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ABSTRACT

Three-dimensional printing (3DP) of functional materials is increasingly important for advanced applications requiring objects with
complex or custom geometries or prints with gradients or zones with different properties. A common 3DP technique is direct ink writing
(DIW), in which printable inks are comprised of a fluid matrix filled with solid particles, the latter of which can serve a dual purpose of
rheology modifiers to enable extrusion and functional fillers for performance-related properties. Although the relationship between filler
loading and viscosity has been described for many polymeric systems, a thorough description of the rheological properties of three-
dimensional (3D) printable composites is needed to expedite the creation of new materials. In this manuscript, the relationship between filler
loading and printability is studied using model paraffin/photopolymer composite inks containing between 0 and 73 vol. % paraffin microbe-
ads. The liquid photopolymer resin is a Newtonian fluid, and incorporating paraffin microbeads increases the ink viscosity and imparts
shear-thinning behavior, viscoelasticity, and thixotropy, as established by parallel plate rheometry experiments. Using Einstein and
Batchelor’s work on colloidal suspension rheology, models were developed to describe the thixotropic behavior of inks, having good agree-
ment with experimental results. Each of these properties contributes to the printability of highly filled (>43 vol. % paraffin) paraffin/photo-
polymer composite inks. Through this work, the ability to quantify the ideal rheological properties of a DIW ink and to selectively control
and predict its rheological performance will facilitate the development of 3D printed materials with tunable functionalities, thus, advancing
3DP technology beyond current capabilities.
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I. INTRODUCTION

Three-dimensional printing (3DP) is a manufacturing technique,
which involves building up a three-dimensional (3D) object from a
feedstock material. 3DP of functional materials is an increasingly
important field with recent publications demonstrating applications
spanning from printed sensors' to thermal energy storage devices” to
biomedical devices,” to name a few. 3DP is preferable when objects
with complex or custom geometries are desired. Furthermore, 3DP
offers the ability to tune material composition on the fly, facilitating
rapid prototyping by enabling variations in material chemistry,”
changes to the type and loading level of fillers,”* and combinations of
multiple materials,” for example. Within advanced applications, the
ability to 3D print lighter and more flexible polymeric structures
with desired functionality is an emerging area of research.

The extrusion-based 3DP process of direct ink writing (DIW) excels in
this realm.” Feedstocks for DIW are viscous “inks,” which are extruded
through a nozzle in a predetermined pattern to build up printed
objects. Thixotropy is required for DIW inks, so that they are shear
thinning to be extruded, then quickly thicken to hold their shape until
they are cured, or solidified, by one of a variety of methods, including
liquid evaporation,” solvent removal,' and heat-" or light-induced”*"’
polymerization. Solid filler particles can impart such thixotropic
behavior to Newtonian liquids."”'"*'* Examples include clay,"" silica,"’
salt,'” or phase change material particles.”

Particle fillers can also facilitate the introduction of porosity into
3D printed structures, making them useful in applications requiring
low mass, flexibility, and customizability. Sacrificial filler particles can
be introduced into a matrix material to produce DIW inks, which are
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printed, and the particles can be removed in post printing/processing
steps. In these cases, the filler particles serve a dual purpose; not only
do they facilitate the production of porous structures but also they
adjust the viscosity of the 3DP ink. For example, Chen and coauthors'’
used clay and silica nanoparticles as sacrificial fillers in a solution of
thermoplastic polyurethane to produce 3D printable inks. After print-
ing and curing, the clay and silica were etched out using hydrofluoric
acid, leaving pores within the structure, which were less than 5 um in
diameter. In a similar manner, Mu and coauthors'” combined sodium
chloride particles with photopolymer resins to make them 3D printable,
then printed, and cured before removing the salt by soaking printed
objects in water. Porous polymeric structures were prepared with pore
sizes of 55-100, 200250, or 350—450 pm, as determined by the size of
the particles used. The Pentzer group” has previously reported paraffin/
photopolymer composite inks, which can also be treated in this manner,
where the 3D printed and cured photopolymer is a porous matrix and
the solid paraffin is removed through solvent extraction. In this previ-
ous study, the relationships among particle loading, rheological perfor-
mance, porosity, and mechanical properties of the 3D printed porous
materials were described. The concentration of particle additives has
been demonstrated to influence the viscosity and shear-thinning behav-
ior of a 3DP ink,"” along with the porosity of the resulting 3D printed
porous object.”'*'* Thus, a more complete understanding of the rheo-
logical behavior of such materials is necessary to develop 3DP inks with
desired printability and functionality, along with 3D printed porous
objects with desired mechanical performance.

