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ABSTRACT

Rheological measurements and extrusion tests are used to evaluate the viability

of high mass fraction (80% solids content) wet granular materials for extrusion-

based 3D printing. Such materials have diverse applications from making dense,

strong ceramic custom parts to 3D printing uniquely shaped energetic materials.

Traditionally, 3D-printed colloidal materials use much lower mass fraction inks,

and hence, those technologies will not work for systems requiring higher mass

fraction solids content. These wet granular materials are highly non-Newtonian

presenting non-homogenous flows, shear thinning, yield stress, and high elas-

ticity. Such behaviors improve some aspects of print quality, but make printing

very difficult. In this work, the relationship between the rheological behavior of

wet granular materials and the processing parameters that are necessary for

successfully extruding these materials for printing is examined. In the future,

such characterizations will provide key indicators on how to alter printer

design/operating conditions and adjust material behavior in order to improve

printability. This study is a fundamental first step to successfully developing 3D

printing technology of wet granular materials.

Introduction

Additive (i.e., 3D) printing technologies have

immense potential to impact a wide range of indus-

trial, scientific, and medical applications due to their

ability to reduce material usage, decrease manufac-

ture costs, enable on-demand production, and fabri-

cate unique shapes. The major research thrusts in this

area have been the development of new tools and

techniques that will allow the use of a wider range of

polymers, biomaterials, ceramics, and metals [1–5]. In

particular, colloidal materials have been a major

interest [6–13], because through variation of the type

of colloid and solvent/binder system, fabrication of

ceramics [9, 12–19], conductive pastes [20, 21], and

medical materials [3, 9] is possible. However, 3D

printing of colloidal materials has been limited to

volume fractions of approximately 60% or less [6],

and such prints often require post-processing to cre-

ate final products with desired colloid mass fraction,

void fraction, or surface properties [22]. Character-

izing higher mass fraction colloids helps fill this gap

toward processing a wider range of materials using

additive manufacturing strategies.
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One advantage to processing higher colloidal

mass fractions is that the final product will be

denser with less void space, allowing mechanically

stronger materials with less need for post-process-

ing. This issue is important in creating stronger

ceramic materials and also 3D printing energetic

materials. Energetic composites are typically at least

75 wt% energetic components with the remaining

binder required to hold the formulation together.

The energetic components could include fuel par-

ticles such as aluminum (Al) or boron (B) combined

with organic explosives such as PETN, TNT, RDX,

or HMX and may also include propellants such as

ammonium perchlorate (AP) [23]. Energetic com-

posites are typically casted or molded, which can

be time-consuming, expensive, wasteful, and diffi-

cult to adapt to new designs. But 3D printing can

create more complex, unique geometries on

demand, facilitating fast optimization of perfor-

mance for mission-specific criteria that cannot be

attained using traditional processing. Overall, 3D

printing of energetics would reduce the need for

excessive handling, post-processing, and stockpil-

ing, conferring benefits to safety, cost, waste, and

flexibility. For these reasons, advanced manufac-

turing of energetic composites is an important goal

[23–29]. However, any energetic formulation

designed for printing would need much higher

mass fractions to create a viable material and avoid

post-processing, thus the need for research on

processing wet granular materials with solids

loadings of at least 80 wt%.

Such high mass fraction colloidal formulations are

best described as wet granular materials, where sol-

vent and/or binder does not fully penetrate the entire

void space between particles. The combination of

both ‘‘hard’’ collisional-based interactions and ‘‘soft’’

viscous and surface tension-based interactions

between particles creates a material that has a com-

plex, non-Newtonian response to deformation. Such

materials exhibit a range of unique challenges in their

response to deformation that may make their uti-

lization in 3D printing techniques particularly diffi-

cult. The goal of this paper is to explore the feasibility

of extrusion-based 3D printing of wet granular

materials by characterizing the rheology of a model

material as well as its behavior under extrusion

similar to what would be found in actual 3D printing

technologies.

Background

Rheology effects on printability and print
quality

Many printing materials exhibit non-Newtonian,

viscoplastic, or viscoelastic behaviors such as shear

thinning, yielding, or shear thickening. The ability

and quality of any additive manufacturing processes

such as 3D printing are very dependent on material

rheology in terms of both printability and print

quality. Unfortunately, the necessary properties that

result in good final print quality are often at odds

with those that make for easy printing, requiring a

delicate optimization [6, 7].

