite Al(OH)s 76.3 6.9
Hematite Fe203 11.5 46.7
Iron Aluminum Oxide Hydroxide (Feo.s3Alo.17)AIO(OH) 9.7 36.7
Anatase TiO2 2.0 6.8
Calcite CaCOs 0.5 0.1
Boehmite AIO(OH) 0.5 1.5
Rutile TiO2 0.0 1.3

The mineral contents of each sample of NIST 697-Dom before and after
reaction with NaOH are given in Table 9. The reaction lowered the
amount of gibbsite, kaolinite, and calcite (highlighted in red font) and
allowed detection of phases that were at lower concentrations in the

untreated sample.
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Table 9. Quantitative X-ray diffraction analysis of 697-Dom and 697-Dom-treated.

Phase Formula As received | Treated
Gibbsite Al(OH)3 54.0 0.0
Hematite Fe20s 16.6 45.6
Boehmite AIO(OH) 13.0 35.7
Kaolinite Al2Si205(0H)a 75 0.0
Aluminum Oxide Hydroxide AIO(OH) 0.0 8.5
Iron Aluminum Oxide Hydroxide | (Feo.g3Alo.17)AIO(OH) 5.5 2.2
Anatase TiO2 2.6 4.2
Calcite CaCOs 0.7 0.0
Chlorite (Mg,Fe2*)sAl2Siz010(0OH)s 0.1 0.8
Quartz SiO2 0.0 0.4
Goethite FeO(OH) 0.0 0.0
Periclase MgO 0.0 2.5

The mineral contents of each sample of NIST 696-Sur before and after
reaction with NaOH are given in Table 10. The reaction lowered the
amount of gibbsite (highlighted in red font) and allowed detection of
phases that were at lower concentrations in the untreated sample.

Table 10. Quantitative X-ray diffraction analysis of 696-Sur and 696-Sur-treated.

Phase Formula Asreceived | Treated
Gibbsite Al(OH)3 93.4 63.8
Iron Aluminum Oxide Hydroxide (Feo.s3Alo.17)AIO(OH) 2.9 17.4
Hematite Fe20s 2.2 111
Anatase TiO2 1.4 7.5
Kaolinite Al2Si205(0H)4 0.2 0.2

The mineral contents of each sample of NIST 600-Aus before and after
reaction with NaOH are given in Table 11. The reaction lowered the
amount of gibbsite and the trace of siderophyllite (highlighted in red font)
and allowed detection of phases that were at lower concentrations in the

untreated sample.
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5.2

Table 11. Quantitative X-ray diffraction analysis of 600-Aus and 600-Aus-treated.

Phase Formula Asreceived | Treated
Gibbsite Al(OH)3 54.4 0.5
Quartz Si02 20.6 47.3
Iron Aluminum Oxide Hydroxide (Feo.s3Alo.17)AIO(OH) 17.1 33.2
Hematite Fe20s 5.6 16.3
Anatase TiO2 21 2.6
Siderophyllite KFe2.1Al2.8S5i21010(0H)2 | 0.1 0.0

Magnetic characterization

Figure 16 presents the VSM characterization results of the five bauxite
samples in the as-received and treated states. Table 12 summarizes the
maximum magnetization of the samples at 30,000 Oe (3 T) and compares
the difference between treatments on each type. Arkansas bauxite, when
treated, had the largest magnetization of ~1.9 emu/g and showed an
increase of 90% over the untreated sample. Australian bauxite had the
second highest magnetization at 0.99 emu/gm and a ~55% change.
Samples from Jamaica and Surinam exhibited the second and third
highest magnetization differences of 71% and 69%, respectively.
Dominican bauxite showed a decrease in magnetization when treated with
a -22% change in maximum magnetization.

Based on XRD and VSM characterization, bauxite samples do change
phases and magnetization, but the magnetizations are very low compared
to typical magnetic particles. Compared to CIP with magnetization at 216
emu/gm, bauxite would not be able to provide substantial magnetic effects
towards stiffening a slurry-based MRCM.



ERDC/GSL TR-20-36

Figure 16. Magnetization curves of as-received and treated NIST bauxite samples.
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Table 12. Summary of magnetization values of as-received untreated
and treated NIST bauxite samples.