The relationship between filler particle loading and viscosity has
been described for many polymeric systems, including liquid poly-
mers,”"” " melts,'”"” and polymer solutions.”'® *' In this paper, we
have used a phase change material filler to impart thixotropic behavior
to a Newtonian photocurable resin to enable DIW of composites hav-
ing varying loading levels of filler. The particles of the organic phase
change material (PCM) paraffin wax were previously used to produce
paraffin/photopolymer composite inks for DIW.”® The particles
imparted thioxotropy and also thermal energy regulation properties.
Here, the photopolymer resin surrounds micrometer-scale particles of
paraffin wax, the ink is printed by DIW, and the resin is cured with
UV light. Thus, upon heating above the melting point of the PCM, the
molten paraffin is contained within a cross-linked polymer matrix,
and the overall structure is maintained over multiple heating-cooling
cycles. Furthermore, the paraffin particles impart controllable thixo-
tropic behavior to the Newtonian photopolymer resin, which facilitates
DIW of these materials.” This enables the production of custom
objects with passive thermal energy regulation capabilities such as
components for decoration, restoration, or retrofitting of buildings.
The paraffin/photopolymer composite inks can be modified for use
with other PCMs to achieve different operation temperatures. A wide
range of organic PCMs, which are most commonly paraffin waxes
(CuHap 1) and their fatty acid and ester derivatives,” ** can be readily
incorporated into the photopolymer resin system. Our method of pro-
ducing thermally regulating DIW inks allows for a modular approach
to achieve desired PCM and matrix properties. A thorough description
of the rheological properties of 3D printable composite inks will facili-
tate the development of materials with tunable functionalities, thereby
enabling the application of 3DP technology in new arenas.

To describe the rheological properties of particle-filled DIW inks,
such inks can be treated as colloidal suspensions.”” One of the most
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striking features of colloidal suspensions is thixotropy, which is
defined as the time dependent decrease in viscosity when shear flow is
applied to a material previously at rest, and the subsequent recovery of
viscosity when the flow is discontinued.”” ** In the 1970s,
Batchelor™ * derived the micromechanical theory for the rheology of
colloidal suspension mechanics, often referred to as micromechanics.
From Batchelor’s research, it was discovered that the microstructure
had to be taken into account when studying the mechanics of colloidal
suspensions. The microstructure of a colloidal suspension and the evo-
lution of the bulk properties of a material are coupled; thus, one does
not change independent of the other. From this work, much of the
foundation of colloidal sciences and modern colloidal suspension rhe-
ology was laid. For colloidal suspensions, it is noted that viscosity
changes are a direct consequence of the interplay between hydrody-
namic and Brownian forces.”***”” When flow is applied to a colloidal
fluid, anisotropy is introduced into its microstructure.”*”” This anisot-
ropy is a leading cause of the normal stress differences that are
observed in these materials.”” One common example of a thixotropic
material is toothpaste, which flows when a shear stress is applied by
extrusion from a tube and holds firm after extrusion onto a tooth-
brush. The DIW process requires thixotropic inks, which also exhibit
this behavior.””’ Herein, we establish a relationship between the print-
ability of paraffin/photopolymer resin composite inks and their rheo-
logical properties with a focus on viscoelasticity and thixotropy. By
establishing this relationship, the interplay between rheology and 3D
printability is better understood.”’ This work brings 3DP closer to
informed customization of materials and better describes the intersec-
tion between printability and functionality.

1. METHODS
A. Materials

Elastic 50A photocurable resin designed for stereolithography
3DP was purchased from Formlabs (product # RS-F2-ELCL-01).
Paraffin wax (CAS # 8002-74-2) and Span® 20 (CAS # 1338-39-2)
were purchased from Sigma-Aldrich. Jacquard Pinata alcohol ink in
the color sangria (# 015) was purchased from Amazon.