The process of extrusion-based printing is always

easier for materials with low yield stresses and vis-

cosity. This is due to the effect of these parameters on

the minimum pressure to create flow and the sus-

tained pressure drop needed to drive flow through

the nozzle. The minimum pressure needed to create

flow for a material with a yield stress in a circular

tube is described by Eq. (1) [30].

Pmin ¼
4L

D

� �
syield ð1Þ

In Eq. (1), Pmin is the minimum driving pressure,

L is the length of the extrusion nozzle, D is the

diameter of the nozzle, and syield is the material yield

stress. As can be seen in Eq. (1), lower yield stress

values reduce minimum driving pressure

[8, 9, 15, 30]. This is desirable in 3D printing, since the

flow is not continuous but frequently starts and stops

during a print. High yield stresses will require the

machine to constantly apply large pressures to

overcome yield, which will require a more robust

system capable of constantly and reliably applying

such pressures in a controlled manner.

After yield, the continuous driving pressure nec-

essary for a given flow rate in a circular tube will

depend on desired flow rate and viscosity. A basic

non-Newtonian model is a power law fluid,

leff ¼ kcn�1 ð2Þ

where leff is the effective viscosity at a particular

shear rate, c is shear rate, k is the consistency index,

and n is the power law exponent that determines the

degree of shear thinning or thickening. Newtonian

fluids have n = 1. For n\ 1, fluids shear thin with

smaller values of n indicating more significant shear
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thinning. For n[ 1, materials shear thicken.

Although this model is simplistic and only captures

shear behavior, it allows us to understand in a simple

way how these behaviors will affect the flow in a

nozzle in terms of the relationship between flow rate

and pressure [31],

Q ¼ pR3

1
n þ 3

DP
L

R

2k

� �1
n

ð3Þ

In Eq. (3), Q is the volumetric flow rate, r is tube

radius, DP is pressure drop, and L is tube length. As

can be seen, lower consistency indices (k) will result

in a lower pressure requirement for higher flow rates,

and smaller n will create materials that are easier to

flow as applied pressure increases. In general, to

reduce continuous driving pressure for a desired

flow rate, low k and n are advantageous [8, 9, 15, 30].

Printability is also affected by how an extruded

material exits a nozzle of a printer. Viscoelastic

materials forming threads are prone to a wide array

of unhelpful behaviors, in particular jet breakup and

satellite drop formation. Jet breakup due to capillary

forces is a natural phenomenon that would make

sustained printing difficult. Elasticity tends to stabi-

lize jets against breakup, which is advantageous.

However, it also means stopping printing quickly is

more difficult since elastic fluids will be more stable.

Alternately, shear thinning can accelerate breakup,

which would be problematic if breakup occurs before

printing is finished. Furthermore, high elasticity

materials with long relaxation times can exhibit the

formation satellite drops or beads on a string phe-

nomenon during breakup, which would also be

problematic to printing. Obviously, any of these

phenomena would negatively impact the ability of a

material to be printed continuously with controlled

diameter. In general then, if materials have high

relaxation times and elasticity without yield, breakup

and satellite drop formation may be a concern.

Yielding fluids will avoid some of these issues, but

are prone to snap off behavior at critical thread

dimensions, which could also affect continuous

printing [32–35].

Print quality is the ability of the printed material to

match the intended design, stay in place once prin-

ted, and maintain its printed shape. However, many

printability problems bleed into print quality. For

instance, material viscosity will also affect print

fidelity and processing times by limiting the rate at

which the print head can move, since mismatch

between printed heads and extrusion rate can cause

changes to extruded filament diameter. Therefore,

shear thinning can create resolution difficulties if the

pressure in the extrusion nozzle is not well controlled

[7–9, 15, 30]. Thread breakup will affect the ability of

the printer to match the programmed design and

may cause significant deviations in design. Other

problems that may occur at the nozzle include die

swell [36, 37], in which an extruded viscoelastic

material expands immediately at the tip of a nozzle

due to large normal stresses; this would affect print

resolution. In general, filament breakup and die swell

are related to the overall elasticity of extruded

materials; larger storage moduli and relaxation times

would cause more complicated filament breakup

behaviors and greater die swell in general.

Print quality is generally improved by printed

materials being able to support their own weight and

avoid road spread, the widening of the printed

thread due to gravity. High yield stress is a benefit in

avoiding this issue, since a material with a yield

stress will not flow under quiescent conditions,

avoiding road spread. Shear thinning is also benefi-

cial, since such materials will be more resistant to

flow under quiescent conditions as well. In general,

elastic materials better maintain their shape and

recover the initial shape after stress relaxation from

the printing process [7–9, 15, 30]. Print quality is most

benefited by larger yield stresses and elasticity;

however, these properties typically increase the nec-

essary driving pressure and can also create instabil-

ities which can both stop printing and/or affect

surface properties of the material.

