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ABSTRACT

Die-swell is a flow effect that occurs in polymer extrusion whereby the material experiences rapid stress and
dimensional changes upon exiting the nozzle orifice. Material extrusion additive manufacturing is no exception,
and this effect influences the final dimensions of the printed road and imparts residual stresses. Die-swell is
measured via a custom test cell that uses optical and infrared cameras and an instrumented hot end with an
infeed pressure load cell. The instrumented hot end is mounted onto a stationary extruder above a conveyor to
simulate printhead translation at steady state conditions for a wide range of volumetric flow rates. Investigated
factors for an acrylonitrile butadiene styrene (ABS) filament include volumetric flow rate (0.9 mm®/s to 10.0
mms/s), hot end temperature setpoint (200-250 °C), and nozzle orifice diameter (0.25-0.60 mm). The die-swell
increases as a function of the volumetric flow rate and shear stress but decreases as a function of the hot end
temperature setpoint and nozzle orifice diameter. For modelling, an implementation of the Tanner model for die-
swell displays good agreement with experimental results. The model also demonstrates that the same propor-
tionality constant, ky, , which relates first normal stress difference to shear stress, can be used for different nozzle
orifice diameters with the same length to diameter ratios, and that ky, increases as a function of hot end tem-

perature setpoint as expected with the rheological concept of time temperature superposition.

1. Introduction

The thermoplastic material extrusion process is capable of producing
complex geometries [1] for a wide variety of materials with a simple
filament feedstock [2]. Material extrusion is used in a variety of appli-
cations, ranging from medical models [3] to prototyping injection mold
inserts [4]. Limitations to further adoption of material extrusion include
anisotropic mechanical properties [5-8], variable feedstock quality (due
to varying composition) [9-12], and the sensitivity of final part quality
(e.g., dimensional accuracy, surface roughness, mechancial properties)
to process parameters [13,14].

In filament-based material extrusion, the feedstock, in filament form,
is heated to create a melt and driven through the orifice of a nozzle to
form the roads that comprise a part. When the material is driven through
the nozzle orifice, as shown in Fig. 1, the melt deforms, resulting in
stresses that cause the material to expand upon exit. This pheonomenon,
known as die-swell, is present in both Newtonian and non-Newtonian
materials [15-17]. It has been widely studied in other polymer extru-
sion processes, such as capillary rheology and single-screw extrusion
[16,18-26]. In these works, die-swell was found to vary as a function of

melt temperature, die design, volumetric flow rate, and shear stress [18,
20,21]; it is expected to be most observable at high volumetric flow rates
and shear stresses and low melt temperatures and die length to diameter
ratios. Researchers have sought to model die-swell [16,27-30] because
it influences final product properties and requires process trouble-
shooting to mitigate the resulting geometric distortion [20,24].

Material extrusion is also prone to die-swell, so it should be consid-
ered in process parameter selection to ensure acceptable parts [31,32].
Other rheological effects observed in material extrusion that could
combine with die-swell to affect part quality include material
compressibility [33] and contact pressures [34]. One example of die--
swell’s effects is that it influences the orientation of short fibers, leading
to further anisotropy in mechanical properties of chopped fiber-filled
material extrusion parts [35]. Die-swell can also lead to road widths
varying from their specified dimensions [36-38].

Optical cameras can be used to image the extrudate when studying
die-swell at steady state in extrusion processes [38,39], with the cameras
typically placed perpendicular to the flow direction [39]. Rotational
rheology may be performed on the feedstock to characterize the visco-
elastic properties of the material. This rheology information is valuable
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Fig. 1. An E3D V6 material extrusion nozzle and the die-swell phenomenon.
Significant dimensions of the nozzle are called out and will be referenced in
the analysis.

because the first normal stress difference can be correlated with degree
of swell according to Tanner [16]. In material extrusion, other re-
searchers have used infeed force or pressure measurements [37,40,41],
optical cameras [37,38,41,42-47], and infrared (IR) cameras [37,41,
47-55] to study the behavior of extrudate exiting the nozzle. Techniques
to observe die-swell, and polymer flow in general, range from measuring
the extrudate during steady extrusion over the print bed to using novel
experimental apparati [37,42] to observe the melt as it advances
through a glass pipette capillary [45]. In previous material extrusion
studies, IR temperature measurements were not correlated with the
observed die-swell [37]. Both numerical and analytical models are dis-
cussed in the literature [42,56-59].

