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Abstract

The existence of an evolving microstructure in a 2.9 vol% fumed silica in pa-
raffin oil and polyisobutylene is demonstrated experimentally and via rheo-
logical modeling during steady state and large amplitude oscillatory shear flow.
The continuously evolving, rebuilding, and breaking down of the microstruc-
ture is shown, and correlated through the rheology experiments, thixo-elasto-
visco-plastic modeling, and small angle light scattering (SALS). All elements
are then connected via a global, stochastic optimization algorithm that will pro-
vide parameter estimation with a “best-fit” of the steady state and transient
data using the well-known Modified Delaware Thixotropic Model, allowing
for the comparison of SALS results with experimental values.

Keywords

Small Angle Light Scattering, Microstructure, Rheology,
Thixo-Elastic-Viscoplastic Materials

1. Introduction

Here we demonstrate the use of the full soft matter interrogation technique,
consisting of simultaneous use of rheological and scattering data along with
modeling, and parameter estimation to interrogate a complex material’s micro-
structure. The model incorporated here is the recently published Modified De-
laware Thixotropic Model (MDTM) [1] [2] [3]. The fitting of the model para-
meters to the steady state rheological data is accomplished with a novel parallel
tempering algorithm [1] [2] [4]. Steady state and large amplitude oscillatory
shear (LAOS) scattering and rheological data from the TA Instruments DHR-3

stress-controlled rheometer is wielded to make structural connections between
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the MDTM predictions of structure, A, with measures of shear induced structure
from the scattering analysis. In addition to this, Marty’s number, M (akin to an
inverse Bingham number), and viscosity measurements from steady state and
LAOS are used to facilitate discussion of key structure development and evolu-
tion under flow. Our goal is to seek evidence correlating the alignment factor, Ar
and A under flow. Furthermore, the scattering measurement methods are dis-
cussed, and it is demonstrated that it can be used to calculate structural features
under varying flow conditions. Discussion of neutron scattering experiments for
our model thixotropic material, 2.9 vol% fumed silica in paraffin oil and polyi-
sobutylene, are included. Following this, the results of the scattering experiments
using small angle light scattering for the same system are shown and discussed.
Lastly, the scattering, modeling, and rheology data is interpreted [1] [5] [6] [7].

Much work has been done recently combining scattering and rheology to de-
velop structure-property relations for the non-Newtonian flow of complex fluids
[1] [8] [9] [10] [11]. Scattering in general is used to gain additional knowledge of
microstructural evolution during rheological experiments of varying shear rate.
Small angle neutron scattering (SANS) has been incorporated several recent re-
search groups [10]-[22]. Small angle light scattering has also been a frequently
used method to gain insight about microstructure, particularly at smaller scales
than SANS [23] [24]. There are two goals achieved under flow rheological experi-
ments: to determine microstructural rearrangement during flow through the in-
tensity (X{q)) versus g (inverse length scale) curve; and determine flow-induced
anisotropy via the [(g) vs. g information. The alignment factor, Asrepresents the
degree of anisotropy in the scattered intensity calculated over a specific g range.
Here, Aris a measure of the aggregate alignment about ¢,, and the typical val-
ues are 0 for the completely isotropic state, to 0.7 for a completely “anisotropic”
state [1] [6]. Thus, our first goal is to probe these metrics of scattering from a
model thixotropic material under various combinations of frequency and strain
amplitude under LAOS conditions, with scattering, and use the scattering data
to calculate A«

We follow this with a theoretical discussion in Section 2 consisting of the
MDTM TEVP model description, small angle neutron scattering and small angle
light scattering. This is followed by the Materials and Methods section consisting
of experimental methods and model parameter fitting procedures. Following

this we present Results and Discussion section, and end with Conclusions.