B. Instrumentation

Emulsification was performed using a Huxi JRJ300-SH high
shear emulsifier. The inks were mixed in a Thinky AR-100 planetary
mixer. 3D printing was performed on a Hyrel 3D Engine SR with an
SDS-10 syringe extrusion head and a 365 nm UV Pen attachment. All
shear rheometry experiments were conducted using an Anton Paar
modular compact rheometer 302. A 25 mm parallel plate attachment
was used with a 1 mm gap. Optical images of inks and printed objects
were recorded using an iPhone 11 Pro.

C. Sample preparation

Span® 20 (0.5 ml) was dissolved in water (800 ml), and paraffin
wax pellets (50 g) were added. The resulting mixture was heated to
80°C to melt the wax. A high-shear emulsifier set at 6000 rpm for
3 min was used to form a wax-in-water emulsion. This emulsion was
quenched in an ice water bath. Solid, spherical wax beads were col-
lected by gravity filtration and washed with methanol. The wax
beads, which were previously determined to have a mean diameter of
26 um,(’ were dried under vacuum at room temperature overnight.
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In a 20 ml scintillation vial wrapped with aluminum foil, dry wax beads
were added to Formlabs elastic resin. Composite inks were produced
containing 0, 10, 20,..., 60, 70 wt. % paraffin. Based on the densities of
paraffin and Elastic resin (0.904 and 1.027 g/cm’, respectively),” these
composites contained 0, 11, 22, 33, 43, 53, 63, and 73 vol. % paraffin.
Two batches of each ink were prepared to evaluate interbatch vari-
ability. Each mixture was thoroughly homogenized by mixing in a
Thinky AR-100 planetary mixer in mixing mode for four 30 s intervals.

D. 3D Printing

3DP was performed in ambient conditions. Each ink containing
43 through 73 vol. % paraffin was loaded into a 10 ml syringe with an
18 gauge nozzle for 3DP. The loaded syringes were then placed on the
extrusion cartridge of the 3D printer. Objects were printed onto a glass
bed with a fixed layer height of 0.4 mm, an extrusion rate of 20 ml/h,
and an infill of 30%. A 3D model of the Texas A&M mascot, Reveille,
which was designed by user anberman, was downloaded from
MakerBot Thingiverse. This model was printed using 63 vol. % paraf-
fin ink and the above print settings. The model was exposed to ultravi-
olet light in situ for approximately 30s after each layer was printed.
Model inlays were printed with 63vol. % paraffin ink mixed with
Jacquard alcohol ink in the color sangria to produce a maroon color.
After printing and UV curing, the substrate and inlays were assembled
to create the final printed model.

E. Experimental procedure

All rheological testing was performed at 25 °C. To determine the
limit of the linear viscoelastic region (LVER), or yield point of the
inks, strain amplitude sweeps were conducted from 0.001% to 100%
strain at a frequency of 15~ ". Three samples from two batches of each
ink were measured for a total of six samples per ink. The yield point
was defined as the strain amplitude at which the storage modulus dif-
fered from its maximum measured value by 5%. To evaluate the
Newtonian and non-Newtonian behavior of these inks, the viscosity of
each ink was measured over shear rates from 1 to 1000s™". To deter-
mine whether the inks exhibited Newtonian, thixotropic, viscoelastic,
or combination behavior, samples were subjected to a constant shear
rate of 50s~' for 10s, after which the shear rate was reduced to
0.1s™ %, and the relaxation of the samples was monitored for 150s.

F. Modeling of suspension rheometry

From the seminal work of Einstein”' and Batchelor,” the viscos-
ity of colloidal suspensions can be described in terms of the volume
fraction ¢ of the dispersed particulates,

n(¢) = n,,(1 + o1 + 0¢” + HO.T.), (1)

where 1, is the viscosity of the suspending medium, o; and o, are
known constants, which can vary slightly depending on the concentra-
tion of dispersed particulates, and H.O.T. represents higher order
terms, which are generally small in magnitude. The value of o; is 2.5,
and for dilute suspensions, the value of «, is 6.0. Based on Eq. (1), the
viscosity change is strictly due to the volume fraction of paraffin, and
additionally, the volume fraction does not change with time. The pres-
ence of the paraffin particles imparts thixotropic behavior, whereby
the inks exhibit a time dependent change in viscosity with a change in
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the strain rate. Since the volume fraction of particles within an ink
does not change, the thixotropic behavior is solely a result of the sus-
pending medium. To model this thixotropic behavior, which is time
dependent, we propose a model analogous to the model proposed by
Bautista ef al."” where, for the constitutive equation in our model, we
use the convected Maxwell fluid model

