THE IMPACT OF A STATIC-MIXING NOZZLE ON
UNIFORMITY IN MATERIAL EXTRUSION LARGE-SCALE
ADDITIVE MANUFACTURING

James C. Brackett!, Elijah P. Charlest, Tyler C. Smith?, Ahmed A. Hassen?, Vlastimil Kunc?,
Chad E. Duty??

tUniversity of Tennessee — Knoxville
1512 Middle Drive
Knoxville, TN

2Manufacturing Demonstration Facility
Oak Ridge National Laboratory
2370 Cherahala Blvd
Knoxville, TN

ABSTRACT

There are many methods of incorporating more than one material in Additive Manufacturing (AM)
processes. Oak Ridge National Laboratory has developed a unique solution that enables in-situ
material switching by developing a dual-hopper feed system for Cincinnati’s Big Area Additive
Manufacturing (BAAM) system. Continuous extrusion during a step-change in material feedstock
results in a unique blended material transition region that exhibits a heterogeneous internal
morphology. To improve mixing of materials during extrusion, a customized static-mixing nozzle
was created for use with the BAAM. Single-bead transitions from Material A to B and B to A were
printed with the mixing nozzle at a specified screw speed. Compositional analysis tracked the
progression of the material transition as a function of extrudate volume. The resulting transition
curves were compared against a standard nozzle configuration. Optical microscopy of cross-
sections also demonstrated that the static-mixing nozzle promoted a more uniform bead geometry
as well as a more homogeneous internal structure throughout the material transition.
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1. INTRODUCTION

Commonly known as 3D printing, Additive Manufacturing (AM) has been one of the fastest
growing fields with instruments capable of processing metals [1-3], ceramics[4], and polymers [5-
8]. While each AM platform requires a particular material form, from photosensitive liquids to
micron-sized powders, all AM techniques provide the ability to produce complex geometries that
are difficult or impossible to manufacture with traditional methods [9, 10]. Polymer AM platforms
can use thermoplastic or thermoset materials and are generally classified as Direct Write (DW)
[11-14], Material Jetting (MJ) [15-17], , and Material Extrusion (ME) [7, 18-23].

1.1 Polymer Additive Manufacturing

Recent advancements in polymer AM have largely been driven by extruding fiber-reinforced
composite materials[24]. As shown by Love et al, the inclusion of carbon fiber in thermoplastic
extrusion is crucial for limiting the impacts of warping and residual stresses [19]. Additionally,
carbon fiber and other compositing materials enable thermoplastic AM to compete with traditional
thermoset manufacturing [25, 26]. While these advancements have been important steps in the
development of AM techniques, a more recent area of focus has been Multi-Material (MM)
construction. Seamless inclusion of MM in AM would allow for multi-purpose construction much
better suited to end-use production.

1.2 Multi-Material Additive Manufacturing

MM construction offers an avenue to improve the performance of AM parts and expand
applications for end use parts [27]. Some of the most common materials used in FFF for MM
applications are ABS and Poly Lactic Acid (PLA). Brischetto et al. used a dual print head to print
ABS-PLA sandwich structures and found decreased performance compared to a single-material
PLA part. However, a PLA-PLA part made using two print heads closely resembled that of the
ABS-PLA parts, indicating that deposition through separate nozzles may have caused excessive
cooling, which reduced the strength of the interface [28]. Another study using ABS and PLA found
that performance was linked to the number and location of material interfaces irrespective of the
size of each material region, concluding that interfaces in the print direction were especially
vulnerable to void formation and delamination failure [29]. Lopes et al. further demonstrated that
the material boundary is both a physical (discrete interfaces) and chemical (polymer compatibility)
issue using PLA, Polyethylene Terephthalate (PET), and Thermoplastic Polyurethan (TPU).
Again, PLA-PLA parts produced using multiple nozzles were outperformed by a PLA part printed
from a single source, which was attributed to discontinuities in the PLA-PLA parts created by
switching nozzles. Furthermore, the study found a decrease in performance in PLA-PET and PLA-
TPU parts compared to the PLA-PLA parts, highlighting the importance of chemical affinity in
material interfaces [30].