2. Theoretical Section
2.1. MDTM Description

Having calculated the alignment factor using the /{(q) v g data, a recent scalar,
thixotropic model, the Modified Delaware Thixotropic Model (MDTM), is ap-
plied to make predictions for structure, A, and make comparisons to look for any
correlations between the degree of structural alignment caused by flow, and the

lambda prediction using the MDTM. Like other recent thixotropic peer models
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[25] this model includes an additional, separate timescale for A:

dﬂ, ~ a A~ d
e Keroun [—/1 tr17p| +(1—,1)(1+ tr27p| ﬂ (1)
1
t,= [ll((m—eak]a ,and (2)
Brown
1
A k d
o = (—k o J (3)
Brown

where k is the kinetic constant representing system structure restoration

Brown
and Brownian activity, while t,, and t,, are normalized, thixotropic constants
related to the breaking and aggregation of microstructure constants kg, and
Kaggr. - Unlike the original thixotropic model of Dullaert and Mewis (2006) [20]
[26], this effort allows for the use of a and d as variable exponents, unlike the
original, explicit values of 1 and 0.5 respectively. However, like the original model,
the MDTM incorporate a framework that separates strain and shear rate into
their constituent elastic and plastic components to enhance the elasto-viscoplas-
ticity demonstrated by some soft solids [1] [2] [26]. This concept originated with
the principles of the kinematic hardening of plasticity [27] [28], which dictates
that the totality of the strain and shear rates can be described by the addition of

their elastic and viscous components:
Vet Vo=V VetV =7 (4)

Moreover, the evolution of the elastic strain [29] can be described as such:

. Ve |-
Ye=Vp~ Vol )
T Ve !
This addition entails an additional equation for the MDTM modulus:
dG
d—tfz—kG (G, -4G,). (6)

This term acts to introduce an additional time constant oc k;' to the system.
Of additional note is form of the strain term, which reflects the model’s linear
superposition of elastic strain and plastic strain [1]. Analogously, the shear rate
is represented by a linear superposition of the system elastic shear rate and plas-
tic shear rate, a similarity demonstrated via Equation (4) above. The plastic com-

ponent of shear rate is described as:

v y>0
2
7}p: ;//max (7)
y<0
2+M
¥ max

being a function of 7, y,,and y,,, , respectively representing the shear rate,

elastic strain, and maximum strain. y,  specifically represents the maximum
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elastic strain a given material can tolerate and is characterized by the given equa-

tion

in| Yeo
Y max (}L):mm(/1m ,ywj. (8)
where it exists as a function of the structure parameters. Nonetheless, this pro-
duces the necessary connective relationship between the yield stress, o, and
zero deformations strain, g, to fix the following expression [1]:
oy
=, )
Yco G,

In having detailed the material properties and behaviors encompassed within
the updated MDTM, the constitutive equation can be assembled as a linear su-
perposition of the system’s elastic and plastic components, where the elastic por-
tion is relevant to reversible, temporary elongation processes and the plastic por-
tion irreversible, permanent dissipative processes. With an additional viscous
stress term, the MDTM constitutive equation represents the structural viscosity

of the process material via the following equation:
=Gy, +AKg 2 +K 7! (10)

where the first term, G, y,, represents elastic stress, and the subsequent terms,
ﬂKST)?;Z and K, }?;1 respectively represent the structural and solvent compo-
nents of viscous stress with consistency parameters K, and K_ and power
law parameters n, and n,.In application of the MDTM within this effort,
is set to 1. However, our experimentation revealed no situation in which A at-
tained a sufficiently small value to meet this maximum elastic strain value. This
parameter can be dropped to simplify the model. This simplification does not
have noticeable effect on subsequent application to the analysis of the experi-
mental material.

Therefore, one hypothesis is that A from the MDTM will correlate with one or
both structural features determined from the scattering under flow. Here, the 2.9
vol% fumed silica in paraffin oil and polyisobutylene dispersion studied in [2], is
probed with the neutron and light scattering. In addition to changes in the over-

all scattering intensity, the alignment factor, Arshown here is calculated [6]

Zjnl (g,6)cos[2(0-6,)]deo
|Af|(q): ° 21 ’ (11)
[1(a,0)do

0

where | (q, ¢) am the scattering intensity, ¢ is the scattering vector and &is the
azimuthal angle. This follows the strategy employed by [8] [13] [15] who ex-
plored correlations between these two measures of structure, and the measured
rheology.