T=—pI+S, S-+2,S=2D, 2)

where T is the Cauchy stress, S is the extra stress, sometimes referred
to as the viscous stress, 4, is the structure-related characteristic time,
and the corotational derivative is given as

o DS

S§=—+SW-—-WS. 3

Dr (3)

The material derivative, D/Dt, and the rate of strain tensor, D, are
defined by

DS OS
Efg-i-grads-v,
L=gradv=D+W, (4)

D =1(L+LT), Wzl(LfLT), L=7y,
2 2
where L is the velocity gradient, v is the velocity, D is the rate of the
strain tensor, and W is the vorticity tensor, which are the symmetric
and antisymmetric parts of the velocity gradient. For the experiments
conducted herein, we apply a sinusoidal strain and strain rate as
follows:

y=r1, sin(wt)eg D e,, §=7y,0cos(wt)ey R e, (5)

and for the stress vs strain rate experiments, we have
'Y:V039®ez, ?:’y.oe9®ez~ (6)

To model the thixotropic behavior, we will consider the following

evolution equation for the viscosity proposed by Fredrickson:™*
8'// I//o — l// .

where k is the kinetic constant that governs the breakdown of the
structure of the suspension, whereas /4 is the structure relaxation time
of the suspending medium, a structural buildup time. y, is the fluidity
at low shear rate, /., is the fluidity at high shear rate, and T : D is the
stress power. Fredrickson’s evolution equation is written in terms of
the fluidity, (y = 7!). The convected Maxwell constituitive equation
is usually coupled with Fredrickson’s evolution Eq. (7) to account for
thixotropic behavior.

For simple shear flow, in the first interval, the sample is sheared at
a constant and steady shear rate. At some points, the flow is suddenly
stopped, or the shear rate is reduced to a very low value. For the case of
simple shear flow, Egs. (7) and (2) can be written as a scalar equation,

% = Vo p v + k(Yoo — W)t127- (8)

In this type of experiment, the sample is sheared at a constant
shear rate for the first 10 s and then the shear rate is suddenly dropped
to a much smaller value, which we can regard it as zero. Hence, we set
7 in Eq. (8) as zero, and after integration
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¥ =y + (Yoo — Yo)exp [—t/2]. ©)
Writing the equation in the form of viscosity as

— Mol

Nm (10)

The slight modification to the viscosity arises from the fact that
Eq. (10) only governs the viscosity of the suspending medium. This
assumption is based on Eq. (1), in which the total viscosity is simply
the viscosity of the matrix material multiplied by a function of the vol-
ume fraction of the particulate material. Based on this analysis, we pro-
pose the following equations:

ns(t, @) = f(t)g(o),

_ 7707730
f = Moo + (o — Moo )exp [t/ 2]

thixotropic

g(P) = 1+ ¢+ md®),
—_—

phase volume

(11)

where f(t) describes the time dependent thixotropic contribution to
the viscosity of the suspending medium #,,"” and g(¢) describes the
contribution of the volume fraction of solid particles.

Equation (11) was used to describe the behavior of compo-
sites containing different volume fractions of paraffin microbeads
when subjected to a constant shear rate of 50s ' for 10s, which
was then reduced to 0.1s ' for 150s. Since the effects of thixotro-
pic behavior are displayed immediately after the change in the
shear rate, the first 20 s after the drop of shear rate were used to
develop the model. The curve_fit function in Python, which uses a
least squares method for curve fitting, was used to determine the
structural buildup time 4, along with parameters 1, 11, and the
coefficient of determination R* for each paraffin/photopolymer
composite.