Wet granular materials for 3D printing

In broad perspective, 3D-printed colloidal materials

can be categorized in three ways: (1) low volume

concentration suspensions of non-attractive particles;

(2) low to higher concentration of attractive particles

that form colloidal gels, and (3) higher concentra-

tions of repulsive particles that can form colloidal

glasses. All of these materials are non-Newtonian in

shear, and depending on the specific composition

they can exhibit shear thinning, shear thickening,

yield stress, and other viscoelastic or viscoplastic

behaviors. The mechanisms and range of these

behaviors have been widely documented and stud-

ied in other literature [38–40]. Above the volume
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fractions typically used in the majority of 3D print-

ing of colloidal materials (*60%), the volume frac-

tion of particles becomes so large that the liquid

does not fully occupy the void space.

These materials are classified as ‘‘wet granular’’

materials, in which particles are the primary com-

ponent and liquid bridges gaps between particles.

The magnitude of the soft cohesion forces caused by

capillary bridges is affected by individual particle

dimensions, liquid volume, and formation/breakup,

creating a hysteretic and statistic nature to the cohe-

sion. Due to the combination of hard and soft inter-

actions this creates, wet granular materials exhibit

several regimes of flow behavior, which are charac-

terized through the use of the non-dimensional

inertial number (I) defined by Eq. (3) [41]. In Eq. (3),

q is the average density of the composite and all other

terms have been previously defined.

I ¼ _cdffiffiffiffiffiffiffi
P=q

q ð4Þ

Initially, stresses are not large enough to breakup

local particle jamming, and there is no flow [41]. Yield

stresswill depend on the confiningpressure applied as

well as the magnitude of friction and cohesion inter-

actions [42, 43]. After yielding, wet granular systems

typically present non-homogenous flow response to

deformation due to local jamming, capillary force

behavior, and the statistic nature of the collisions.

Because of this, the local shear stress can be indepen-

dent of global shear rates [44–46]. Simple continuous

shear is rarely seen in such systems, instead local areas

of low mass fraction particles will typically shear first

due to their less restrictedmovement [47], which often

occurs near the boundaries of the material [48].

For I � 1, flow is in a quasi-static regime where

particle friction and cohesion forces dominate flow

response. Particle movement is restricted by the size

of local aggregates, frictional contact, and the mag-

nitude of the cohesive interactions. The size of jam-

med clusters will decrease with increasing I, allowing

greater movement and reduced resistance to defor-

mation [49–51]. It is possible in the quasi-static

regime to have regions of non-yielded material flow

by being carried by bands of yielded materials [52],

creating sliding layers of particles [53] that can also

show stick–slip behavior [54].

For I � 1, particles become fluidized and resistance

is collision based. Non-homogenous behavior will

present itself as shear banding in the intermediate and

collisional regimes [45–48, 50, 55]. The size and nature

of the bands are directly related to the amount of sol-

vent in such systems, with increasing larger bands

with increasing solvent content and variation in sol-

vent viscosity [46, 55]. Streamline curvature will gen-

erally also result in increased shear banding due to

particle migration caused by curvature in the stream-

lines [45]. Intermediate regimes occur at I * 1, where

particles are somewhat mobilized to flow, but still

subject to friction and cohesion forces.

Because of the above behaviors, rheological mea-

surement of such materials is quite difficult and is

still a major challenge [56]. In fact, the measurement

technique and processing method will often deter-

mine the value of such materials measured, indicat-

ing that it is difficult to some degree to translate

rheology results to other processes [43, 44, 49]. Fur-

thermore, the rheology of wet granular materials is

unsurprisingly very system specific, but does tend to

exhibit a range of common behaviors.

Typically, wet granular materials will exhibit some

degree of shear thinning, with viscosity decreasing

with increasing shear rate or inertia number [55, 57].

These flows can often be modeled as power law flu-

ids or Herschel–Bulkley in these regimes [57].

The overall magnitude of the viscosity will vary

greatly as particle properties and solvent are changed.

