Oscillatory Rheometry Procedures for Highly Loaded Suspensions

Accounting for Retained Normal Force When Measuring Linear Moduli and Yield Stress
1. Introduction

Highly loaded suspension applications have emerged throughout industry in the 20th and 21st
century as scientists and engineers have increasingly sought to incorporate fillers into polymeric
binders to attain functional materials tailored to specific applications. These suspensions are
defined as having greater than 50% of their volume occupied by solid additives [1]. By adding
different fillers for varying applications these suspensions may be custom-built to achieve specific
performance benefits. However, as more solids are added the physics of the resultant suspension
becomes increasingly non-Newtonian, exhibiting yield stress and/or thixotopic behaviors. Further,
these behaviors present a host of challenges that make both industrial processing and rheological
evaluation non-trivial, among them: wall slip, edge fracture, binder separation, gap exudation, and
local heterogeneity [2].

To take advantage of the performance benefits of highly loaded suspensions in manufacturing,
these behaviors must first be overcome in rheological measurement [3,4]. Upon successfully
establishing the ability to measure the material under various manufacturing-relevant processing
conditions, the material can be characterized and the process tailored to its behavior. The most
versatile tool for this characterization is the parallel plate rotational rheometer. This instrument can
be used in steady torque mode, to measure viscosity, or in oscillatory torque mode, to measure
visco-elastic behavior [5,6]. Both are critical to understanding the material characteristics and the
requisite processing parameters [7]. Although engineers may have rheometers, a material to
measure, and a desire to measure the properties of that material, the procedure for gathering
quality data is not straightforward. It is openly accepted that the preparation and test parameters
can affect the final measurement [7,14,24]. This poses a certain risk not only to the transferrability
of knowledge to the manufacturing process but to the exchange of processes and procedures
between researchers at different locations. Thus, there is a clear need for the detailing of a
reasoned procedure for gathering visco-elastic data on highly loaded suspensions. Specifically of
interest are the linear storage modulus (G’wr), the linear loss modulus (G” ), and the yield stress
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Currently, there is no existing research that explicitly states the full procedure for gathering
oscillatory rheological data on highly loaded suspensions that approach the maximum packing
fraction. Existing research is largely confined to viscometric measurements [9-11] that are non-
transferrable due to geometries used, generally cone and plate [18] which has an exceedingly small
gap that is not conducive to testing with particles in excess of 10micron, or the incorporation of pre-
shear stages [9,13,18,20,21] which leads to sample exudation from the gap for highly loaded
systems. There are reports regarding highly loaded suspensions that provide oscillatory rheology
data, either amplitude or frequency sweeps, but these reports either provide data without any
mention of experimental procedure or only provide a passing statement regarding their procedure
[8-25] . The closest existing research in the literature is for cement pastes [24] but the material
analyzed doesn’t approach the volume fractions in question here and thus can only be partially
relied upon.

Herein, a procedure specifically developed to measure data for highly loaded suspensions
tested in an oscillatory rheometer will be described in step-by-step fashion and data provided to
illustrate its utility. This report is intended as the opening of the conversation regarding the
complexity of this method of measurement, not its conclusion. The proposed procedure is the
beginning of an effort to establish best practices for measuring highly loaded suspensions using
oscillatory rheometry.

2. Materials and Methods

2.1. Materials

Rheometer: The procedures described in this report were developed on a Netzsch Kinexus Ultra+
stress-controlled rheometer. 20mm cross-hatched plates, upper and lower, were used to gather
data. Hatches were approximately 1x1x1mm pyramids. A gap between 1.8 and 2.2mm was used in
all experiments. The maximum axial force applicable by this instrument is 20N. The instrument was
kept at 20C for all testing. The instrument room was also kept at 20C for all testing. Humidity was
not tracked or controlled.