Bauxite As-received | Treated

Sample (emu/gm) (emu/gm) % Difference
Arkansas 0.1844 1.9091 90.34
Jamaica 0.2175 0.7495 70.99
Australian 0.4764 0.9923 54.99
Dominican 0.4779 0.3906 -22.34
Surinam 0.1240 0.3939 68.51
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Characterization of Styrene-Butadiene
Rubber/Carbonyl Iron Particle Elastomer
Composites

MREs are a special class of smart composite materials. Similar to other
smart materials that operate with an applied stimulus, MREs respond to
applied external magnetic fields to create tunable mechanical and
rheological properties. MREs typically consist of an elastomeric material
or rubber matrix component with magnetic particles dispersed
throughout. Various materials have been used as the matrix material, such
as polydimethylsiloxane (Cvek et al. 2017; Mordina et al. 2014), silicone
rubber (Shabdin et al. 2019; Aziz et al. 2019), natural rubber, SBR,
styrene-ethylene-co-butylene-styrene (Lu et al. 2012; An et al. 2010), and
polyurethanes(Zhu et al. 2012; Boczkowska and Awietjan 2009).

MREs have the advantage over MR fluids in the stability of the magnetic
fillers, since the fillers are entrained and mobility is restricted in the
rubber matrix. In MR fluids, the magnetic fillers tend to sediment over
time and continued use. The MREs, with solidlike characteristics, do not
exhibit particle settling since there is no fluid phase to allow particles to
move as freely.

CIPs are the most common magnetic particles used in the synthesis of
MREs. CIPs have many advantageous properties, such as high saturation
magnetization and low remnant magnetization. The micron-sized CIPs
also have a spherical particle shape that helps in mixing into the various
matrices to create MREs. To enhance the incorporation of CIP as a filler,
researchers have used chemical functionalization to promote better
inclusion. Cvek and coworkers used polymer-grafting strategies to attach
poly(trimethylsiyloxyethyl methacrylate) to CIP (Cvek et al. 2017). The
covalent attachment of polymer chains did not greatly alter the magnetic
properties of the CIP and was able to enhance particle and polymer matrix
compatibility of the MRE, thereby increasing the magnetorheology.

The ability to change rheological behaviors under various magnetic stimuli
gives MREs potential benefits in a variety of applications ranging from
shock-dampeners to sensors. Shabdin and coworkers formulated MREs
from silicone rubber with CIP and graphite for use as force sensors
(Shabdin et al. 2019). The MR properties of the MRE were coupled with
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experimental data, and modeling of resistance measurements that
indicated inclusion of graphite into the MRE increased the conductivity of
the composite material.

SBR is a common-use rubber that has been implemented into a variety of
applications in asphalt (Lv et al. 2018). SBR composites have been
formulated with carbon black/clay (Ayippadath Gopi et al. 2011), graphene
oxide (Mao et al. 2013), and silica (Baeza et al. 2013) to increase
mechanical and thermal properties. Magneto-active, filled SBR systems
have been previously studied for thin film electronic applications (Chipara
et al. 2004; Saleh Medina et al. 2015). Spin-coating and solvent casting to
create thin film composites provided facile ways to create SBR composites.

In this study, isotropic CIP-filled SBR polymer composites were
formulated with different magnetic particle loadings via solvent casting,
and the MR responses were investigated under various magnetic fields.
SEM, VSM analysis, and TGA were conducted to increase understanding
of the morphological, magnetic, and structural properties of the
composites. MR behaviors were studied using parallel plates to determine
the relationship of magnetic particle loading on the deformation and time-
dependent viscoelastic properties.

Microstructural characterization

A representative dispersion of CIP within a polymer MRCM, ascertained
by micro-computed tomography (micro CT), is shown in Figure 17. The
density of the CIP allowed for good contrast between the particles and the
polymer matrix, as shown by the white spots. In the left-side image, the
contrast was set to capture the dimensions of the 8 mm disc (polymer and
CIP), and in the right-side image, the contrast was adjusted to highlight
the CIP dispersion only. Since the MRCMs were synthesized from solvent
casting under no magnetic field, the CIPs were randomly distributed
throughout the matrix and oriented isotropically.
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Figure 17. Representative micro CT scan of polymer-based MRCM.

Figure 18 and Figure 19 illustrate CIP dispersions of 8 and 17 vol. %,
respectively, as characterized by SEM at 1,000x magnification. In both
loadings, the CIPs were dispersed throughout the matrix, but local
aggregation of the particles was observed. In the samples with 8 vol. %
CIP, the particles were arranged such that the CIP aggregates may not
interact with one another. For the higher loading of 17 vol. %, the spacing
among CIP aggregates was small enough that responses under magnetic
fields were influenced by aggregate interactions throughout the matrix.
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Figure 18. SEM image of 8 vol. % CIP.
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6.2

Thermal characterization

TGA was conducted to confirm incorporation of magnetic CIP into the
polymer matrix, with raw thermal degradation curves of CIP, SBR
polymer, and 8 and 17 vol. % CIP in SBR as shown in Figure 20.
Incorporating the CIP particles into the polymer matrix at both loading
levels shifted the onset of polymer degradation from about 370 °C (neat
polymer) to approximately 410 °C (CIP-filled polymers). The largest
weight change was observed over the range of approximately 400—500 °C.
For the control polymer, only ~1.1% remained after approximately 480 °C.