Increasing particle roughness typically increases

overall dissipation due to increased friction and also

changes in the structure of capillary bridges [46]. Par-

ticle size will also affect overall viscosity. Increasing

particle size creates less viscousmaterial by decreasing

the effect of the viscosity and capillary bridge and

creating more deformable clusters of particles [54, 58].

Larger particles will also often exhibit lower yield [54].

Bimodal distributions of particles will also tend to

decrease viscosity. Changes to particle surface chem-

istry can result in changes to solvent wettability.

Increasing wettability tends to make systems more

viscous and elastic due to increased strength of capil-

lary bridges and large granule size [59, 60].

Materials and methods

Material preparation

An inert formulation was designed for this study to

avoid the influences of reactivity and focus on the
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rheological characteristics of processing a mock

energetic mixture. The formulation is composed of a

rough, polydisperse colloidal powder that is repre-

sentative of the metallic colloids found in energetic

composites. The colloidal particles are pentaerythritol

(PET) and are millimeter-sized particles obtained

from Alfa-Aesar. For energetic material combustion,

a particle diameter that is 100 microns or smaller is

ideal for fastest burn times [61]. To create the repre-

sentative energetic mixture, the powder particle size

was reduced with a Retsch CryoMill using a fre-

quency of 18 Hz for 30 s for a 5-g sample size. The

sample is then placed in a Retsch AS 200 Basic sieve

shaker for 60 min at a frequency ranging from 2 to

3 Hz. This is done through several different sieve

sizes to create several representative particle size

ranges: 38–75 microns, 75–90 microns, and 250–350

microns. The distribution of diameters has not been

characterized for this study. In typical energetic for-

mulations, there would be a wide distribution of

particle diameters as in this mock mixture. Figure 1

show scanning electron microscope (SEM) images of

the powder post-milling.

To complete the system, a silicone-based binder

(PDMS) was obtained from Dow Corning (Sylgard

182); this material is added without curing agent. The

final mass fraction of all tested systems was 80% by

mass solids and 20% by mass PDMS. When prepar-

ing the mixture, the colloids were mixed with silicone

binder using a THINKY ARE-310 planetary cen-

trifugal mixer at 2000 RPM for 2 min and 2200 RPM

for 30 s in the opposite direction to defoam the mix-

ture and eliminate air bubbles. Figure 2 shows pho-

tographs of the materials used in Table 1. In general,

as particle size decreases, the mixtures resemble more

cohesive materials. For the smallest particle system,

the final material represents a silly putty-like material

(Fig. 2b). As size increases, the material looks more

like wet sand (Fig. 2d); finally, at the largest particle

size (Fig. 2f), the mixture is very course and loosely

held together.

Rheology

To characterize the rheological properties of the

mixture, a TA Instruments Discovery HR-3 rheome-

ter was used with a 20-mm parallel plate geometry

and a Peltier plate set to 25 �C. The sample was

placed between the parallel plate and Peltier plate at

a gap set to 1000 microns. Using the system in both

steady shear and oscillatory shear allows characteri-

zation of viscosity and elastic and viscous moduli.

Furthermore, normal pressure is recorded during

tests, which can be used in the calculation of I (see

Eq. 3).

As noted above, the non-homogenous shear

response of these materials is well established. There

are no means to visualize these flows during tests, so

there is no way to ascertain whether shear banding or

plug-like flows occur. Hence, all reported viscosities

and moduli should be considered apparent values

based on the assumption of a typical Couette flow

field as would be created by a parallel plate geometry

used here. A concern with these materials is fracture.

This can typically be observed during experiments on

the edge of the material visible under the parallel

plate. No evidence of fracture throughout experi-

mentation is observed by visually inspecting the edge

of the materials.

Results and discussion

Printability

In order to gauge printability of wet granular solids,

their behavior under steady shear at a range of shear

rates is examined. Using the three ranges of powder

sizes at 80% solids loading by mass, viscosity was

measured over a range of shear rates as shown in

Fig. 3. The first thing to note is that for all particle

sizes, the materials are non-Newtonian with pro-

nounced shear thinning across all shear rates. As

particle size decreases, overall viscosity magnitude

Figure 1 SEM images of (left) particles recovered from 38 to

75-micron sieves and (right) particles recovered from 75 to

90-micron sieves.
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increases at all shear rates, which can be attributed to

the larger surface area of the smaller particle size

groups creating more inter-particle friction and hence

resistance to flow. Also, liquid bridges in this system

will have smaller radii and hence larger Laplace

pressures and surface tension forces, which will also

increase viscosity. The degree of shear thinning in all

sample materials is approximately similar despite the

difference in viscosity magnitudes. However, at the

lowest shear rates tested, the viscosity begins to

diverge for the smaller two particle distributions,

indicating these materials definitely have a finite

yield stress. The materials all have a distinctive

transition in the degree of shear thinning that occurs

at a shear rate between 1 and 10 s-1, which may

indicate a transition to the collisional regime.