Additionally, the calculation of the Marty’s number can be applied to measure

and gauge a “dimensionless”, stress value that can fluidize the gel, like an inverse
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Bingham number, and is shown here

. 2
M’ =c TP
(o}

(12)
y0

where cis a proportionality constant, estimated experimentally, z, is the sol-
vent viscosity, ¢ is the particle volume fraction, and Oy is the yield stress.
The M’ provides a dimensionless shear rate for comparing different materials
and has been demonstrated to correlate with both viscosity and microstructure
for this sample [7]. The success of this comparison motivates further exploration

of our model thixotropic suspensions.

2.2. Small Angle Neutron Scattering

The neutron scattering experiments were conducted on the NGB-30 line, at
NCNR, NIST, in Gaithersburg, MD, at a series of steady state conditions using
the Anton Parr, MCR-300 stress-controlled rheometer as was done in previous
work by Lopez-Baron et al [9], Gurnon et al [8] [16] and Eberle and Porcar
[14]. Figure 1 shows the flow curve as images of the scattering intensity from the
1 - 3 plane. The 2-dimensional scattering patterns at the 13.5 m detector posi-
tions are presented, along with the difference pattern of each with the quiescent
pattern. An I(g) vs g curve from two very different shear rates (shown in figure)
is also shown, where no changes in microstructure are at these shear rate condi-
tions [1]. Thus, SANS is not able to discern the length scale of our fumed silica
aggregates, showing, that even though our fumed silica particles are said to be of
diameter 16 nm, the smallest fused fumed silica aggregate is not of this length
scale. This fact has been attributed to the fact that the PIB used in the solvent
binds to nearest neighbor fumed silica particles, sometime permanently creating
on average larger aggregates, and corroborated by Dullaert and Mewis [26] [30]
[31] [32]. A cartoon of this phenomena is shown in Figure 2. The cartoon shows
that the smaller sized constitutive raw particles bind together, permanently to
form larger particles, which then form larger structures by interacting, and
bonding with each other [30]. SANS probes length scales of ~100 - 1000A over
which the microstructure does not change with flow [1].

Figure 1(a) shows the quiescent scattering pattern, then scattering patterns at
four different steady state shear rates in the top row of images. The different
shear rates are clearly depicted in Figure 1(b) with numbers inserted that corre-
late to each of the images of the scattering at different shear rates in Figure 1(a).
While the bottom row shows nearly identical difference patterns calculated by
subtracting the quiescent patter (first image in first row of Figure 1(a)). This
shows that the length scales of the agglomerates in the 2.9 vol% fumed silica in
paraffin oil and PIB are too large to be detected by neutron scattering, therefore
suggesting a transition to light scattering for better elucidation of the micro-
structure. Figure 2 below shows a cartoon (a) of the microstructure along with a
TEM image (b) of the aggregates [1].

As neutron scattering cannot detect changes in our fumed silica microstructure
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Figure 1. (a) 2-dimensional small angle neutron scattering (SANS) patterns (upper row) in the (1,3) plane and difference patterns
bottom row (by subtracting the quiescent scattering pattering shown in (1), 7 =0.001s"); (2) 7=5.0s";(3) 7 =50.0s"; (4)
7 =100.0s"; (5) 7=200.0s"; (b) Steady state flow curve depicting shear rates and locations of SANS difference patterns
calculated; (c) (q) vs. ¢ (A™) calculated at two different shear rates listed in Figure 1.

Figure 2. (a) Schematic of fumed silica aggregates; (b) TEM image of aggregates of 2.9 vol% fumed silica in paraf-
fin oil and PIB [1] [2].
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under flow, larger length scales are probed by using small angle light scattering
with the Rheo-SALS attachment to the DHR3 rheometer.

2.3. Small Angle Light Scattering

In this section the details of the Small Angle Light Scattering (SALS) data, and
corresponding structural analysis are discussed. Starting with the calibration pro-
cedure for the SALS instrument using 3 pm spheres in water [1].