scitation.org/journal/phf

lll. RESULTS AND DISCUSSION

The level of paraffin loading in the photopolymer resin greatly
influences the rheological performance of the inks. As demonstrated
by the digital image of the inks in Fig. 1(a), the pure photopolymer
resin is a viscous liquid, which forms a puddle when deposited onto a
surface. Increasing paraffin loading visibly increases the viscosity of
the inks and the ability for the inks to hold their shape when deposited
onto a surface. Inks containing between 43 and 73 vol. % paraffin are
3D printable by DIW.” Inks contain < 43 vol. % paraffin pool and do
not hold their shape when extruded, whereas inks containing higher
loadings of paraffin (i.e., up to 73 vol. %) are able to be extruded and
maintain the shape of printed objects, so long as the inks contain
enough resin to envelop the paraffin particles. For example, the letters
T, A, M, and U were 3D printed using inks containing 43, 53, 63, and
73vol. % paraffin, respectively [Fig. 1(b)]. Variations in rheological
performance are observed in these digital images. The 43 vol. % paraf-
fin ink behaved in a more fluid-like manner with the ink being readily
extruded from an 18 gauge nozzle and the extruded filaments merging
with one another. With increasing paraffin loading, the extrusion of
the ink from the nozzle was qualitatively observed to require more
force. The quality of the extruded filaments improved with increased
paraffin loading with discrete yet well-joined filaments being most
obvious in the ink containing 63 vol. % paraffin (the letter M). The ink
containing 73 vol. % paraffin was difficult to extrude from an 18 gauge
nozzle, which resulted in some irregularities, such as gaps between
printed filaments, as seen in the letter U. Fidelity can be improved by
increasing the nozzle size to accommodate the increased viscosity of
more highly filled samples, and similarly, by decreasing the nozzle size
to print the 43 vol. % paraffin ink. The paraffin/photopolymer com-
posite inks are printable, and the rheological performance of a DIW
ink can be modified to enable printing with a certain nozzle size to
achieve a desired resolution. To demonstrate the printing of more
detailed objects, a 3D model of the Texas A&M mascot, Reveille, was
printed using the 63 vol. % paraffin ink [Fig. 1(c)]. The inlays were

A Resin

11 vol%

FIG. 1. (a) Digital image of paraffin/photopolymer composite inks containing between 0 and 73 vol. % paraffin microbeads. (b) Digital images of printable paraffin/photopolymer
composite inks containing between 43 and 73 vol. % paraffin being printed by DIW. (c) Model of Reveille 3D printed using the ink containing 63 vol. % paraffin.
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printed using the ink mixed with a Jacquard alcohol ink dye in the
color sangria. This model was printed in parts with the main outline,
and the inlays separate from one another. After printing and curing
with UV light, the maroon inlays were inserted into the white sub-
strate. These paraffin/photopolymer composite inks can readily
accommodate the printing of objects with complex geometries.

The results from strain amplitude sweeps on three representative
inks are displayed in Fig. 2(a), and the results for the two batches of
each composite, as well as overall averages for all composites, are pro-
vided in Fig. S1. These oscillatory tests were performed at a frequency
of 1s~". There were not notable differences between different batches
of the same composite. The limit of the linear viscoelastic region
(LVER), or the yield point, was determined by identifying the strain
amplitude at which the storage modulus differed from its initial value
by 5%. Yielding is a continuum, rather than instantaneous, transi-
tion."”” Therefore, there are several methods for determining the appar-
ent yield point, which give slightly different numerical results. These
methods include extrapolating the onset of yielding from the plateau
and linear shear-thinning portions of the plotted data or specifying a
fraction of the initial value of G’ as a threshold below which yielding is
said to have occurred.”’ In the present work, the latter method was
used. Specifically, the reduction in G’ to 95% of its initial plateau value
indicates the start of breakdown of the ink structure, at which flow
should begin,”” and extrusion from a DIW syringe nozzle should be
possible. Notably, G’ and G” are known to depend on oscillation fre-
quency;  as such, the results reported here apply to the case of oscilla-
tion at a frequency of 1s~". The corresponding strain amplitude and
modulus values for all inks are plotted in Fig. 2(b), and numerical
results are provided in Table SI.

As shown in Fig. 2(a), for photopolymer resin containing no par-
affin filler, the loss modulus had no dependence on strain amplitude
and maintained a constant value of approximately 22 Pa throughout
the strain amplitude sweep. The resin storage modulus was nearly zero
throughout the strain amplitude sweep. This is attributed to viscous
behavior dominating the response of the liquid photopolymer resin, as
indicated by the greater value of the loss modulus compared to the

73 vol%
106‘093'00; OG::
0838'00. oG
10¢ | 000020000....
3 as G0 BEES
2 102) ovol%
ED ......QQ..............":’-‘....
o o
- [e]
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%000,
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102 4 °%%0,°
o 00O0O0
10+ - . r . ,
103 102 10 10° 101 102
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storage modulus at all strain amplitudes. The incorporation of paraffin
microbeads into the photopolymer resin resulted in a marked change
in flow properties during the strain amplitude sweep. Specifically,
increased paraffin loading resulted in increased values of G’ and G”
and decreased strain amplitude at the yielding point. The higher G’
values indicate that, as expected, the incorporation of filler particles
increased the elastic behavior of the material. Additionally, increased
particle loading results in a higher degree of interparticle friction,
hence the higher values of G”."