The viscosity data are replotted as a function of

inertial number (Eq. 3) using the density of the

materials as calculated by their combined mass frac-

tions and normal stress data from the rheometer, in

Fig. 3b. At low I in the quasi-static to transitional

regimes, there is a clear dependence on particle size,

where friction would be important. The previously

seen transition in behavior now occurs at an inertial

number of *100. After this point, the data collapse

onto a single line for all particle sizes. This indicates a

transition to the collisional regime where the inter-

particle collisions determine rheology rather than

friction and surface tension forces. The reduced

dependence on particle size is due to the reduction in

these two forces that are dominated by particle size.

Although particle size does affect likelihood of colli-

sion between particles, it would appear mass fraction

is the more important controller of this behavior.

Since all systems shown in Fig. 3 are at identical mass

fractions, the viscosity curves collapse into a single

trend for I[ 100.

The nature of the observed shear thinning in the

quasi-static regime is further explored by attempting

to fit the data to the simple power law model from

Eq. (2). Table 1 shows the results of the fit to all data

before the change in slope between at 1 s-1 (i.e.,

before the material is in the collisional regime). All

fits in this range of data had R2[ 0.99. As Table 1

shows, the shear thinning exponents are exception-

ally small, and in fact negative for the smallest par-

ticles. Shear thinning exponents approaching or less

than 0 indicate a yielding, since for a yielding mate-

rial, stress will be proportional to inverse of shear rate

[62]; therefore, it is concluded that the smallest two

materials indeed have a yield stress and are

deforming in the quasi-static regime. Hence, the local

behavior of this material will be very different than

the average global data recorded by the rheometer.

The largest particle data show significant shear

thinning, but with a very small, although nonzero

exponent. It is possible that this material either has a

very small yield stress which is not being captured by

the rheometer, or perhaps does not have a yield

stress. In either case, the material also would be

considered to be in the quasi-static flow regime, but

shows a truer shear thinning-like behavior. For all

materials, being in the quasi-static to transitional

Figure 2 a 38 to 75-lm particles without any binder and b same

particles 80% by weight with 20% PDMS. c 75 to 90-lm particles

without any binder and d same particles 80% by weight with 20%

PDMS. e 250 to 350-lm particles without any binder and f same

particles 80% by weight with 20% PDMS.

Table 1 Results of fit of power law model to quasi-static flow

regimes

Particle size (lm) K n

38–75 2502 -0.14

75–90 948 0.075

250–350 308 0.13
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regimes would also indicate a high dependence on

particle friction, which is why the pronounced

dependence on particle size is observed. The high

values of k indicate the overall large resistance to flow

this materials have, which decreases with increasing

particle size. When the data in the collisional regime

are fitted to the power law fluid model of Eq. (2), all

materials have n\ 0, indicating all materials have

yielded, as expected.

The data in general indicate that these materials

have very high viscosity and will make printing dif-

ficult, especially for smaller particles. The high vis-

cosities at low shear rates indicate tremendous

pressures will be needed in order to create flow.

However, at higher I or shear rates, transition to

collisional flows alleviates this problem since all

materials exhibit significant shear thinning. In gen-

eral, printing smaller particle mixes may be possible

provided shear rates are high enough. However, the

overall larger viscosities of smaller particle systems

will likely reduce extrusion rates which will reduce

print head speed. In general, the materials present the

possibility to be presented but will likely have a

restrictive operational phase space within which

printing will be possible.

Looking at the viscosity results in Fig. 3, the major

concern for printability is the high viscosity that

make printing very difficult due to high driving

pressures required. One way to deal with such a

condition is to apply a pre-shear to the material

before printing. Pre-shearing/conditioning applies a

known flow to a material to modify its state in order

to create lower initial viscosities. In this case, pre-

shear could rearrange particles out of the jammed

state and into a more collisional mode before actual

printing begins.