First, the SALS calibration procedure shown pictorially in Figure 3 is described
with the final correlated equations shown below the figure. The procedure involves
using the 3 um calibration spheres provided in a dilute solution with water as the
solvent. Then the images are taken with the Lumenera software [33] for compari-
son. As shown in the TA Instrument SALS literature the calibration sphere scat-
tering pattern and the pure water scattering pattern are loaded into the Image]J
software package. Using Image] an image subtraction is performed to get the final
image shown in Figure 3(c) [20] [21] [22] [23] [24]. Next the actual MiePlot [34]
scattering pattern of the spheres is obtained from MiePlot, Figure 3(d) or the TA
Instrument SALS literature [27] [35] [36]. With the final subtracted image, a radial
profile calculation is performed with Image], and the resulting output is shown in
Figure 3(e). Finally, the two images must be parametrically matched. This is ac-
complished by marrying five key points in both images: the zero point; the known
location of the beamstop, the first valley; the first peak; and the approximate loca-
tion of second valley; all labeled below with dashed lines, this will correlate the
number of pixels to our g range, and, using MATLAB, can generate the conver-
sions between pixels and ¢. A second order polynomial is used showing good

agreement in Figure 3(g) and shown here in Equation (13),
q( pix) = —5.20e"° ( pix)’ +1.25¢72 ( pix)+2.36e2 . (13)

Additionally, using the known refractive index of water, 1.33 pixels can be

correlated to scattering angle 6 Equation (14),
6( pix) = 2.57e”° (pix) +5.04e (pix)+1.35e". (14)

However, when transitioned to the analysis of the fumed silica particles, the
shift to the average refractive index of our pure solvent 1.48 must be accounted

for via the following relationship between the scattering vector g, with scattering

q =ﬂsin(gj, (15)
A 2

where n is the refractive index of the pure solvent (1.33 for water, and 1.48 for

paraffin 0il/PIB) and 4, is the wavelength of the laser (0.635 um) [20] [21] [22]

[23] [24]. The pixel to qis correlated with Equation (13), and the intensity must

angle, 6, Equation (15),

also be correlated first with a correction shown in Equation (16) below,

1), = (@) , (16)
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Figure 3. (a) Small angle light scattering (SALS) pattern of 3 um spheres in water; (b) SALS of pure water; (c) SALS pattern
of pure water subtracted from 3 pum spheres in water with Image] software; (d) MIE scattering of 3 um spheres (units of In-
tensity vs. q); (e) SALS scattering pattern of 3 um spheres from (c) in ImageJ (units of Intensity vs. Pixels), where line 1. is
the beamstop, line 2. is the first trough and line 3. is the first peak; (f) Calibrated results showing overlapping maximum in-
tensity, and placement of first peak; (g) results showing parametric relationship between number of pixels and scattering

vector, ¢, and number of pixels and scattering angle [1] [20] [32].

and then using a multiplier, which for this data is 85, in such a way as to show
overlap with the MiePlot scattering pattern [20] [21] [22] [23] [24]. Lastly, the
conversion between the g vector and the size scale of the aggregates is shown in
Equation (17),

2

q

I (17)

Using the calibration of pixels to g one can prosecute the analysis of the SALS

images taken under steady state and LAOS conditions [1]. A few more points
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first: 1) To ensure consistency in analysis the size of the images used for analysis
must conform to the size of the calibration images (1280 x 1024 pixels); 2) The
pure solvent scattering must also be subtracted from all images to be analyzed
shown in Figure 5. The Snag-It screen capture software can facilitate and re-
quired resizing of images [23]. We close by reiterating that the correlations be-
tween pixels and g, Equation (13), as well as the conversion to 6, Equation (15),
and the intensity correction Equation (16), and multiplier must be used consis-

tently to quantitatively analyze the light scattering data [1].