Both the storage and loss moduli decreased with increasing strain
amplitude for all particle-containing inks with this effect becoming
more exaggerated as the filler content increased. This expected behav-
ior is highlighted in Fig. 2(b), where a higher volume fraction of paraf-
fin beads caused deviations from constant modulus values to occur at
lower strain amplitudes. The extent of the LVER of a filled composite
depends on the loading of the filler. Previous reports on highly filled
polymeric fluids have found that the strain amplitude at which a com-
posite deviates from linearity decreases as the volume fraction of filler
increases.”” These results may arise from the increased presence of
particle aggregates in more highly filled samples. Such particle aggre-
gates are termed “flocs,” because they are comprised of multiple par-
ticles that have flocculated together with each floc effectively acting as
a single large particle unless it is broken down by shear stress."’ In gen-
eral, more highly filled samples exhibit a higher propensity for floc for-
mation as a result of van der Waals interactions between particles. The
breakdown or partial breakdown of these flocs into discrete particles
could contribute to the decreased strain amplitude at yield, or LVER
limit, as paraffin loading was increased. In the future, such relation-
ships can be tied to various printing parameters, such as nozzle size,
flow rate, print speed, and temperature, to predict a range of filler/
matrix compositions that may be printable by DIW.

To elucidate non-Newtonian characteristics of the paraffin/
photopolymer composite inks, the shear rate was modulated in one of
two ways—continuously or in a stepwise manner. For the former case, a
shear rate sweep was performed on each ink, the shear stress was mea-
sured, and viscosity was calculated [Figs. 3(a) and S2]. The photopolymer

10'3 *Yield Strain 5 E10°
0@’ at Yield 3
a
100 I m Q
£104
5 10ty
10 =
©
. a
L 102 ?
102 t : L}
¢ s &
10 ! [ 1 1 100

1 1 1
11 22 33 43 53 63 73
Volume % Paraffin

FIG. 2. (a) Average storage and loss moduli during the strain amplitude sweep from 0.001% to 100% strain for photopolymer resin (i.e., 0vol. % paraffin), 33 vol. %, and
73vol. % paraffin composite inks (oscillation frequency of 1s7"). (b) Plot of the average storage modulus at yield and average yield strain for all composite inks, measured at

the crossover point of G’ and G”. Error bars indicate standard deviation (n = 6).
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FIG. 3. (a) Average (n = 6) viscosity of resin and inks as the shear rate was increased from 1 to 1000s~". (b) Average experimental (n = 6) and modeled viscosity response
of resin, 33 vol. % paraffin, and 63 vol. % paraffin inks for the first 30's of the shear rate drop experiment. During the first 10's of test time (shaded in purple), samples were sub-
jected to a shear rate of 50s~", then the shear rate was dropped to 0.1s~" (shaded in yellow).

resin displayed Newtonian behavior with a viscosity independent of
shear rate. For the paraffin-filled inks, the viscosity decreased with
increasing shear rate, which indicates shear-thinning behavior. The
magnitude of the shear-thinning behavior increases with increasing
paraffin loading. Notably, inks containing > 43 vol. % paraffin were
expelled from the sides of the parallel plates at high shear rates, and
therefore, the data are truncated at those points of expulsion. The full
data plotted in Fig. S2 indicate low interbatch variability. Thus, incor-
porating paraffin microbeads into the Newtonian photopolymer resin
imparts non-Newtonian, shear-thinning behavior, which is consistent
across composite batches. The magnitude of shear thinning increases
with increased paraffin loading, thus enabling DIW printing of highly
filled inks (73 vol. % paraffin).