Mixer: A FlackTek SpeedMixer (DAC 1200-300 VAC) was used to mix the samples. 50g mixes were
performed in a 90mL cup with rounded corners.
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Filler: Coarse (D50 - 86 pm) and fine (D50 — 14.5 pm) melamine were used as the filler material for
these experiments. Both particle sizes of melamine were sourced from OCI Nitrogen. For the
coarse particles used the 90" percentile diameter was 180 pm. Thus, the gap used in rheometry
should be 1.8mm or larger (gaps of this size are not reasonably attainable on cone and plate test
geometries). All mixes were performed with a 3:1 ratio of coarse to fine particles to attain maximum
packing density. The particle size distribution for the material is shown below in figure 1
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Figure 1: Melamine Particle Size Distribution, Coarse and Fine

Binder: Two binders were used in sample preparation, SYLGARD 182 and a custom methacrylate
binder. SYLGARD 182 (part A), from DOW, has a density of 1.03g/cc and a neat binder viscosity of
5.5 Pa-sec. The custom binder has a density of 1g/cc and a neat binder viscosity of 0.35 Pa-sec.

Test Samples: The mixed material was allowed to cool to room temperature for 1 hour then formed
into 3g spheres. Spherical test samples were allowed to relax overnight in the same room as the
instrument before being tested.

Scale: A Mettler Toledo ME-T scale with +/- 0.001¢g sensitivity and 260g max was used to formulate
each batch and weigh out test samples into spheres.

2.2, Rheological Measurements
2.2.1. Existing Procedures

Traditional procedures for gathering rotational rheology data rely heavily on pre-shearing the
sample for a pre-determined time, then allowing the sample to dwell for a set time thereafter. For
example, a sample could be pre-shear at 1 sec™ for 120 seconds and then allowed to rest for 120
seconds before proceeding with the test. This is done to start each test from the same material
condition, and thus obtain the same result. The assumption here is that the material is sheared to
breakdown its internal structure entirely and then allowed to rest for that structure to recoverto a
consistent point. For non-filled, or lightly-filled, systems this process generally works very well
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[9,13,18,20,21]. This, however, does not work for highly loaded suspensions due to sample
exudation at high shears. When sheared at rates close to 1 sec™ highly loaded suspensions will
either flow out of the gap or separate from the top or bottom plate and render the test invalid as
shown in figure 2.

Figure 2: Flow Out of Gap During Test
2.2.2. Developed Procedure

This report will detail procedures for two different classes of material, viscoelastic liquids
and viscoelastic solids. The difference between these materials is highlighted by their recovery
after a step strain is imposed and subsequently removed. A viscoelastic liquid will recover slowly,
but incompletely, whereas a viscoelastic solid will recover quickly and completely [5,6]. The
viscoelastic liquid was a formulation of 78vol% melamine (3:1 coarse: fine) in a custom binder and
the viscoelastic solid was a formulation of 78vol% melamine in SYLGARD 182. Images of each
formulation are shown below in figure 3 a-b.
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Figure 3 a-b Preformed Samples after 12 Hours Resting a) 78vol% SYLGARD, viscoelastic solid b)
78vol% Custom Binder, viscoelastic liquid

At the beginning of each day the top and bottom plates were cleaned using IPA. Additionally,
gap zeroing, geometry inertia and torque mappings were performed. After each test the plates were
cleaned again using IPA and water, then dried, and the gap zeroed anew. From this point the below
descriptions start.

2.2.2.1. Viscoelastic Liquid (VEL)

Starting with the top plate at the loading gap (70mm) a 3g pre-formed sample was loaded
onto the bottom plate. The top plate was then lowered to the trimming gap, 5% above the testing
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gap, and the excess sample trimmed. After trimming the upper plate is brought down to the testing
gap in a loop consisting of two steps. First, the top plate is lowered one tenth of the distance to the
testing gap, then a small strain oscillation (5E-4%, 1Hz) is conducted for 180sec to dissipate normal
force and promote plate-material adhesion. This loop is repeated until the testing gap is reached.
Upon reaching the testing gap a series of low amplitude stress oscillations (1Pa, 1Hz) were
performed for 15min to further promote plate adhesion. After 15min the test begun.