3. Materials and Methods

In this section the fitting procedure is described and shown via the steady state
SALS results. The best model as demonstrated convincingly by Armstrong and
co-workers (2016) is used to simultaneously fit the steady state flow curve and
two sets of LAOS data at @ =1(rad/s), y, =1&10 with the best fit parameter
results over 15 trials shown in Table 1, and the correlation matrix in Table 2.

Here, it is best to use the best fit parameter results from [2] as the initial guess.

3.1. Experimental Protocol

The steady state and LAOS data was collected on a Discovery Hybrid Rheometer
- 3 (DHR-3), stress-controlled rheometer by TA Instruments at a temperature of
25°C. Due to the thixotropic nature of the material a pre-shear was conducted
prior to each new shear rate tested for 300 s at 300 s™'. The DHR-3 with SALS
attachment is shown below in Figure 6. The scattering pattern at each of the
shear rates and during the LAOS experiments were recorded with the software
MiePlot and Image] [33] [34] [35] [36]. In the LAOS experiments the strain is
given as y(t)=y,sin(wt), and the shear rate, the first time derivative of strain
as y(t)=y,wcos(wt), where y, is the strain amplitude and @ is the fre-
quency of oscillation.

Since the SALS can only be used with the DHR-3 stress-controlled instrument,
it was necessary to perform the rheological tests in pseudo-strain-controlled
mode, with a quartz, parallel plate geometry causing the data signal to pick up a
large noise signal. Two problems arise because the DHR-3 is a stress-controlled
instrument with the ability to operate in strain-controlled mode: This instru-
ment makes use of an additional control loop around the torque, which is ad-
justed accordingly to maintain the programed strain. This additional feedback
loop, in conjunction with an oscillating LAOS flow induces a very noisy signal.
To demonstrate that the signals are approximately equal, both sets of data were
plotted simultaneously in dimensional form in Figure 4.

Due to the SALS instrument the laser aperture is set approximately 75% from
the center of the quartz, plate geometry. Additionally, because the geometry
used does not have a homogeneous shear field the shear rate at the rim of the
geometry is different than that within the rheological experiment between the

flat plates. To replicate the rheology experiments as produced on the ARESG2

DOI: 10.4236/0jfd.2022.121002

a4 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2022.121002

M. J. Armstrong, A. M. Pincot

@
——— DHR-3 Smoothed Data «\

-3 0 - ’ - .Eg]];:(;n;]t;ata
0 1 2 3 4 5 6
t(s)

Figure 4. DHR3 and ARESG2 LAOS data comparison at @ =1(rad/s); y,=10 [1].

instrument the shear rate must be identical at the aperture. Therefore, the shear

rate at the rim is set to be 133% that which is required at the laser aperture.

3.2. Model Fitting Procedure

The model fitting procedure incorporated to fit the steady state data and two sets
of large amplitude oscillatory shear data to the MDTM parameters was the pa-
rallel tempering algorithm here [4]. An identical procedure is outlined here [4],
whereby the steady state parameters of the model are fitted to the steady state
data, then holding those parameters constant, fitting the transient parameters
[4]. Since the steady state data was spread over three orders of magnitude of
stress a normalized cost function was implemented, while fitting the transient
parameters implemented a dimensional formulation of the cost function [1] [2]
(4] [36] [37] [38].

4. Results and Discussion
4.1. MDTM Fitting to Data

From Table 1, the parameters of the MDTM are correlated in some instances
just as in the fitting of the steady state and transient data shown here [1] [2]. Ta-
ble 1 shows the parameters, gives the parameter definition, provides the average
and standard deviation of each parameter over the 15 iterations of fitting, and
the best parameter values. Here the second thixotropic time constant ¢, is corre-
lated negatively with a, m, and 55 Table 2 shows the model parametric correla-
tions. The parameter kg, and ., are positively correlated and a is also positively
correlated with m,. The correlations between parameters indicate that there is
not a single unique solution, and that the various parameters shift their values to
best fit the data, and although in this case there appears to be a single “basin” for
the best parameters. With the set of parameters fit only to two sets of LAOS and
the steady state flow curve, the same parameters values can now be compared as
determined in [2] where 17 sets of transient step-ups and step-down and the
steady state flow curve are fit. In the case of the LAOS data fitting there are some

interesting changes to the fit parameters. The clearest is the striking decrease in
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t2, which is the shear aggregation time constant, and the decrease of &gonn The
other parameters of the model were of the same order of magnitude and had
similar values (+10%). This implies that to fit the LAOS data to the MDTM the
structure evolution parameters had to be modified. As has been seen in literature
with other systems [14] and the light scattering, the structure and structure dy-
namics are different between steady state flow, and LAOS flow [7].