Alongside high viscosity and shear-thinning behavior, thixotropy
is an integral property of inks for DIW. Thixotropy is a result of the
reversible local spatial rearrangement of components within a material
(in the present case, the rearrangement of paraffin microbeads within
the photopolymer resin).”’ This rearrangement is time-dependent;
therefore, the structure buildup constant A is integral to describe the
thixotropy of these particle-filled composites. The tendency of a sam-
ple to expel from the sides of a parallel plate attachment is commonly
observed in thixotropic materials.”’ We sought to determine the extent
of thixotropy for these 3D printable inks.”' Extrusion of an ink from a
3D printer can be modeled where the application of force during
extrusion is treated as a high shear rate step, and the cessation of flow
upon deposition of the ink is treated as a low shear rate step.
Therefore, each ink was subjected to a shear rate of 50 s ! for 10s, then
allowed to relax at 0.1s ' for 150s. A plot of average viscosity over
time for the resin, 33vol. % paraffin, and 63 vol. % paraffin inks for
the first 30 s of the shear rate drop experiment is displayed in Fig. 3(b).
Full experimental data for both batches of each ink are available in
Fig. 3, and full modeled data are plotted against the experimental data
for each ink in Fig. $4.

The thixotropic behavior of the paraffin/photopolymer compos-
ite inks can be attributed to microscale phenomena. As previously dis-
cussed, it is believed that interparticle interactions, specifically van der

Waals forces, produce flocs in filled composites. Flocs can break down
under high stress then build up once the stress is relieved.”””’ Resin
was expected to possess time-independent behavior, as it did not con-
tain paraffin microbeads, and therefore, no floc formation should
occur. This behavior is evident from the data in Fig. 3(b), as the resin
maintained a consistent viscosity value in both steps of the experiment.
Adding paraffin microbeads to the resin caused the composite viscos-
ity to increase notably after the step decrease in shear rate. The magni-
tude of this viscosity increase was directly related to the level of
paraffin loading and, thus, can be correlated with floc formation. The
plots in Fig. 3 also indicate that more highly filled composites reached
stable viscosity values within a shorter time after the reduction in shear
rate. Furthermore, there was negligible difference between results for
different batches of the same ink, except for batch 2 of the ink contain-
ing 11vol. % paraffin. The effects of interbatch variability are magni-
fied when paraffin loading is low, because each individual floc has a
larger impact on the sample behavior than more highly filled samples
with a higher number of flocs. Therefore, slight differences in floc for-
mation between the two batches could have had a marked effect on
the measured results. Furthermore, the less filled samples possess
smaller viscosity values. Therefore, small differences between mea-
sured viscosities are larger in relation to measured values for these
samples as compared to more highly filled samples, whereas small dif-
ferences between batches of more highly filled samples would not be
as noticeable in the final data. For DIW inks, the shear rate-
dependence of viscosity is of utmost importance, as an ink should be
extrudable at the force and shear rate applied by the printer, and then
the ink viscosity should quickly increase so that the printed object
holds its shape, and more ink can be extruded atop it.

We sought to model the thixotropic behavior of these inks by fit-
ting Eq. (11) to the experimental data. This model, deduced from the
upper convected Maxwell constitutive equation and a kinematic equa-
tion, has an exponential form which matches our experimental data
well. Model parameters are provided in Table I. The value of 1 was
determined for six datasets (three samples from batch 1 and three
from batch 2). The coefficient of determination (R?) values for A for
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TABLE I. Structure buildup time constant for Eq. (11) for each paraffin/photopolymer
composite ink after the step change in the shear rate.

Vol. % paraftin A(s) R for 1 R? for model
0 445 0.569 0.794
11 44.5 0.904 0.894
22 41.1 0.926 0.978
33 23.7 0.962 0.987
43 15.1 0.924 0.973
53 11.2 0.972 0.968
63 3.77 0918 0.854
73 77.5 0.781 0.838

each composite are provided in the second column, and the R* values
comparing the model results and experimental results are provided in
the third column. Resin, having 0 vol. % paraffin, shows no thixotropic
behavior, since no flocs form or break down with the step change of
shear rate. Therefore, the structure buildup time constant A is abnor-
mally large, and the R” values for resin are small. As for the ink con-
taining 73 vol. % paraffin, we hypothesize that the high loading of
paraffin caused slip to occur between the ink and the parallel plates of
the rheometer, resulting in a large value of /. This wall slip phenome-
non has been previously demonstrated for colloidal suspensions when
subjected to large deformation,” ** particularly those having high fil-
ler loading levels, which cause them to possess solid-like behavior
which contributes to slip.”* Excluding the extreme scenarios of resin
and ink containing 73 vol. % paraffin, a trend is observed: A decreases
with increasing loading of paraffin microbeads. This is because an ink
having a higher volume percent of microbeads displays a quicker
response toward the shear rate change, and a stable condition is
achieved more quickly. Additionally, the higher the loading of paraffin
microbeads, the larger the final stable viscosity will be, as indicated in
Fig. 3(b).