When designing a new system to quantify die-swell, in-situ pressure
measurements are especially attractive because they allow for estima-
tion of rheological properties and stresses as the polymer flows through
the nozzle. Optical imaging is critical for measuring the extrudate’s di-
mensions. IR thermography is also desirable because polymer flow
behavior varies as a function of both temperature and flow rate, and it is
expected that melt temperature affects the magnitude of die-swell. Many
other sensing techniques could also be employed to estimate the process
condition, but the three mentioned (infeed force, optical imaging, and IR
thermography) were the focus of literature review for die-swell since
they provide information about the process with minimal interference.

For this work, the authors’ goal is to employ a system for measuring
die-swell that is capable of continuous, dynamic data collection for the
material extrusion process. This was accomplished by building a test cell
with a material extrusion printhead, possessing an infeed pressure
sensor, above a conveyor. An optical camera is oriented along the print
direction of the conveyor and an IR camera is aligned perpendicular to
the print direction. This setup shows promise for measuring the die-swell
of thermoplastic-based filaments, and for correlating die-swell with
various process factors and responses, as demonstrated by the described
results.

With offline characterization via a capillary rheometer, the die-swell
ratio also shows the expected increasing trend with shear stress in the
nozzle orifice. The Tanner model for die-swell was fit to the measure-
ments to predict swell as a function of the shear stress experienced in the
nozzle orifice. Good model fits are shown and the proportionality con-
stant, relating the first normal stress difference to the shear stress, is
observed to increase as a function of temperature and be constant across
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nozzle orifice diameters of the same length to diameter ratio and
entrance bore diameter. In addition to these insights, the implemented
system shows the potential for characterizing variable feedstocks,
studying the material extrusion process further, and provides data for
process model validation.

2. Materials and methods’
2.1. Feedstock & characterization

The material of focus for this work is acrylonitrile butadiene styrene
(Hatchbox ABS, black, 1.75 mm diameter) with a recommended pro-
cessing temperature range of 210 °C to 240 °C. ABS was chosen based on
its popularity in the material extrusion market, its use in other studies
focusing on die-swell, and preliminary experiments where it showed the
highest degree of die-swell [37,45,58,60]. The filament was purchased
from Hatchbox (Pomona, CA) and used as received. Capillary rheology
at three different temperatures and ten shear rates was performed in
accordance with ASTM D3835 - 16 on a Dynisco (Franklin, MA)
LCR7000 capillary rheometer. Two dies with length to diameter ratios of
10:1 and 30:1 were used. A Cross model with the Williams-Landel-Ferry
(WLF) temperature dependance (Cross-WLF) [61] was fit to the data,
after the Bagley correction. The Cross model is of the form:

NG T) =1/ (1+ (/7)) )

where 7 is the shear viscosity, y is the shear rate, T is the temperature,
7* is the critical shear stress, n is the power-law index, and 7, is the zero-
shear viscosity defined as:

flo = g Xp(— (A1 (T = Trp)) [ (As + T — Tryp)) (2)

Nl is the reference temperature viscosity, T is the glass transition
temperature, and A; and A, are coefficients that are fit to capture the
temperature dependency of the viscosity. The fitted coefficients for the
Cross-WLF model are shown in Table 1.

To calculate the viscosity, isothermal tube flow was assumed, and the
material was assumed to be shear thinning. To account for shear thin-
ning, the shear rate is calculated with the Weissenberg-Rabinowitsch
corrected formula:

Tw = Tan(1/4)3+ (1/n)) 3

where ,, is the shear rate at the wall and y,,, is the apparent shear rate at
the wall, defined as:

Table 1
Cross-WLF model coefficients for black ABS
filament.
Coefficient Value
n 0.341
7" [Pa] 41,070
lyes [Pas] 2.54 x 10'2
Tres [K] 365
Ay 28.3
Aj [K] 51.6

1 Certain commercial equipment, instruments, or materials are identified in
this paper in order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or endorsement by the
National Institute of Standards and Technology, nor is it intended to imply that
the materials or equipment identified are necessarily the best available for the
purpose.
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Taw = 40 /71" 4

In this formula, Q is the volumetric flow rate and r is the radius of the
tube, which in this case is the nozzle orifice. The shear viscosity shown in
Fig. 2 was calculated with the Weissenberg-Rabinowitsch-corrected
shear rate at the wall and demonstrates the shear thinning behavior of
ABS. As expected, the viscosity decreases as a function of the tempera-
ture. The shear stress was calculated according to Newton’s law of
viscosity:

T =y ®)

where 7 is the shear stress at the wall and u is the dynamic viscosity
calculated as the Cross-WLF shear viscosity. The shear stress as a func-
tion of the shear rate is shown in Fig. 2 and exhibits an increase in shear
stress with shear rate.