There have also been extensive MM investigation using MJ platforms. Bartlett et al. designed a
small-scale robot with excellent impact resistance by depositing a series of ten different
photosensitive inks with slightly different rigidity. The final MM design demonstrated improved
geometric accuracy and mechanical toughness compared to the single material designs [15]. Vu et
al. also investigated MM parts using MJ, focusing on interfacial bonding and failure points.
Although MM construction improved part performance, the interface between materials was the
most common point of failure and fracture initiation [16, 17].
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1.3 Large-Format Additive Manufacturing

Large-Format Additive Manufacturing (LFAM) systems have recently seen significant interest and
growth, especially with ME-based systems [31]. For example, the Big Area Additive
Manufacturing (BAAM) system developed by Oak Ridge National Lab (ORNL) in conjunction
with Cincinnati Incorporated [32] and the Large Scale Additive Manufacturing (LSAM) developed
by Thermwood [33, 34] both implement screw-based extrusion systems on an FFF-style platform
with great success. Not only do these systems offer some advantages compared to typical ME
systems such as scale and rate of production, but they also have the ability to use pelletized
feedstock as a source material, dramatically reducing cost while expanding material selection by
eliminating the need for specialized feedstock preparation. ORNL-based investigations have
capitalized on the flexibility this affords BAAM by installing a dual-hopper attachment to change
pelletized feedstocks in-situ and utilize the extrusion screw to blend the material interface to
maintain continuous deposition [35]. This dual-hopper approach to MM avoids the common
pitfalls of discrete boundaries and the associated delamination and bonding issues by allowing the
material interface to blur during extrusion, creating a continuous bi-material transition region.[36].
However, the dual-hopper process has unique features. Of primary interest is the blended transition
region created by material mixing within the polymer melt during extrusion. While it successfully
allows for in-situ transition from one material to another, the blended region typically exhibits a
non-homogenous morphology within the printed bead. This morphology presented discrete
regions of each material along with some regions where the two were mixed. Previous work
demonstrated that this regional arrangement is likely to have significantly different mechanical
properties in the different regions [37]. Although the BAAM is capable of switching extrusion
screws based on the requirements of the materials, the geometry typically used to improve mixing
has not shown enough of an impact to homogenously mix two distinct materials during a material
transition. Cross-sectional analysis has shown that a regional arrangement remains when using the
designated mixing screw [37]. As such, a static mixing nozzle was developed and implemented in
the BAAM dual-hopper printing process to improve material mixing and achieve a more
homogenous internal bead structure.

2. EXPERIMENTATION

This investigation utilized a standard set of BAAM parameters and dual-hopper attachment to
analyze the effect of a static mixing nozzle on the material transition behavior and internal bead
morphology. Transition behavior was assessed by comparing the component zones of a material
transition printed with a standard nozzle to those of one printed with a mixing nozzle. To quantify
the success of the mixing nozzle, cross-sectional analysis using optical microscopy compared
samples from the blended region from each transition curve for changes in regional morphology.

2.1 BAAM Printing Parameters

Two materials provided by Techmer PM were used for all prints: HIFILL ABS 1512 3DP (ABS)
and ELECTRAFIL ABS 1501 3DP (CF/ABS), a 20 wt % carbon fiber reinforced ABS. The
pelletized feedstock was dried at 80° C for at least four hours before printing using the BAAM
dual-hopper configuration. Thermal conditions were kept constant using a 250 °C melt
temperature, a 100 °C bed temperature, and a 255 °C nozzle temperature for each set of print
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conditions. Each print was deposited onto ABS build sheets that were attached to the build
platform. A custom static mixing nozzle utilizing internal barriers to periodically redirect flow
with a 1.02 cm (0.40 in) diameter was used for all prints. Bead width and height were set to 1.40
cm (0.55 in) wide and 0.51 cm (0.20 in) tall. Due to the extended length and heating attachment
required for the customized nozzle, the tamper typically included in BAAM prints was not used.
The rotation speed of the extrusion screw was set to 300 rotations per minute (RPM), which
requires a print head travel speed of 10.90 cm/s (4.29 in/s) to maintain chosen bead dimensions.

2.2 Print Geometry

A simple rectilinear serpentine geometry was chosen for each experimental set (Figure 1). Each
print consisted of two continuous beads in a single layer that differed only in the transition
direction. Starting at Point A in Figure 1, the dual-hopper switched from using ABS pellets to
drawing from the CF/ABS pellet supply. The transition from depositing ABS to CF/ABS material
occurred within the first continuous bead between Points A and B. At some position prior to Point
B, the transition had completed and only CF/ABS was being deposited. At Point B, extrusion
momentarily stopped for the extrusion head to move to Point C. At Point C, the dual-hopper
switched from CF/ABS pellets to ABS pellets. Between Points C and D, the deposition material
transitioned from CF/ABS back to ABS, which was completed well before Point D. At Point D,
extrusion was again stopped, and the deposition nozzle moved back to Point A on the next layer.
The long sides of the print geometry were 86.4 cm (34.0 in) while the short sections were 5.1 cm
(2.0 in), giving a total length of 909.3 cm (358.0 in) between Points A and D.
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Figure 1. Schematic depiction of the deposition pattern for the printed material transitions.