IV. CONCLUSIONS

In summary, we have reported the viscoelastic and thixotropic
performance of paraffin/photopolymer composites, which can be har-
nessed as 3D printable inks for the facile process of direct ink writing.
Paraffin microbeads were leveraged as rheology modifiers to impart
increased viscosity, shear-thinning behavior, viscoelasticity, and thix-
otropy to a Newtonian photopolymer resin. Each of these properties
contributes to the printability of highly filled paraffin/photopolymer
composite inks (i.e., containing > 43 vol. % paraffin). This printability
was demonstrated by extrusion of the inks from various sized nozzles
and the subsequent ability of highly filled inks to retain shape after
extrusion. Having established printability, strain amplitude sweeps
were performed on the inks to determine the influence of paraffin
loading on the limit of the linear viscoelastic range, i.e., the yield point.
It was found that photopolymer resin exhibited a response characteris-
tic of a viscous fluid, whereas particle-filled inks had viscoelastic
responses in which the storage and loss moduli intersected to indicate
flow. The yield point occurred at lower strains as paraffin loading
increased, and this phenomenon was attributed to the breakdown of
more flocs of paraffin particles in more highly filled inks. Alongside
viscoelastic characteristics, the shear-thinning behavior of the inks was

scitation.org/journal/phf

examined via shear rate sweeps. Photopolymer resin displayed
Newtonian behavior, whereas the incorporation of paraffin imparted
shear-thinning behavior, with the magnitude increasing with increased
paraffin loading. Therefore, the yield point and viscosity of a filled
composite can be controlled by the filler loading level to facilitate
printing by DIW. The printability of a DIW ink depends on both the
viscosity and the magnitude of the thixotropic response, which are
both tunable by the filler loading level. To simulate extrusion from a
DIW printer, each composite was subjected to a step reduction in
shear rate, and the material viscosity was monitored over time. This
experiment was modeled using Eq. (11), which was derived from the
upper convected Maxwell constitutive equation and a kinetic equation.
The regression result indicates that the structure buildup time constant
/ decreases as the volume percent of paraffin in the ink increases. It
was determined that photopolymer resin alone does not exhibit any
shear-dependent behavior, but incorporating paraffin microbeads pro-
duces a thixotropic response which can be described well by our con-
stitutive equations. Increasing paraffin loading was found to decrease
the time required for a given ink to achieve a stable viscosity value after
the reduction in shear rate. Yielding behavior, viscosity, and viscoelas-
ticity are useful quantities for predicting the printability of a material
by DIW.

Looking forward, the ability to describe the ideal rheological
properties of a DIW ink and to selectively control its rheological per-
formance will facilitate the development of 3D printed materials with
tunable functionalities. A deeper understanding of the requirements
for DIW inks is an urgent need, which can be met by mathematical
descriptions of rheological behavior. In the future, inks may be
screened for printability based on parameters for shear-thinning and
thixotropic performance to develop a predictive model. Matrix-filler
interactions are key to ink printability, so variations in matrix rheology
and particle morphology could be described to improve printability
predictions. This model would eliminate the guess-and-check
approach of current DIW ink formulations, which would enable the
use of new materials in 3DP and bring DIW technology to its full
potential.

SUPPLEMENTARY MATERIAL

See the supplementary material for the average storage and loss
moduli during the strain amplitude sweep from 0.001% to 100% strain
for both batches of all samples, numerical values of yield strain and
modulus for the composites, average viscosity as shear rate was
increased from 1 to 1000 for both batches of all samples, average
viscosity of both batches of all samples as shear rate was dropped from
50 to 0.1s ', and the plot of experimental and modeled viscosities
immediately after shear rate drop.
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