The correlation matrix shown in Table 2, below highlights green all parame-

tric correlations between the MDTM parameters.

4.2, Steady State Analysis

Below we show the schematic of the Azimuthal Distribution Function (ADF)

Table 1. MDTM Parameters fit to steady state and two sets of LAOS [1].

Par. Units Meaning Range Initial Guess  Limiting Vals. Optimal & o (%)
0 Pa Yield stress (=) (=) 11 =) (=)
o Pa s"! Infinite shear viscosity (=) (=) 1.17 = )
m (=) Power law 7.. (=) (=) 1 =) (=)
Go Pa Elastic Modulus (=) (=) 450 =) )
m (=) Power law par. of y. evol. (=) (=) -1.5 = =)
Ksr Pa s™ Consistency par. [9-11] >0 10.75  9.23 1.890
m (=) Power law par. Ksr [0.5-1] [0.5-1] 0.89 0.71 0.159
a (=) Power law par. shear break. [1-2] [1-2] 1.29 1.18 0.254
d (=) Power law par. shear aggr. [0.25 - 0.75] [0.25 - 0.75] 0.43 0.60 0.211
Kkprown st Char. time of Brownian mot. [1e73-1] >0 0.10 0.23 0.111
tn (Kbreat! Ksrown) s? Char. time of A breakdown [le3-1] >0 0.42 0.23 0.234
ti2 (Kaggdl Kprown) s¢ Char. time of A buildup [le3-1] >0 0.59 1.31 0.617
ke st Char. time of G evol. [1e73-1] >0 0.04 0.05 0.021

Table 2. Correlation matrix of parameters fit to steady state flow curve and two sets of
LAOS (p-value in parenthesis) [1].

tn te Karown a d m npsr ke
tn 1.00
te 0.27 1.00
Kprown -0.40 0.46 1.00
a -0.21 —0.53 (0.042) -0.20 1.00
d 0.41 -0.19 -0.44 0.06 1.00
m ~0.17  =0.62(0.0127) -0.10  10.79 (0.0005) —0.21 1.00
Ksr 032 —0.562 (0.029) —0.75 (0.0011)  0.41 022 039  1.00
ke 0.695 (0.0039) 0.11 -0.30 -0.49 0.46 -0.39 -0.03 1.00
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calculation that we use to calculate the alignment factor over a specific g range.
This is depicted in Figure 5(a), Figure 5(b), and shows how the intensity is cal-
culated vs. the angle 6 from —180 to 180. For our calculations Equation (11) uses
6 = 0. The intensity is averaged at each increment of the entire & range, within
the narrow g region outlined below. Our gregion is ¢ =1.9 um™ - 2.3 pm™’, and
using Equation (15) the length scale within the region is 2.7 pm - 3.3 um. The
IK(q) vs. O data is then used to calculate the alignment factor using Equation (16).
Numerical experiments were conducted to find the best numerical integration
technique, to include fitting a trigonometric function of the form shown here to
fit the X q) data,

f(0)=Acos(20)+B. (18)