2.3 Sample Extraction

Cross-sectional samples were extracted periodically from each print to develop a progression of
the material composition. The position of a sample was determined by measuring the distance (Ls)
from the point at which the hopper switch occurred (Points A and C in Figure 1) and converting
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that to the extruded volume using Equation [1]. For simplicity, the cross-section was treated as
rectangular with a thickness t and a width w. The nominal bead dimensions were expected to be
14.0 mm and 5.1 mm, giving a cross-sectional area of 71.4 mm?. However, optical microscopy
found the typical cross-sectional area to be best represented as 58.1 mm?, which is investigated
later. To better illustrate the degree of mixing that occurs during material switching, Ve was
normalized by the free volume available in the extrusion system, Vr, as shown in Equation [2].
Due to the complex internal geometry of the extrusion system, the proprietary CAD model was
used to find the free space that would already be occupied by Material A after a hopper switch to
Material B. As a result, Vi, the normalized volume, represents “one transition’s worth” of material
when Vy = 1.

VE=L5XtXW [1]
Vg

Vy =L 2

- 2]

Printed transitions were initially sectioned into 7.6 cm (3.0 in) pieces and numbered sequentially
to track position in the print. Individual samples for characterization were cut from the ends of
these pieces using an Isomet 1000 diamond saw and were approximately 8.4 mm long. Previous
work has proven an 8.4 mm sample to be a reliable representation of composition in the
surrounding area [38]. Sample locations were initially chosen based on visual inspection of color
change to estimate the beginning and ending of the transitions with intent to test more frequently
within and around the transition zone. After initial characterization, additional samples were
selected to fill in sparse areas on the transition curve and provide a comprehensive analysis of the
transition from Material A to Material B.

2.4 Constituent Content Analysis

Samples were analyzed for carbon fiber content to determine the material composition. Ultrasonic
Assisted Acid Digestion (UAAD) was used to separate the fibers from the thermoplastic matrix.
Inspired by ASTM D3171-15 [39], UAAD was explored extensively and has proven to be an
effective alternative to time-consuming carbonization-in-nitrogen and carbonization-in-air
techniques [36, 40]. Before undergoing UAAD, samples were dried at 80 °C for at least four hours,
then weighed using a RADWAG AS 220.R2 analytical balance to a 0.1 mg accuracy. Following
UAAD, the solution was passed through glass microfiber filters with 1.5 um pores to collect the
separated fibers. After drying again at 80 °C for at least four hours, the fibers were again weighed
and compared to the original mass of the specimen as shown in Equation [3]. DR was the
Dissolution Ratio representing the expected fiber loss during UAAD and filtering found in [40],
M; was the dry mass of the printed specimen, M. was the mass of pan and filter used to contain
and collect the samples, and Mcr was the dried mass of pan and filter after fiber collection.

M,_(Mi_(Mcr_Mc)> (M M) M DR
. ! 1—-DR o — M.)— M; X

Fiber wt % = = 3
iber wt % M, M, x (1 - DR) 3]
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2.5 Transition Curve Construction

Changes in material transition behavior when using the dual-hopper configuration were analyzed
by comparing transition curves that plot against the normalized volume of material extruded since
the hopper switch was initiated. As demonstrated in previous work [36, 40], the dual-hopper
configuration produces three distinct stages of material transition during printing. Figure 2 shows
these zones using an example transition curve The purge zone (orange) occurs immediately after
switching material feedstock and is composed entirely of unmixed Material A that was already
present in the barrel when the switch was made. The transition zone (yellow) describes the section
of the print where material composition is continually changing due to blending of the material
interface during the extrusion process. Finally, the steady-state zone (green) begins after material
composition has stabilized and reached steady-state printing of Material B. Both the size of the
zones and point-to-point variation of each transition curve are analyzed.
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Figure 2. Example transition curve where the purge, transition, and steady-state zones are marked and represented
by orange, yellow, and green, respectively.