The neat CIP sample showed an increase in mass starting at 200°C and
reached 130% mass at 1000 °C. This increase in weight has been reported
elsewhere and is attributed to pure Fe forming oxides such as FeO and
Fe-03 (Zhu et al. 2012; Cvek et al. 2017). The 8 and 17 vol. % CIP samples
also showed weight gains due to Fe oxidation, but the phenomena onset at
much higher temperatures in these samples at approximately 480 °C. The
dramatic increase in the onset temperature of Fe oxidation makes sense
regarding the presence of the polymer. At lower temperatures, the CIP
was embedded in the polymer matrix and thus protected from the
atmosphere. At approximately 480 °C, the polymer was almost completely
burned off, exposing the CIP surfaces for oxidation.

At 1,000 °C, the 8 vol. % CIP sample retained approximately 52% of its
initial weight, and the 17 vol. % CIP sample retained approximately 70% of
its weight. This result must be examined on a mass or weight basis. Based
on the specific gravities of CIP (7.9) and SBR (0.94), 8 and 17 vol. % CIP
loadings by volume equate to 42 and 60 wt. % CIP, respectively. One
should expect that, at approximately 480 °C, the temperature at which the
polymer should be gone, only the CIP would remain and that the 8 and 17
vol. % samples would show approximately 40 and 60 wt. % remaining,
respectively. The discrepancies arise from the CIP mass gain being at 10%
around the temperatures of highest decomposition for the composites.
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Figure 20. TGA results of CIP, polymer, 8 vol. % and 17 vol. % CIP in air.
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6.3 Magnetic characterization vibrating sample magnetometer
(VSM)

The magnetic characteristics of the polymer MRCMs are summarized in
Figure 21. The polymer is non-magnetic, as expected. The CIP had a
magnetization of 216 emu/gm. The polymer-based MRCMs of 8 and 17
vol. % (42 and 60 wt. %) CIP had magnetizations of 91.83 and 139.02
emu/gm, respectively. As expected, the magnetizations of the composites
follow a basic rule of mixtures based on CIP loading by weight.

Figure 21. Magnetization curves of polymer, CIP, and 8 and 17 vol. % CIP samples.
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6.4

Magnetorheological characterization
6.4.1 Magnetic sweeps

The magnetic sweeps of the polymer-based MRCM are summarized in
Figure 22. The storage modulus was monitored as function of the applied
magnetic flux up to 1 T for the control (neat polymer) and 8 and 17 vol. %
samples. The addition of the dense CIP to the polymer matrix increased
the zero field modulus when compared to the control sample. The zero
modulus (G’o) of the control polymer was 111,577 Pa while the 8 vol. % and
17 vol. % composites had G’o of 365,449 Pa and 594,031 Pa, respectively.

Figure 22. Magnetic sweeps of polymer, 8 vol. % CIP, and 17 vol % CIP.
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To understand the MR of increasing magnetic fields, Equation 2 was used
to capture the change in G’ throughout the magnetic sweep.

G‘max‘G'O

Magnetorheological Effect: MR = (T) x 100 (2)
0
where
G’o = storage modulus at zero magnetic field
G’'max = storage modulus at maximum magnetic field (1 T).
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Table 13 summarizes the results of the magnetic sweeps with the MR effect
calculated. The control had a small MR effect of 3.72% from a change in G’
of 4,306 Pa. The 8 vol. % CIP MRCM showed a 22.11% MR effect with a
AG’ of 80,805 Pa. The loading of CIP corresponded to 42 wt. %, so the
dispersion of the magnetic filler within the polymer matrix caused a
stiffening response under magnetic fields. The stiffening was further
observed in the 17 vol. % sample as the MR effect was increased to 74.31%.
The AG’ for this CIP loading was 441,409 Pa. The higher loading of CIP at
60 wt. % increased the MR effect due to the inclusion of more magnetic
filler and rigid contact between CIP particles. Increasing the loading of CIP
beyond 17 vol. % created very brittle samples that were not able to be
tested at the time of this writing.

Table 13. Magnetorheological effects on storage modulus of polymer, 8 vol. % CIP
and 17 vol. % CIP.