2.2.2.1.1. Assessing Plate Adhesion for Viscoelastic Liquids

Plate adhesion for viscoelastic liquids can be assessed by performing subsequent
amplitude sweeps and comparing results. However, doing so while comparing different loading
procedures consumes excess resources —both material and time. Thus, a good heuristic for
assessing plate adhesion can be simply pulling the plates apart after loading and observing how the
material behaves. For this procedure, the testing gap was 2mm. After loading, the gap was opened
to 10mm to assess initial material breakup and plate adhesion, then further to 25mm to assess full
material breakup. Good plate adhesion was regarding as uniform necking of material towards the
central vertical axis when the plate was initially moved to 10mm, as shown in figure 4-b, followed by
the formation of axially symmetric peaks at 25mm, as shown in figure 4-c. Bad plate adhesion
resulted in material breaking away from specific points on the test geometry and asymmetry in the
sample after plate pull-off. This procedure was tuned initially through this heuristic, then verified
against the statistical profile of the data collected as will be shown later in this report.

Figure 4 a-c: Viscoelastic Liquid, Desirable Plate Adhesion

2.2.2.2. Viscoelastic Solid (VES)

Upon starting the test, the instrument was brought to the loading gap (70mm) and a 3g pre-
formed sample was loaded onto the bottom plate. The top plate was lowered to the trimming gap,
2.1mm, which the instrument was unable to reach. For this reason, it was required to move to an
intermediate trimming gap twice the testing gap, or 4mm, then attempt to move down to the
trimming gap. After 30s of attempting to move to the trim gap, a low strain oscillation (5E-4%, 1Hz)
was be performed for 30s. Then the top plate was raised back to the intermediate gap. This was
done until the trim gap was reached. Upon reaching the trimming gap, the sample is trimmed, then
the same procedure is repeated to move from the trimming gap to the testing gap — only with the
intermediate gap now set at 15% higher than the trimming gap (2.3mm).
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Upon reaching the testing gap a series of low amplitude stress oscillations (1Pa, 1THz) were
performed for 15min to further promote plate adhesion. After 15min the test begun.

2.2.2.2.1. (U) Assessing Plate Adhesion for Viscoelastic Solids

For viscoelastic solid materials the same evaluation criterion cannot be used as what is
used for a viscoelastic liquid. With viscoelastic solids there will be no breakup of the sample
between upper and lower plates, but the entire sample will stick to either the top or the bottom
plate when they are slowly separated. Here, it is proposed that the sample should stick entirely to
the top plate as a sign of good plate adhesion. An example of good plate adhesion, for an
untrimmed sample, is shown below in figure 5.

Figure 5: Viscoelastic Solid, Desirable Plate Adhesion

2.2.2.3. Data Quality and Interpretation

In this report, the coefficient of variation (CoV) is used to interpret the quality of the data
attained. The coefficient of variation is defined as the ratio between the standard deviation and
average within a dataset, per equation (1).

CoV=0/p (1)

Where ¢ is the standard deviation of the population and pu is the average. For reporting
purposes, 10% CoV is considered an acceptable amount of variation. Low variation in the data
across the linear viscoelastic region (LVER) of an amplitude sweep suggests that each run has good
plate adhesion and that the sample was not structurally recovering through the test. Further, each
sample was visually inspected throughout the entirety of each run. For all tests there was no
evidence of plate separation or binder filtration.
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2.2.2.4. Yield Stress Determination

In all cases the yield stress is taken as the stress where the storage modulus drops to 90%

of the linear storage modulus value for the run. This is depicted in an example in figure 6.
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Figure 6: Example Yield Stress Determination

In the above graph, the darker red line is the linear storage modulus value. The light red line

with smaller dashes is the moduli value corresponding with 90% of linear storage modulus. When
the data crosses the 90% value, the yield stress value is taken. This is shown by the vertical green
line.
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3. Results and Discussion
3.1.  Amplitude Sweep: Moduli Analysis

Amplitude sweeps were performed at 1Hz for both sample classes after using the proposed
loading procedures detailed above. The amplitude sweep started at 10Pa and proceeded until the
modauli crossed over. The results gathered are shown below in figure 7.
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Figure 7: Amplitude sweep for two highly loaded suspension formulations
Solid boxes show viscoelastic solid data, hollow boxes show viscoelastic liquid data; storage
modulus shown in red, loss modulus shown in blue

Both samples behave as expected, with a consistent linear trend at low stresses that
breaks down as the stress increases beyond a certain point, or yield stress. When collating data
from many runs there is a degree of spread in the dataset that must be characterized to determine
if we can accept the data and take the average values in the linear viscoelastic region as accurate.
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The degree of spread is conveyed via the coefficient of variation across the stress range, as
shown in figure 8.
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Figure 8: Inter-run Coefficient of Variation (CoV) for viscoelastic liquid and solid, storage and
loss modulus.