Figure 4a shows the effectiveness of pre-shear

based on time of applied pre-shear. A 2 s-1 shear was

applied for varying durations, and viscosity is

reduced by an order of magnitude as pre-shear time

varies from 0 to 10 min. The reduction in viscosity is

attributed to particle rearrangement creating a less

jammed state, allowing flow to occur in the transi-

tional/collisional regime at I earlier than indicated in

Fig. 3. The pre-shear time has a moderate effect on

the viscosity reduction, which is most evident at the

lowest shear rates tested. However, at higher I where

transition to the collisional regime was seen in Fig. 3,

all viscosity curves collapse onto a single trend. This

indicates that a particle rearrangement at the applied

pre-shear was not enough to move the microstructure

fully into a collisional regime, and hence, all data

collapse once that regime occurs.

In Fig. 4b, the effect of pre-shear magnitude is

examined by applying two shear rates, one below the

collisional regime and one above the collisional

regime, to the system for 2 min and then examining

the flow curve again. At the 2 s-1 shear rate, the same

behavior is observed in Fig. 4a. However, the 10 s-1

shear rate behavior is very different; a low shear

viscosity plateau is seen, and the high shear rate

collisional regime does not collapse onto the previous

Figure 3 a Viscosity data for

all particle sizes compositions

at 80% by weight solids and

20% PDMS as a function of

shear rate. b Identical data to

a but plotted versus inertial

number using normal force

data obtained from rheometer.
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collisional regime. Instead, the viscosity is always

lower than the previous tests. At the lower pre-shear

shear rate, the primary effect is the breakup of clus-

ters, which allows material to flow more easily.

However, the microstructure is still in the same basic

state at the beginning of the flow curve. Above 10 s-1,

the material is already in the collisional regime,

which means there is near-complete cluster breakup

and particle migration due to shear. The microstruc-

ture is substantively different. Therefore, when the

lower shear rates are immediately tested, the flow

response is completely modified, creating the zero

shear viscosity plateau and lower overall viscosity at

all shear rates.

One common means of reducing viscosity of any

material is to heat it up rather than applying pre-

shear (as shown in Fig. 4c). Although with energetic

materials this may be unwise, Fig. 4c explores the

concept in general as a means of increasing print-

ability by reducing viscosity (Fig. 4c). Unsurpris-

ingly, temperature does not have a large effect on

these systems. This is because the particles are quite

large and not in solution, so increased thermal

motion/energy is not a major factor in their flow

resistance, and because the binder (PDMS) is not

known to be affected by temperature over this range

[63]. Although this is particular to the system chosen

for this study, other systems with more heat-sensitive

binders may be better suited by such a technique.

For the effects shown in Fig. 4 to be useful, the wet

granular material should maintain the pre-shear-in-

duced properties for a substantial amount of time,

allowing pre-shear of a material and then multiple

print runs to maintain the new microstructure. It is

important then to study how long the microstructure

takes to revert back to its initial state after such flow

is applied. To observe the timescales for how long the

pre-shear conditions last, the same 10 s-1 pre-shear is

applied to the material, and then, structure recovery

is monitored with small amplitude oscillatory shear

shown in Fig. 5. Recovery time is found to be

approximately *60 s. Figure 5 indicates that pre-

shear is effective, but microstructure recovery is quite

fast, and hence, any pauses in printing may negate

the effects induced with pre-shear observed here.

Figure 5 Recovery test for 80% by weight 75–90-lm particle size

with 20% PDMS. Pre-shear was applied at 10 s-1 for 2 min and

followed by a frequency sweep at 10 radians per second, 0.01%

strain for 10 min.

Figure 4 Effects of pre-shear on viscosity for 80% by weight

75–90-lm particle size with 20% PDMS. a Pre-shear of 2 s-1 was

applied for 0, 2 and 10 min, and then, a shear rate sweep was

immediately conducted. b Pre-shear is applied with 3 different

shear rates for 2 min each, and then results of flow sweeps

conducted immediately after are shown. c Effects of temperature

on steady shear viscosity as a function of I.
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Therefore, any thought of taking advantage of such

behaviors will require significant planning of print

head motion and starting/stopping during prints.

Print quality and extrusion

Final print quality is primarily determined by mate-

rial viscoelasticity, yield stress, and relaxation time.

Those values as a function of particle size are shown

in Fig. 6. In general, all materials are viscoelastic with

pronounced elasticity over a range of frequencies and

strains. Looking at strain sweep data (Fig. 6a), all

materials behave relatively similar, being primarily

elastic over all strains. All the materials yield from

the linear to nonlinear regime at an approximate a

strain of 0.1%. Using this strain value and the storage

moduli of the material, a yield stress for these mate-

rials can be estimated using the following relation,

ry ¼ G0c, where G0 and c are taken from the yielding

point on the strain sweep curves. For the values in

Fig. 6a, the approximate yield stress is found to be

10 kPa. The linear regime is very small for these

materials. After yield, all data collapse at large strains

as materials move into transition/collision regime,

similar to results in steady shear and pre-shear.