Sample G’o (Pa) G’ max (Pa) AG’ (Pa) MR Effect (%)
Control 111,577 115,883 4,306 3.72

8 vol. % 365,449 446,254 80,805 2211

17 vol. % 594,031 1,035,440 441,409 74.31

6.4.2  Strain amplitude sweeps

Strain amplitude sweeps were conducted on the samples to observe
changes in deformation-based viscoelastic oscillation behaviors with and
without magnetic fields. The amplitude sweep of the control polymer
sample is shown below in Figure 23. The LVE was present throughout this
sample and indicated that the material’s response was independent of the
applied strain to a certain value. The modulus responses approached a
critical crossover strain where G” became greater than G’, but crossover
did not occur under these testing conditions.
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Figure 23. Strain sweep of control polymer sample under no magnetic field.
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Figure 24 (top) shows the G’ and G” results as a function of strain for the
8 vol. % CIP MRCM. For all conditions, the LVE appeared as the G’ and G”
were constant and then reached a level of strain where a decrease in the
modulus responses was observed. A critical crossover strain where G”
overtook G’ was present for tests at approximately 10% strain, which was
not observed in the control sample. This indicated yielding of the matrix
material with the inclusion of the micron-sized magnetic filler. A semi-
logarithmic plot of the G’ data is presented in Figure 24 (bottom) to
illustrate the stiffening effects under magnetic fields. The zero-field
amplitude sweep had the lowest G’ values, and the intermediate magnetic
fields of 0.1, 0.3, and 0.5 had very similar modulus responses. Comparing
these results to the magnetic sweep, the 8 vol. % (42 wt. %) composite had
only a 22% MR effect; therefore, at those magnetic fields, high levels of
dynamic stiffening were not occurring. For the 1 T field, the stiffening was
seen, as the response at that field was much higher due to the activity of
the CIP throughout the polymer matrix.
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Figure 24. Amplitude strain sweep of 8 vol. % CIP at various magnetic fields: (top)
logarithmic representation of G’ and G” as a function of strain and (bottom)
semi-logarithmic plot of G’.
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Stress amplitude sweeps for the 17 vol. % composite are shown in Figure
25. For all conditions, LVE was observed, and critical crossover between
G” and G’ occurred at approximately 10% strain. The semi-logarithmic plot
of G’ values (Figure 25 [bottom] below) captured the stiffening of the
MRCM with various magnetic fields. The zero magnetic field showed the



ERDC/GSL TR-20-36

39

lowest G’ response, and due to the large MR effect, the magnetic field
effect on G’ indicated the clear differences in G’ under those conditions.
The responses at 0.3 and 0.5 T were similar, but at increasing strain, the
0.5 T result did not exhibit as sharp a decrease in G’ until later strain
values. The 1 T magnetic field imparted the highest degree of stiffening:
increase of G’.

Figure 25. Amplitude strain sweep of 17 vol. % CIP at various magnetic fields : (top)
logarithmic representation of G’ and G” as a function of strain and (bottom)
semi-logarithmic plot of G’.
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6.4.3 Frequency sweeps

The time-dependent behaviors of the polymer MRCMs were studied by
using frequency sweeps. Figure 26 represents the control polymer without
magnetic particles. For all angular frequencies tested, G’ remained greater
than G”, and no modulus crossover was observed.

Figure 26. Frequency sweep of control polymer sample under no magnetic field with
G’ as filled-in symbols and G” as outlined symbols.
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Figure 27 summarizes the frequency sweeps of 8 vol. % CIP MRCM under
magnetic fields from o to 1 T. The elastomer viscoelasticity was not altered
as the magnetic fields were increased. The G’ responses as a function of
magnetic field did not stiffen greatly due to the MR effect of the 8 vol. %
composite being only 22%.
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Figure 27. Frequency sweeps of 8 vol. % CIP samples at various magnetic fields
with G’ as filled-in symbols and G” as outlined symbols.
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The 17 vol. % CIP composite frequency sweeps are shown in Figure 28 for
magnetic fields varying from o to 1 T. The viscoelastic behaviors did not
change, and no modulus crossovers were observed similar to the control
and 8 vol. %. For these samples, stiffening of the composites was
noticeable as the G’ responses increased significantly with increasing
magnetic field strength.

Figure 28. Frequency sweeps of 17 vol. % CIP samples at various magnetic fields
with G’ as filled-in symbols and G” as outlined symbols.
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The loss factor tan § is the ratio of G” to G’ and can describe the bonding
energy of the CIP to the polymer elastomer matrix (Kwon and Lee 2018).
Figure 29 shows the loss factors for 0 and 1 T experiments for 8 and 17
vol. % CIP MRCMs. The loss factor relationships for the o T conditions
indicated that energy dissipation was independent of filler content. The
1T, 8 vol. % result also showed a similar loss factor to the o T conditions.
For 17 vol. %, the 1 T experiment indicated an increase in the loss factor
at low frequencies, resulting in a higher degree of CIP mobility in the
polymer matrix. This increase in mobility is a result of the uncrosslinked
matrix and strong magnetization of the CIP at the high magnetic field.