Figure 5(a), Figure 5(b) show in schematic for how the ADF is calculated,
using the average intensity of a Agq range from —180° to 180°. For our ADF
calculations the g range is 1.9 um™ to 2.3 pm™!, and the background of each set
of steady state scattering data is subtracted out. The background of each steady
state scattering pattern is estimated from the raw scattering data with the back-
ground (bkg) ~ min(Xg)). Figure 5(c), Figure 5(d) show the results of our first
simple ADF fitting procedure using Equation (18). A quick analysis of the fits
shows that the fits are not accurately capturing the scattering pattern. This ap-

proach was not as accurate as a higher order numerical integration scheme like

(a) (b)
(¢) © Ig=1.9-2.3)-bkg; (d) o I(g=1.9-2.3)-bkg;
S — 7:(9)=A905(29)+B —_ - 7f(9)=Acos(29)+B
= 2000f \"* | E2000f ™
~ 00 -
o0 o0
2 2 £
o f~ oo
I | ~ |
2 1000 5 1000
— —
1 Il
g Z
= =
0 - - - 0 - - :
-100 ¢ ©) 0 100 -100 0 (°) 0 100

Figure 5. (a) Azimuthal Distribution Function (ADF) Schematic; (b) ADF Schematic depicting Ag; (c)
Simple fitting to Equation (18); A = 746 (arb), B= 818 (arb) at 7 =200s™"; (d) Simple fitting to Equation
(18); A=1590 (arb), B=1423 (arb) at y=5s" [1].
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Simpson’s composite integration formula. It is noted here that for the alignment
factor calculations the background light scattering was subtracted out a priori.
With the A4, and B parameters estimated it is now possible to calculate the
alignment factor, Arshown in Equation (11). Using this technique, the calculated
value of the alignment factor for the two shear rates shown in Figure 5(c), Fig-
ure 5(d) is 0.49 and 0.45, respectively. It is noted that there is not much change
in the alignment factor at two shear rates at different orders of magnitude. Al-
though the calculation shows that there is more anisotropy in the 7 =5s"
system, as is expected because at the higher shear rate the structure has been de-
stroyed. Because the values are so close, and there is obvious error introduced in
our simple fitting of Equation (18), we are transitioning to a more robust, nu-
merical integration procedure of the data directly using the Composite Trape-
zoid, and Composite Simpson’s rule.

The mapping of planes is shown in Figure 6 and annotated in Figure 7(a).
Using this graphic representation of the mapping one can see how the (1,3)
plane relates to the final scattering images from Image]. The (1,3) plane is the
default, and only setting for use with the SALS instrument [20] [21].

We show in Figure 7(a) a series of raw 2-dimensional scattering images in
order of increasing shear rate at steady state. Below each image is the same im-
age but after subtracting the quiescent image at zero shear rate, and adding a
color scheme, to demonstrate that there is a change in scattering, implying some
correlated change in microstructure. Above each raw image is the inverse image,
shown to assist in discerning scattering differences. By following from low to
high shear rate, one can discern a developing, then decreasing butterfly pattern,
characteristic of non-isotropic aggregates or particles, and showing some evolu-
tion of microstructure [19]. A similar result here has been previously reported by
[14] [15], using SANS on a colloidal gel [7] [35]. In Figure 7(c), Figure 7(d) we
show the azimuthal distribution function over our g range, and the X{g) vs. g at
©® =0 (in the flow direction) respectively. Figure 7(e) is the structure parame-
ter predictions using the MDTM, with the A, calculation. According to our

Figure 6. Image of the SALS Setup with Mapping to Show (1,3) plane [1].
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Figure 7. (a) No. 1-9 top row: small angle light scattering in the (1,3) plane inverse images; middle row: small angle scattering in

(1,3) plane patterns at steady shear rates shown in (a); Bottom row: small angle difference scattering patterns (by subtracting im-

age 0) ; (b) Steady state flow curve with shear rates of SALS scattering images depicted; (c) Azimuthal distribution functions
(ADF) taken at g range 1.9 - 2.3 um™ (d) L{g €= 0") vs. ¢ (um™) for 8 shear rates; (e) plot of A and Arvs. M together; (f) Maxi-
mum and average intensity vs. M’ (Legend shown in Table 3) [1].
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Table 3. Legend to interpret Figure 7 [1].