As defined earlier, 10% CoV is taken as the threshold that must be cleared for data to be
deemed acceptable. For both materials, and both moduli, the 10% threshold is not cleared.
Therefore, the average values in the linear viscoelastic region for the storage and loss modulus
cannot be taken as the actual values.
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With the inter-run CoV determined to be too high the intra-run CoV must be investigated to
deem if the data is at all acceptable with this testing procedure as prescribed. The intra-run CoV is
shown in figure 9.
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Figure 9: Intra-Run CoV for Viscoelastic Liquid (hollow) and Viscoelastic Solid (solid),
Storage Modulus (Red) and Loss Modulus (Blue). LVER for VEL: 20-100Pa, VES: 20-400

The intra-run CoV shows that, aside from the loss modulus in one run for the viscoelastic
liguid sample, all runs were of sufficient quality to have their individual data accepted. Itis
especially clear that for all samples the CoV of the storage modulus was very low, only exceeding
2% in one run. With the disparity between the inter and intra-run CoV in view, it is supposed that
there is an additional factor contributing to variation between runs.

It is hypothesized that the additional contributing is the retained normal force from sample
loading. When performing the loading procedure as proposed here there is a certain amount of
force required to drive the sample into the teeth of the test geometry and attain a test gap that
enables testing. If the sample were not properly adhered to the test apparatus, or too large of a gap
was left, the gathered results would be unacceptable and test failure, due to material exudation
from the gap, would be frequent. Thus, the material must be properly forced into the gap and
adhere to the test geometry. The test instrument imposes a certain amount of force, in this case up
to 20N, to achieve this goal. When the sample has been compressed into the desired test state
there remains residual stresses within the material due to the loading procedure. This can be
measured by the retained normal force that is not dissipated before the start of the test. Itis
hypothesized that this retained normal force is causing the variation seen in the inter-run CoV data
as seen in figure 8 above. This hypothesis is tested in figure 10 below and the results of two different
types of model fitting shown in table 1.
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Figure 10: LVER Moduliv. Normal Force Retained for VEL (hollow) and VES (solid) samples Storage

Modulus (red) and Loss Modulus (Blue)

Each pointin figure 10 above represents a different test where a new sample was loaded
with the same prescribed procedure and the retained normal force at the start of the test allowed
to vary freely. The linear storage and loss modulus are taken as the average value of the modulus in

the LVER. For the VEL this was range was 20-100 Pa and for the VES this was 20-400 Pa.
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measured in that test. All material-property pairings exhibit clear qualitative correlation. The

12

Figure 10 shows the normal force value at the beginning of the test against the LVER moduli

correlation is explored quantitatively in table 1 below.

Material
Model VEL VES
G| Gll Gl Gll
Summ.ary R2 0.97 0.9 0.58 0.11
of Fit
Linear DB 1.25E+06 5.10E+05 1.38E+07 1.93E+06
Parameter | Value (Pa)
Estimate S
EETEEPE 0.1702 0.0135 0.002 0.0015
value
Summ.ary R2 0.98 0.92 0.68 0.21
of Fit
Power EEEE 4.37E+06 7.75E+05 8.69E+06 1.43E+06
Law Parameter | Value (Pa)
Estimate -
[THEIEE P <0.0001 <0.0001 <0.0001 <0.0001
value
Table 1: Moduli-Retained Normal Force Model Fits and Values; full model fit available in
appendix

Two models are shown above, a linear fit and power law fit. Both the storage and loss
modauli are fit for both material classes in question. The overall correlation coefficient is given for
each material-property pairing (i.e. VEL G’). Additionally, the intercept parameter estimate for each
model is given along with its p-value, to communicate its statistical significance. The intercept is of
interest as it represents the actual moduli, where no normal force is retained. For the linear model,
the viscoelastic liquid is well fit for both the storage and loss modulus. However, the intercept value
for the storage modulus is not statistically significant and is only weakly significant for the loss
modaulus. In this case, neither of these values would be interpreted as the ‘true’ moduli for a zero
normal force retained scenario. The linear model for the viscoelastic solid has poor overall model
correlation, as conveyed by R?, but much better intercept parameter estimates, both of which are
statistically significant. Both values can be taken as the true moduli, but if a better fit is present, it
may be taken instead.