Figure 29. Loss factor comparisons of 8 and 17 vol. s atOand 1 T.
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Conclusions

MRCMs were synthesized from slurry-based and polymer-based systems.
The goal of this project was to create rapidly stiffening materials for use in
deployable force protection and projection systems with tunable
properties.

Slurry-based MRCMs were formulated to be similar in consistency to a
freshly mixed cement mortar to mimic uses in construction applications.
From magnetic sweeps, the three formulations ranging from 20 to 40 wt.
% magnetic CIP content were able to stiffen by orders of magnitude when
an applied magnetic field was increased. The shear stress responses of
these slurries were also shown to increase as a function of magnetic field
and CIP content. Modeling of flow curve data using common models was
difficult to fit at low shear rates at higher magnetic fields. Experimentally
observed yield stresses for the slurries showed that the yield stress could
be tuned from as low as 9 Pa at no magnetic fields to more than 15,000 Pa
at 1 T. At no magnetic fields, the amount of kaolinite clay had the highest
effect on the shear stress response and yield stress. For applied magnetic
fields, the CIP content dictated the shear stress responses as 40 wt. % CIP
slurries had the highest responses when under magnetic fields. With these
tunable shear stresses and yield stress, the slurry-based MRCMs are
promising in the area of three-dimensional printing of structures from
cementitious materials. The slurries with high shear stress responses
under magnetic fields can be self-supporting, allowing for rapid printing.

The use of bauxite waste material was investigated to determine whether
these materials could be used as supplementary magnetic materials in
slurry-based MRCMs. NIST standard bauxites were base-treated and
filtered. XRD of each bauxite sample was performed on as-received and
base-treated powders. Phase compositions were compared to understand
how Al phases and Fe-rich phases were affected. VSM captured changes in
magnetic behavior among the bauxite samples with Arkansas bauxite
exhibiting the highest magnetization behavior. Bauxite mineral phases and
magnetization behaviors were changed by chemical treatment, but
magnetic response remained very low compared to the responses of more
traditional magnetic materials; therefore, the bauxite materials were not
formulated into MRCMs.
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Polymer-based MRCMs were synthesized from SBR with CIP embedded
within the rubber matrix to explore their response mechanisms and
behaviors. CIP content was set at 8 and 17 vol. %. SEM images illustrated
that CIPs were dispersed throughout the matrix, but aggregation did
occur. Magnetization of the polymer-based samples followed a rule of
mixtures relationship between the amount of non-magnetic polymer and
magnetic CIP on a weight basis. Magnetic sweeps of the polymer-based
MRCMs indicated that the MR effect was dependent on the amount of CIP.
The control polymer sample had a negligible increase in modulus with
applied magnetic field, but the 8 vol. % CIP MRCM had an MR increase of
22%, and the 17 vol. % CIP MRCM showed a 74% in MR effect. Strain
amplitude sweeps indicated that modulus crossover was present for all
samples and magnetic field conditions. Modulus stiffening was observed
in both amplitude and frequency sweeps.

Future work in this area will address stability of the slurry-based MRCMs
and formulation of more uniformly dispersed polymer-based MRCMs.
Polymeric admixtures at low dosages could potentially be added to the
slurries to create more stable suspensions without lowering magnetization
greatly. For polymer-based MRCMs, novel crosslinking and fillers can now
be investigated to create more durable materials for force protection and
projection applications.

The lessons learned through this research can be transitioned to various
basic and applied research programs such as “Effects of an External
Electromagnetic Field on Magnetosome Biomineralization and
Biogenesis” and “Hyper Performance Composites Using Directed Colloidal
Crystallization.”
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Appendix A: Laser Diffraction and X-ray

Diffraction Data of MRCM
Candidate Materials

Figure A-1. Particle size analysis of CIP.
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Figure A-2. Particle size analysis of iron for analysis.
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Figure A-3. Particle size analysis of iron electrolytic powder.
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Figure A-4. Particle size analysis of kaolinite.
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Figure A-5. Particle size analysis of sand.
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Figure A-6. Particle size analysis of hematite.
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Figure A-7. Particle size analysis of magnetite.
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Figure A-8. XRD pattern of hematite.
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Figure A-9. XRD pattern of hematite.
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Figure A-10. XRD pattern of magnetite.
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Figure A-11. XRD pattern of magnetite.
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Figure A-12. XRD pattern of kaolinite.
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Figure A-13. XRD pattern of kaolinite.
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Figure A-14. XRD pattern of sand.

WPF Report
Scan ID: A7-1.xrdml
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Figure A-15. XRD pattern of sand.

WPF Report
Scan ID: A7-2.xrdml
Scan Parameters: 2.511°/67.751°/0.01671°/219.71(s). ¢=0.0°, 1(p)=69113/138, Co(45kV,40mA), Thursday, August 01, 2019, 10:32
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Appendix B: Slurry-Based MRCM Model Fitting

Table B-1. Fitting parameters of HB models for slurry-based MRCMs.