The frequency sweep data are in a regime in which

the materials are slightly more viscous than elastic.

There is moderate frequency dependence, but gen-

erally the moduli are consistent over the frequencies

tested (Fig. 6a). The material should be in the quasi-

static/jammed regime due to the low strains applied

in this test, and so the response is expected to be

similar to the initial points of the steady shear data.

Indeed, similar particle dependence to steady shear

tests is observed. From these data, it is observed that

the crossover frequencies for these materials are

likely occurring close to but below 0.1 rad/s, which

means these materials should have a relaxation time

of at least 60 s. This is in good agreement with the

structural recovery experiments shown in Fig. 5. In

general, the high yield and relaxation times are

favorable for print stability of such materials.

Given the results from rheology analysis in Figs. 3,

4, 5, and 6, printability is characterized further by

extruding the materials through a nozzle using a

plunger driven by a high applied pressure (Fig. 7).

Although wet granular materials are not typically

used in 3D printing, they have been used in extru-

sion-based processes, particularly in the drug fabri-

cation field where extrusion and spheronization are

often used in the manufacturing of drug-loaded pel-

lets [57, 64, 65]. Yield and elasticity make extrusion of

such systems difficulty, and overall processes are

quite dependent on rheology of a given material.

Also, due to the high pressures required in such

systems, there is often extrusion of the liquid phase

from the solid mass, which can cause surface fracture

and other problems. Overall, the extrusion of wet

granular materials requires high pressures to over-

come yield and large apparent viscosities and can be

difficult to control final material properties due to

weeping of wetting materials and non-local structure

[30, 57, 64–66].

Given the rheology results, printing is expected to

be difficult and require large pressures due to high

viscosities and yield stress, especially without any

significant pre-shear. Using Eq. (1) and the yield

stress found above, the minimum pressures needed

to drive flow in these tests are estimated. For the

3-mm nozzle, a Pmin of 38 PSI and for the 1.6-mm

Figure 6 Small amplitude

oscillatory shear data for

mixes identical to those in

Fig. 3. Solid symbols are for

storage moduli, and hollow for

loss moduli. (Left) Strain

sweep (1 rad/s) and (Right)

frequency sweep (1% strain).
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nozzle, a Pmin of 72 PSI are calculated. These pres-

sures are reasonably close to the minimum pressures

used in Fig. 7, indicating the merit of rheological

testing for such systems. They also indicate the rela-

tively high pressures required to create flow, which

as mentioned above can cause weeping and other

issues.

It is difficult to estimate the extrusion speed of the

materials using the power law model because for the

first 2 fluids, the extremely low and/or negative

exponents indicate its use is inaccurate. Also, it is

difficult to gauge what flow regime the material is in,

and whether the fitted data for the quasi-static regime

is accurate. Although by using Eq. (3) and the values

represented in Table 1, average velocities were esti-

mates at 0.03–20 mm/s from the lowest to the largest

applied pressure. We were not able to measure the

speed of the fluid or the extrusion head using the

current experimental setup, but believe these veloci-

ties are in line with what was observed. Without

having an exact speed of the flow velocity, there was

mismatch between the rate of extrusion and nozzle

head print speed. Because of this, the final width of

the extruded materials in Fig. 7 does not exactly

Figure 7 a 250–350-micron range extruded through 3-mm nozzle at varying pressures. b 38–75-micron range extruded through 3-mm

nozzle at varying pressures. c 38–75-micron range extruded through 1.6-mm nozzle at varying pressures.
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match nozzle diameter (3 mm for Fig. 7a, b and

1.6 mm for c). Although die swell could cause a

similar effect, we believe the inconsistent nature of

the width changes indicates this was primarily

caused by the speed mismatch.

One difficulty in measuring the flow rate or the

speed of the extrusion head in all tests was the signif-

icant issues in maintaining extrusionwithout snap off.

Snap off is a typical mechanism of jet breakup in yield

stress materials. There may be issues here in the print

head speed and flow speed mismatch adding extra

stresses which aided this behavior. However, in gen-

eral snap off was worse with the increasingly smaller

particles which showed more yield-like behavior.