No. Shear Rate (s™) Ar A M’
1 0 0.25 1.00 0.00000
2 0.1 0.30 0.98 0.00033
3 1 0.31 0.79 0.00331
4 5 0.31 0.39 0.01655
5 10 0.30 0.24 0.03310
6 25 0.24 0.10 0.09929
7 50 0.27 0.05 0.19858
8 100 0.16 0.03 0.33097
9 200 0.21 0.01 0.82743

prediction of A and Ay calculation the two are correlated, in that the trend for
both is a decrease with respect to shear rate, and M Figure 7(f) shows the av-
erage and maximum intensity for each of our steady shear rates. The trend is
clear, increasing shear rate, after the initial rise after y =0, causes less scatter-
ing, due primarily to less structure, due to the structure breakage caused by the
increase in shear rate.

Figures 7(a)-(e) show interesting features. Here we have plotted the new fit
for the steady state flow curve with the parameters from Table 3, and the A pre-
dictions. We are also showing the azimuthal distribution functions at several the
steady state shear rates using Equation (12). Here we see that there is an initial
increase in the intensity at low shear rates but that this effect dies down as the
shear rate increases above further from 1 s™*. The g range for the azimuthal dis-
tribution function is 1.9 - 2.7 um™" which corresponds to a length scale of 2.7 -
3.3 um which was calculated using Equation (17) [1]. The X{g) vs. g curves also
show the same trend exhibited in the azimuthal distribution function. But the
most telling and informative observation from the steady state rheology and
scattering is the A and Arvs. M’ curve which indicates that there does not seem to
be any correlation between our steady state flow condition effect on A and Ax
This could simply mean that to induce a change in Aswith this model thixotrop-
ic system one must first have oscillating flow, whereby the lambda value is

greatly affected by the magnitude of the shear rate [1].

5. Conclusions

Here we have shown a unique ability to simultaneously probe the microstructure
of the model thixotropic system while performing rheological tests, thusly in-
corporating all four corners of the soft matter interrogation tetrahedron. Addi-
tionally, we started by demonstrating that comparing A calculated using neu-
tron scattering data and simultaneously using the MDTM to predict A was poss-

ible, and useful to make relevant correlations of how the flow field affects both
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measures of a material’s microstructure [1] [2] [11]-[17] [37] [38]. This method
was subsequently applied to 2.9 vol% fumed silica in paraffin oil and PIB. While
the MDTM model proved suitable to the experimental purpose, it necessitated a
transition of the utilized scattering source to small angle light scattering because
of the larger length scale of these aggregates [1].

Upon transitioning to the small angle light scattering experiments, we were
able to see and discern key changes in the microstructure for steady state and
LAOS flow at varying shear rates. With our scattering images and Image] were
able to use the azimuthal averaging, and radial profile options to calculate align-
ment factor. We also used our best scalar thixotropic model, the MDTM to fit
the model directly to the steady state and LAOS, thusly predicting the structure
A. This now offered a vehicle to make correlations between the alignment factor
and structure to look for patterns. We discovered that indeed there were correla-
tions, although barely discernable, but only at strain amplitude 1 and 10, while at
strain amplitude 100 it appeared that the structure was too broken down to be
able to use the alignment factor, as its magnitude was greatly diminished. It also
noteworthy that the structure as predicted by the MDTM does seem to correlate
more with the maximum scattering intensity, which is another metric of a struc-
tured material state. We have successfully shown a correlation between our sca-
lar structure parameter as predicted by the MDTM and the alignment factor of
the microstructure in a 2.9 vol% fumed silica in paraffin and PIB.
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Nomenclature

® frequency of oscillation

Yo strain amplitude

t time

T temperature

A structure parameter

G elastic modulus

o,  Yyieldstress

m power law

Tc Cross model time constant
18 thixotropic time constant of shear breakdown

Kgreak thixotropic time constant of evolution
Kager  Char. Time constant of structure aggregation
Kgrown Char. Time cosntat of Brownian motion

Ye
Yp

Ymax

elasti strain

plastic strain

maximum strain

critical rouleaux strain
strain

elastic, plastic shear rate
stress

shear rate

cost function

infinite shear viscosity
power law of shear aggr.
power law of shear breakdown
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