Slurry Magnetic
Composition | Field oT 04T 03T 05T 1T

t, 125.48 |705.98 |4019.27 |6421.56 | 10005
20wt. % | 2.49 1893 |33.08 |17.47 |1256.76
CIP/ 40 wt.
% Kaolinite |n 0.98 0.87 0.74 0.91 0.21

t, 36.34 |1172.7 |54021 |66071 |15119
30wt.% | 1.26 0.68 3932 |8.44 26.05
CIP/ 30 wt.
% Kaolinite |n 0.95 1.25 0.69 1.05 0.86

t, 4.72 1770.28 |8293.65 | 10654.8 | 15440.8
40 wt. %

K 2.44 2.7 15, 11. 78
&P 50wt 52.79 5.56 58 |36
% Kaolinite |n 0.73 0.39 0.86 1.08 0.76
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Appendix C: X-Ray Diffraction of Untreated
and Treated NIST Bauxite
Samples

Figure C-1. XRD pattern of as-received Arkansas bauxite.

69b-Ark WPF Report

Scan ID: 68b-Ark.xrdml e 63b-Ark

v Zero Offset = 0.0378 (0.0014) Displacement = 0.0 Distance Slack = 0.0

v Ka2 Peaks Present Ka2/Ka1 Ratio = 0.5 X-Ray Polarization = 1.0

Geometry: Diffractometer Lp Fitted-Range: 2.5°-70.0° BG-Model: Polynomial (3) A: 1.78899 A (Co)
PSF: pseudo-Voigt Broadening: Individual FWHM Curve Instrument: Constant FWHM = 0.17

Phase ID (9) Chemical Formula PDF-# Wi% (ESD) RIR Tl
Gibbsite | a-Al(OH)3 (PO) (2) AKOH)3 04-011-1369 67.3(0.9) 190 896
Kaolinite-1A (PO) Al2Si05(0H)4 04-010-4800 19.0(0.7) 1.04 1192
Muscovite-2M1 (PO) Ko.93Nao o7 Al soFeo 2Mgo o7 (Al1 13812, 01-073-9866 7.8(05) 047 1818
Siderite (PO) (?) Fe(CO3) 04-015-6716 2.4(03) 259 131.9
Anatase TiO2 01-075-2550 1.2(0.1) 433 7529
Quartz (?) Si0, 04-012-0490 0.7(0.1) 427 1405
Bshmite | y-AIO(OH) (PO) AIO(OH) 04-010-5683 05(0.1) 237 1321
Sodium Aluminum Fluoride Silicate Hyr Nag(Als SisO24)2NaF-xH, O 00-049-0937 0.0(0.0) 3.05 0.0
Magnetite Fez0y 04-005-4319 1.2(0.2) 380 2288

XRF(Wt%): Fe203=3.2%, Ti02=1.2%, K20=0.8%, Si02=12.8%, Al203=54.8%, Mg0=0.1%, Na20=0.0%, C02=0.9%
Refinement Halted (R/E=3.73), # Round=4, Iter=13, P=61, R=7.26% (E=1.95%, EPS=0.5)
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Figure C-2. XRD pattern of treated Arkansas bauxite.

69b-Ark-after WPF Report

Scan ID: 69b-Ark-after.xrdm| e 69b-Ark-after
Scan Parameters: 2.511°/69.99°/0.01671°/219.71(s), ¢=0.0°, I(p)=27044/1846, Co(45kV,40mA), Wednesday, September 04, 2019,

v Zero Offset = 0.0809 (0.0017)
v Ka2 Peaks Present

Geometry: Diffractometer Lp

Fitted-Range: 8.0°-70.0°

Displacement = 0.0
Ka2/Ka1 Ratio = 0.5

Distance Slack = 0.0
X-Ray Polarization = 1.0

BG-Model: Polynomial (5)

A 1.78899 A (Co)

PSF: pseudo-Voigt Broadening: Individual FWHM Curve Instrument: Constant FWHM = 0.1°

Phase ID (9) Chemical Formula PDF-# Wi% (ESD) RIR M
Gibbsite | a-Al(OH)3 (PO) (?) AlOH)3 04-011-1369 6.9(0.8) 190 888
Kaolinite-1A (PO) (?) Al2Siz05(OH)4 04-010-4800 54.9 (2.5) 1.04 119.1
Muscovite-2M1 (PO) Ko.93Nao o7Al1 soFeo 2Mgo.07(Al1.13Si2, 01-073-9866 0.6(0.2) 047 1819
Siderite (PO) Fe(CO3) 04-015-6716 0.0(0.0) 259 1318
Anatase TiOz 01-075-2550 5.9(0.5) 4.33 7529
Quartz Si0s 04-012-0490 6.8(0.6) 427 1405
Béhmite | y-AIO(OH) (PO) AIQ(OH) 04-010-5683 0.1(0.1) 237 1321
Sodium Aluminum Fluoride Silicate Hy Nag(AlSigO24)2NaF«xH20 00-049-0937 16.9(0.7) 3.05 0.0
Magnetite Fe304 04-005-4319 7.8(0.9) 3.80 2257