In all cases the power law fit appears as a better model for these material-property
combinations. In all cases the power law fit has a higher correlation coefficient and a more
statistically significant p-value for the intercept estimate. In all cases the p-value is less than
0.0001 indicating very convincing significance. With this information the hypothesis that retained
normal force is impacting the measured moduli value can be accepted. Further, it can be
concluded that the proper moduli value can be determined by performing a power law fit of the
LVER moduli value from each run against the retained normal force at the start of the run and the
extracted intercept value taken as the true LVER moduli.
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Additionally, the hypothesis is logically justified because, when dealing with highly solids
loaded suspensions approaching the maximum packing fraction, any retained normal force is going
to directly lead to increased particle-particle interactions within the sample. These increased
frictional interactions will form force chains that store energy, increasing the storage modulus, and
further increase dissipative losses through sliding interactions, increasing the loss modulus.

3.2. Yield Stress Analysis

A similar analysis can be performed for the yield stress determined for each run via the
procedure shown in section 2.2.2.4. It is hypothesized that the yield stress will behave similarly to
the storage modulus: additional stress will be withstood when the material is tested under
compression. The results of testing are shown in figure 11 below.
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Figure 11: Yield Stress v. Retained Normal Force; Viscoelastic Solid (blue, solid) and Viscoelastic
Liquid (orange, hollow)

There is an apparent correlation between the yield stress from each run and the normal
force at the beginning of the test. Again, two models are fit to the data to observe if statistically
significant intercept values may be extracted that can be interpreted as true yield stress values for
each material class. This data is shown in table 2 below.
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Material
Model VEL VES
Yield Stress Yield Stress

Summary of Fit R”2 0.95 0.82
Linear B Intercept Value (Pa) -3.02E+00 2.21E+02

Estimate Intercept P-value 0.92 0.18

Summary of Fit R”2 0.95 0.87

Power

Law Parameter Intercept Value (Pa) 1.04E+02 1.61E+02
Estimate Intercept P-value <0.0001 <0.0001

Table 2: Yield Stress v. Retained Normal Force Model Fits, Linear and Power Law

As was the case with the moduli and retained normal force, again the power law fit proves
to be superior to the linear fit. In both material cases, the power law fit has an equal or higher
correlation coefficient and more statistically significant intercept parameter estimates. For both
materials the intercept value is very statistically significant. With this in view we can accept the
intercept estimates from the power law fit as the yield stress values for these materials.

4. Conclusion:

In this report procedures were set forth for measuring critical rheological properties - linear
storage modulus, linear loss modulus, and yield stress — of highly solids loaded suspensions of two
different classes: viscoelastic liquids and viscoelastic solids. Each procedure was tailored to attain
sufficient plate adhesion, at a reasonable test gap, to enable successful testing across a range of
shear stresses without sample exudation, edge fracture, or binder filtration. In the process of
establishing these procedures a fundamental tradeoff between plate adhesion and data quality
was uncovered. It was shown that in pursuit of attaining acceptable plate adhesion compressive
stresses, measured by the retained normal force, were carried into the subsequent experiment;
and, that the retained normal force does impact the measured values of each desired
characteristic rheological property. It was then hypothesized that the retained normal force varies
predictably against the desired rheological properties and models can be fit to predict the values of
these desired properties at conditions with no normal force retained. This hypothesis was
confirmed when statistically significant power-law relationships were established for all rheological
properties of interest for both material classes. Using these relationships model intercept values,
corresponding to the zero retained normal force condition, were extracted and interpreted as the
actual property value. In all cases the intercept values were statistically significant with p-values
less than 0.0001. With this hypothesis confirmed the proposed testing procedures, to include
power-law model fitting, are shown to be the first open publication of complete oscillatory
rheometry testing procedures for highly solids loaded suspensions that can obtain linear storage
modulus, linear loss modulus, and yield stress data.
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