2.6 Optical Microscopy

To investigate the impact of the mixing nozzle on the internal morphology of printed beads and
judge the success of the design, optical images of sample cross-sections from before, within, and
after the transition zone were taken. Before imaging, each specimen was polished using a six-slot
AutoMet 250 autopolisher. The cross-sections were polished sequentially using 240, 320, 400,
600, and 800 SiC grit polishing pads for 1 minute each using 2 Ib central force. The rotational
speeds were set to 90 RPM for the platen and 60 RPM for the specimen holder in contrary
rotational directions. A 1200 grit SiC paper was then used for 15 minutes with the same conditions.
Finally, the polish was finished by using a 6 pm diamond suspension, a 3 um diamond suspension,
and colloidal silica for 20, 10, and 25 minutes respectively. These steps utilized a complementary
rotation with both speeds set to 60 RPM. The sample surfaces were cleaned of debris using a
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sonicator filled with deionized water. Optical images were taken using a Keyonce VHX-5000
digital microscope and compared to cross-sections from prints that used a typical BAAM nozzle.

3. RESULTS

3.1 Impact of the Static Mixing Nozzle

Using the measured carbon fiber content, material composition was tracked as percent CF/ABS in
both transition directions for all transition curves. Figure 3 shows a transition curve in each
direction for a print using the static mixing nozzle and for another using a standard nozzle with
otherwise identical settings. As stated previously, the purge zone ends and transition zone begins
with a sudden change in material composition, but the end point of the transition zone and
beginning of steady-state Material B can be difficult to identify, especially in the CF/ABS to ABS
print direction. Per previous work, the CF/ABS feedstock can exhibit carbon fiber values as low
as 19 wt % [40], so the steady-state zone for ABS to CF/ABS transitions was considered to begin
where one data point and the following are both at or above 19 wt % carbon fiber. For the CF/ABS
to ABS direction, steady-state Material B was determined on a case-by-case basis while
considering the relative noise due to residual carbon fibers becoming stuck in the complex internal
geometry. When comparing transition curves for the mixing nozzle to the standard nozzle in Figure
3, the ABS to CF/ABS direction demonstrated a slight delay in initiation of the transition zone and
a longer transition zone overall. As would be expected, this led to a shorter overall transition to
Material B for the standard nozzle. For the CF/ABS to ABS direction, the transition zone began
earlier in the mixing nozzle, but a longer transition zone resulted in a near equal overall transition
volume for both the CF/ABS to ABS transition curves.

Static Mixing vs Typical Nozzle at 300 RPM
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Figure 3. Transition curves at 300 RPM comparing the use of a mixing nozzle to that a standard nozzle. Six data
points have been marked and labelled in orange for reference to Figure 4 in Section 3.2.
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3.2 Optical Imaging

The primary aim of introducing a static mixing nozzle was to improve the mixing of materials
within the transition zone and eliminate discrete regions of Material A and B. Figure 4 shows
cross-sections from the six orange, square data points labelled A through F in Figure 3 to match.
The arrangement places standard nozzle samples on the top row and mixing nozzle samples on the
bottom row with similar composition arranged vertically. Initial observations reveal a noticeable
difference in bead shape between mixing and standard nozzle samples. Furthermore, there is a
distinct difference in the morphology of the transition samples when comparing Figure 4C to 4D
and Figure 4E to 4F. In both cases, the standard nozzle cross-sections exhibit a distinct regional
morphology where there are clear pockets of both ABS and CF/ABS distributed throughout the
bead. The mixing nozzle specimens do not display this regional behavior, indicating an increase
in internal mixing that created a more homogenous internal bead structure, as desired. As shown,
this was true at differing fiber contents and was consistent throughout the printed transitions, which
aligned with the stated goal of improved material mixing when using the static mixing nozzle.

Ber-F

Figure 4. Optical cross sections taken at 200x of samples printed at 300 RPM with A), C), and E) printed using a
typical nozzle while B), D), and F) were printed using the mixing nozzle. A) and B) were neat ABS, C) and D) were
3.6 wt % carbon fiber, E) and F) were 12. 4 wt % and 12.8 wt % carbon fiber respectively.

The improvements in homogeneity are highlighted in Figure 5, which compares the same location
on the cross-sections in Figures 4E and 4F. Here, the standard nozzle sample in Figure 5A exhibits
CF/ABS-rich, neat abs, and partially mixed regions all within this small section of the printed bead.
In stark contrast, the mixing sample in Figure 5B maintains a consistent distribution of material
throughout with only the bottom of the bead having any indication of a discrete neat ABS region.
In addition, there is a distinctive pattern or swirl visible in the standard nozzle left as an artifact of
the extrusion process that is not readily apparent in the mixing nozzle sample. As a result, mixing
nozzle sample displays an much more homogenous morphology.
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Figure 5. Expanded view of optical cross-sections from Figure 4A and 4C showing the extent of mixing differences.
Marks on 5A are microhardness indentations for an analysis of mechanical properties that will follow this study.