XRF(Wt%): Fe203=8.1%, Ti02=5.9%, K20=0.1%, Si02=40.1%, Al203=32.9%, Mg0=0.0%, Na20=2.3%, C02=0.0%
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Figure C-3. XRD pattern of as-received Jamaican bauxite.

698-Jam

Scan ID: 698-Jam.xrdml e 698-Jam

v Zero Offset = 0.0455 (0.001)
v Ka2 Peaks Present

Geometry: Diffractometer Lp

PSF: pseudo-Voigt

WPF Report

Scan Parameters: 2.511°/69.99°/0.01671°/219.71(s), ¢=0.0°, I(p)=37532/2483, Co(45kV,40mA), Wednesday, September 04, 2019,

Displacement = 0.0
Ka2/Ka1 Ratio = 0.5

Fitted-Range: 16.0°-70.0°

Distance Slack = 0.0
X-Ray Polarization = 1.0

BG-Model: Polynomial (3) A 1.78899 A (Co)

Instrument: Constant FWHM = 0.1°

Broadening: Individual FWHM Curve
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Figure C-4. XRD pattern of treated Jamaican bauxite.

Jam-after

Scan ID: 698-Jam-after.xrdml e Jam-after

v Zero Offset = 0.016 (0.0026)
v Ka2 Peaks Present
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Scan Parameters: 2.511°/69.99°/0.01671°/219.71(s), ¢=0.0°, I(p)=11716/3979, Co(45kV,40mA), Tuesday, July 17, 2018, 11:05 PM

Distance Slack = 0.0
X-Ray Polarization = 1.0

Geometry: Diffractometer Lp Fitted-Range: 11.0°-70.0° BG-Model: Polynomial (5) A 1.78899 A (Co)
PSF: pseudo-Voigt Broadening: Individual FWHM Curve Instrument: Constant FWHM = 0.1°

Phase ID (7) Chemical Formula PDF-# Wi% (ESD) RIR M
Hematite (?) Fep03 04-003-2900 46.7(0.4) 230 2234
Iron Aluminum Oxide Hydroxide | Al-su (Feg gaAlg 17)O(OH) 00-059-0342 36.7(0.5) 2.14 164.8
Anatase TiOz 03-065-5714 6.8(0.1) 471 7452
Gibbsite | a-Al(OH)3 (PO) Al(OH)3 04-011-1369 6.9(04) 190 89.7
Béhmite | y-AIQ(CH) AIO(OH) 04-010-5683 1.5(0.2) 237 1321
Calcite Ca(CO3) 01-085-1108 0.1(0.1) 339 291.0
Rutile TiOz 04-003-0648 1.3(0.1) 329 8148

XRF(Wt%). Fe203=75.8%, Ti02=8.1%, Ca0=0.0%, Al203=9.6%, C02=0.0%
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Figure C-5. XRD pattern of as-received Dominican bauxite.

697-Dom WPF Report

Scan ID: 697-Dom.xrdml| e 697-Dom
Scan Parameters: 2.511°/69.99°/0.01671°/219.71(s). =0.0°, I(p)=20691/2512, Co(45kV,40mA), Tuesday, September 10, 2019, 12

v Zero Offset = 0.004 (0.0015) Displacement = 0.0 Distance Slack = 0.0

v Kao2 Peaks Present Ka2/Ka1 Ratio = 0.5 X-Ray Polarization = 1.0

Geometry: Diffractometer Lp Fitted-Range: 5.0°-70.0° BG-Model: Polynomial (8) A 1.78899 A (Co)
PSF: pseudo-Voigt Broadening: Individual FWHM Curve Instrument: Constant FWHM = 0.1°

Phase ID (8) Chemical Formula PDF-# Wi% (ESD) RIR M
Hematite (?) Fep03 04-003-2900 16.6(0.2) 2.30 223.9
Iron Aluminum Oxide Hydroxide | Al-su (Feg gaAlg 17)O(OH) 00-059-0342 55(0.5) 2.14 164.9
Gibbsite | a-Al(OH)3 (PO) Al(OH)3 04-011-1369 54.0(0.6) 190 89.8
Anatase TiO2 03-065-5714 6(0.1) 471 7467
Béhmite | y-AIQ(CH) AIO(OH) 04-010-5683 13.0(0.2) 2.37 1324
Calcite (?) Ca(CO3) 01-085-1108 7(0.1) 339 2910
Clinochlore | dialuminium pentamagne: Al;MgsSizO10(OH)a 01-074-1137 0.1(0.1) 078 116.3
Kaolinite-1A (PO) Al S O5(0H)4 04-013-3074 75(05) 094 1199

XRF(Wt%): Fe203=21.0%, TiO2=2.6%, Ca0=0.4%, Si02=3.5%, Al203=50.1%, Mg0=0.0%, C02=0.3%
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Figure C-6. XRD pattern of treated Dominican bauxite.