Figure 7a displays results from the largest particle

size mixture at a range of pressures through a 3-mm

nozzle. All pressures give relatively consistent results

in terms of ability to extrude. There is some variation

in width of the materials, but overall width stays

relatively consistent. This consistency is not affected

by pressure. The final width of the extruded materi-

als is slightly larger than the nozzle; this is due to

variance between extrusion speed and movement of

the nozzle. The particles are clearly visible in the

extrusion, which should not be mistaken for air

bubbles. This material was the least elastic and had

the least yield-like behavior in all steady shear and

oscillatory shear tests. No evidence of weeping is

observed due to the high pressures applied; nor are

there any visible issues due to the mix of high pres-

sure and elasticity/yielding causing surface rough-

ness, jet breakup or any other problem. The pressures

needed here to create continuous flow were not used

to estimate any flow rates with Eqs. (2, 3), given the

inability to predict the transient flow regime.

Figure 7b displays the same nozzle but for a

smaller particle size mix. The width is relatively

consistent at all pressures. At higher applied pres-

sures, there is more variation in the width. However,

there are less defects at edges and surfaces at higher

pressures. Furthermore, the maintaining of such

dimensions indicates the high relaxation times and

yield stress are inhibiting road spreading for these

materials. The driving pressures all exceed the min-

imum calculated pressure based on estimated yield

stress. There are no signs of surface roughness/frac-

ture. As mentioned, these are typically high yield

stress materials in spheronization. Given this material

was indicating yield in steady shear tests, but was of

significantly smaller overall viscosities in steady

shear, it is not surprising to see some evidence of the

high viscosity and yield on the surface properties.

The same material is printed through a smaller 1.6-

mm nozzle in Fig. 7c. As pressure increases, surface

defects are observed to increase due to high stress on

material edges as extruded. Print widths, however,

are much more consistent than all the other prints.

Final diameters are slightly smaller than the nozzle,

which again is due to large relaxation times and yield

stresses inhibiting road spread. In general, material in

this nozzle requires higher pressures to print. Good

agreement between the minimum pressure required

for extrusion and the estimated value from oscillatory

shear is observed. This material had the most obvious

yielding signature in steady shear, and unsurpris-

ingly the greatest issues in surface quality are

observed with these system. In particular, pro-

nounced roughness all along the surface at the

highest print pressure is seen. This indicates that the

yield stress was causing significant deviations in

ideal flow at the nozzle exit and neat snap off

behavior was creating problems in the surface.

Conclusions

The feasibility of using higher mass fraction colloidal

systems for 3D additive manufacturing through

extrusion printing was studied through the use of

rheology and some limited extrusion of such mate-

rials. Using a model material representative of many

real energetic formulations and possible ceramic

systems, there are some inherent difficulties in

working with such materials in terms of both print-

ability and print quality; however, through proper

processing it may be possible to work with such

materials. In particular, the high viscosity and yield

stresses of these materials are problematic for suc-

cessful printing using traditional pressure-only-based

extrusion methods. Such high viscosities indicate the

need for flow driven not just by pressure but also

through a secondary mechanical means such as a

positive displacement piston, auger, or some other

mechanical system. These problems can be somewhat

alleviated by creating shear rates large enough to

create collisional flow regimes, which provide sig-

nificant alteration of the microstructure of these sys-

tems to lower viscosity over a wide range of flow

rates. Unfortunately, it also appears that any benefits

of pre-shear may be short-lived.
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Overall the materials have sufficient yield stress

and elasticity to maintain its shape which bodes well

for print quality. However, pronounced surface

roughness at higher flow pressures for more elastic

systems were seen, which is problematic. In general,

these materials major issues appear to be on the

printability side rather than print quality. The rheo-

logical profile of these materials creates significant

challenges in print quality due to yield stress-induced

surface roughness at high pressures as evidenced in

extrusion tests.

These initial results indicate there is some promise

in the potential of printing higher mass fraction col-

loidal materials. However, the phase space of possi-

ble processing speeds, flow rates, and resolutions will

likely be severely limited in comparison with other

lower mass fraction materials due to the non-trivial

issues the complex rheology of these systems creates.

Furthermore, there are still many larger questions

that need to be explored in terms of the ability of

layers to weld together during printing, resolutions,

shear banding in nozzle, and curing times.

Nonetheless, the potential of such materials to over-

come flaws in lower mass fraction prints in terms of

solids density and to open up new applications such

an energetics printing warrants further study of such

system beyond these initial feasibility tests.
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