3.2.1 Grayscale Analysis

To better quantify the improved mixing seen when using the mixing nozzle, the two cross sections
shown in Figures 4E and 4F were analyzed using an image processor. After converting the images
to an 8-bit grayscale image, a simple pixel count and distribution of values was recorded. The
results are presented in Figure 6. The average grayscale value was 13.1 with a standard deviation
of 14.6 for the mixing nozzle while the standard nozzle had an average grayscale value of 29.6
with a deviation of 25.6. As is seen in Figure 6, this shows a heavy, narrow weighting toward black
for the mixing nozzle while there are many more instances of lighter counts causing a higher
deviation for the standard nozzle. This results in a “tail” leading into the white values of the
grayscale, which matches the visual observations of increased instances of ABS and unmixed
material within the cross-sections.
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Grayscale Comparison of Standard and Mixing Nozzles
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Figure 6. The Grayscale distribution of two samples with similar fiber content using the standard and mixing nozzle.

3.2.2 Bead Uniformity

In addition to improving mixing of the constituent materials, the mixing nozzle also impacted the
uniformity and shape of the printed bead. Figure 7 compares the input dimensions provided to the
BAAM (dashed, red rectangle) to both the standard (7A) and mixing (7B) nozzle cross-sections.
As can be seen, the standard nozzle produces a much more elliptical bead than the mixing nozzle,
which results in a near-rectangular cross-section well-suited to the volumetric treatments necessary
for accurately calculating and forming the transition curves. Since the static mixing nozzle inhibits
material flow with a complex internal geometry, an increase in back-pressure is to be expected.
The increased back pressure would then counteract the drag flow, resulting in an overall decrease
in material flow through the nozzle. In addition, the deposition rate remains constant. Therefore,
the change in bead geometry and reduction in cross-sectional area matches expectations of a
reduced flow deposited at the same rate as a with standard nozzle. This difference is highlighted
in Section 2.3 when discussing the cross-sectional area utilized to calculate the normalized volume
for the static mixing nozzle transition curves in Figure 3.
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Figure 7. A.) A cross-section from a standard mixing nozzle and B.) a cross-section from the mixing nozzle
transition print. The red, dashed rectangles represent the 14.0 mm by 5.1 mm bead dimensions input to BAAM.

3.2.3 Internal Porosity

While the inclusion of the static mixing nozzle improved mixing and dispersion of the component
materials, there were also instances of porosity observed. As shown in Figure 8, optical imaging
showed a significant amount of porosity in samples from both the purge and transition zones.
However, Figure 8A exhibits larger pores with fewer instances whereas Figure 8B had a greater
number of pores but with a smaller size. Further imaging indicated that pore size continued to
decrease as fiber content increased.

Figure 8. Optical images taken at 200x of polished cross-sections from the ABS to CF/ABS 300 RPM transition. A.)
a Neat ABS specimen from the purge zone. B.) Transition Zone sample with 9.44 wt % carbon fiber.
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4. CONCLUSIONS

A static mixing nozzle was included in the BAAM dual-hopper material transition process to
improve mixing of the constituent materials. The general transition behavior resembled that
previously observed using a standard nozzle design with the mixing nozzle resulting in a slightly
longer overall transition and increased instances of residual fibers. The recurring presence of
carbon-fiber rich specimens indicates that the complex geometry of the mixing nozzle was
retaining or trapping fibers that were later freed by the continuously flowing polymer melt. This
effect was primarily seen in the CF/ABS to ABS transition direction, but a stair-stepping effect
seen in the transition region of the ABS to CF/ABS transition curves could also be a possible
artifact of the mixing nozzle. Optical microscopy demonstrated that the mixing nozzle successfully
produced a more homogenous morphology than the standard nozzle design as desired. This was
quantified by comparing grayscale distributions, which showed a significant weighting toward
white (ABS) and higher deviation in the standard nozzle compared to the mixing nozzle.

Future investigations will focus on quantifying the degree of homogeneity observed in the cross
sections via microhardness indentation. Following this, macroscopic effects will be assessed using
mechanical characterization of full printed test specimens. Internal porosity will also be analyzed
to determine if only the pore size changes with fiber content or if there is an influence on total
porosity. Finally, additional compositional analysis will be conducted to clarify whether screw
speed plays a defined role in transition behavior when printing with the mixing nozzle.
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