Dom-after WPF Report

Scan ID: 697-Dom-after. xrdml » Dom-after
Scan Parameters: 2.511°/69.99°/0.01671°/219.71(s). =0.0°, I(p)=10640/2912, Co(45kV,40mA), Tuesday, July 17, 2018, 9:04 PM

v Zero Offset = 0.015 (0.0034) Displacement = 0.0 Distance Slack = 0.0

v Kao2 Peaks Present Ka2/Ka1 Ratio = 0.5 X-Ray Polarization = 1.0

Geometry: Diffractometer Lp Fitted-Range: 5.0°-70.0° BG-Model: Polynomial (5) A 1.78899 A (Co)
PSF: pseudo-Voigt Broadening: Individual FWHM Curve Instrument: Constant FWHM = 0.1°

Phase ID (10) Chemical Formula PDF-# Wi% (ESD) RIR M
Hematite (?) Fep03 04-003-2900 456 (0.6) 230 2239
Béhmite | y-AIO(OH) AIO(OH) 04-010-5683 357 (0.5) 2.37 1323
Aluminum Oxide Hydroxide (?) AIO(OH) 00-049-0133 8.5(0.5) 3.00 0.0
Anatase TiO2 03-065-5714 42(02) 471 7463
Iron Aluminum Oxide Hydroxide | Al-su (Feg g3Alg 17)O(OH) 00-059-0342 2.2(04) 214 1649
Clinochlore | dialuminium pentamagne: Al;MgsSi3010(OH)s 01-074-1137 0.8(0.2) 078 1163
Quartz Si0; 04-012-0490 0.4(0.1) 427 1405
Gibbsite | a-Al(OH)3 (PO) ANOH)3 04-011-1369 0.0(0.0) 190 892
Goethite | a-FeOOH FeOOH 01-084-8278 0.0(0.0) 2.14 1689
Periclase MgOo 04-010-4039 25(02) 341 1515

XRF(Wt%): Fe203=47 4%, Ti02=4.2%, Si02=0.7%, Al203=38.4%, Mg0=2 8%
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Figure C-7. XRD pattern of as-received Surinam bauxite.
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Figure C-8. XRD pattern of treated Surinam bauxite.
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Figure C-9. XRD pattern of as-received Australian bauxite.
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Figure C-10. XRD pattern of treated Australian bauxite.
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Unit Conversion Factors

Multiply By To Obtain

centipoises 0.001 pascal seconds

degrees Fahrenheit (F-32)/1.8 degrees Celsius

inches 0.0254 meters

microns 1.0 E-06 meters

mils 0.0254 millimeters

pounds (force) 4.448222 newtons

pounds (force) per foot 14.59390 newtons per meter

pounds (force) per inch 175.1268 newtons per meter

pounds (force) per square foot 47.88026 pascals

pounds (force) per square inch 6.894757 kilopascals

pounds (mass) 0.45359237 kilograms

pounds (mass) per cubic foot 16.01846 kilograms per cubic meter
pounds (mass) per cubic inch 2.757990 E+04 kilograms per cubic meter
pounds (mass) per square foot 4.882428 kilograms per square meter
pounds (mass) per square yard 0.542492 kilograms per square meter
tons (force) 8,896.443 newtons

tons (force) per square foot 95.76052 kilopascals
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CIP
DHR
emu

G’

G”

HB
IEP
IFA
LVE
MCRM
micro CT
MR
MRE
NIST
SBR
SEBS
SEM
TGA
VSM
XRD

Acronyms and Abbreviations

carbonyl iron particles

Discovery Hybrid Rheometer

magnetic moment

storage modulus

loss modulus

Herschel-Bulkley

iron electrolytic powder

iron for analysis

linear viscoelastic regime
magnetorheological composite material
micro-computed tomography
magnetorheological
magnetorheological elastomers
National Institute of Standards and Technology
polystyrene-butadiene rubber
styrene-ethylene-co-butylene-styrene
scanning electron microscopy
thermogravimetric analyses

vibrating sample magnetometer

X-ray diffraction
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