2.2. Measurement system design

For this system, a custom bronze hot end with 1.75 mm diameter
filament was used (see Fig. 3). The design is intended to enhance melting
capacity via a lofted transition from a circular flow bore to a rectangular
slit, and back again. The two heater cartridges increase melting capacity
compared to most hot ends that possess one heater. A 100 kQ thermistor
was used to monitor and control the temperature of the hot end. The hot
end design was manufactured in bronze by i.Materialise (Leuven,
Belgium) via a casting process. The stainless-steel heat break is the
standard version used on Creality (Shenzhen, China) material extrusion
3D printers. The polytetrafluoroethylene (PTFE) tube (2 mm and 4 mm
inner and outer diameter, respectively) was purchased through Filas-
truder (Snellville, GA). Lastly, the brass nozzles are a V6 model pur-
chased from McMaster-Carr (Santa Fe Springs, CA) with a M6 thread,
intended for use with 1.75 mm diameter filament.

Brass nozzles were purchased with three different nozzle orifice di-
ameters. These diameters were selected based on common use in sys-
tems and with the intent of generating observable changes in the degree
of die-swell. A 0.40 mm nozzle is commonly used on desktop printers.
According to the drawings from McMaster-Carr, these nozzles all have
nozzle orifice lengths equal to their nozzle orifice diameters, giving them
all length to diameter ratios of one.
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Fig. 3. The custom hot end used in the measurement system.

Since all brass nozzles have the same entrance bore diameter (see
Fig. 1), a contraction ratio was calculated to estimate the expected de-
gree of die-swell that would be observed for each nozzle, since die-swell
is attributed to the elastic memory of the polymer. The contraction ratio,
R ontraction, Was calculated as:

R(‘omracrion = AEE/AO (6)
wherein
Agp = T[VEB2 @

where rgg is the radius of the entrance bore of the nozzle, and Ao is the
area of the orifice region of the nozzle flow bore:

Ao = ﬂ”oz (€)]

where r is the radius of the orifice. The contraction ratios for all three of
the nozzles used in this work are shown in Table 2. The 0.25 mm nozzle
has the greatest contraction ratio and would be expected to demonstrate
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Fig. 2. Log-Log plots of shear viscosity (top) and shear stress (bottom) as a function of shear rate for the ABS filament used in this study. The temperatures and shear
rates used are reflective of experimental conditions and are representative of the temperatures and shear rates observed in the material extrusion printer.
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Table 2
Material extrusion nozzle orifice diameters and their contraction ratios.

Nozzle orifice diameter [mm] Contraction ratio

0.25 64
0.40 25
0.60 11

the highest degree of die-swell, while the 0.60 mm nozzle has the lowest
contraction ratio and should demonstrate the lowest degree of die-swell.

The implemented system, including the hot end, is shown in Fig. 4.
The hot end is mounted to a 5 kg beam-style load cell from Sparkfun
(Niwot, CO, Part Number: SEN-14729, combined error of 0.05% of the
full-scale value) to measure the infeed pressure. The load cell is mounted
to a custom aluminum instrumentation plate, which is attached to a
Micro-Swiss (Ramsey, MN) direct drive extruder, intended for a Creality
Ender 5, with a standard Creality 42-40 (NEMA 17) stepper motor and
heat sink. The extruder is mounted on an XY linear stage from Newport
(Irvine, CA, model no. 401) with a high load precision lab jack (Newport
model no. 281). The XY stage allows focusing of the nozzle and extru-
date in the optical camera’s view and positioning the nozzle over the
conveyor belt, while the high load precision lab jack enables adjustment
of the height between the bottom face of the brass nozzle and the top of
the conveyor belt. The height between the nozzle and the conveyor was
maintained at 4 mm during the reported experiments to allow for
videography of the swelling extrudate.

The conveyor is a custom design manufactured for this system and is
intended to continuously remove the extrudate from below the nozzle. It
consists of a 22 cm (9.0 in.) inner circumference and 6.3 mm (0.25 in.)
wide rubber belt from Elliot Electronic Supply (Tucson, AZ), two
aluminum pulleys (one driven by a Creality 42-40 stepper motor and a
follower), a nylatron platform (also capable of functioning as a vacuum
chuck) to stabilize the belt under the load of the extruder (manufactured
in-house), and an aluminum frame (manufactured in-house). The
conveyor is also mounted on a high load precision lab jack from Newport
(model no. 271) to allow positioning relative to the nozzle.

The conveyor and extruder stepper motors, along with the hot end
heaters, are controlled via a Creality motherboard (model no: V4.2.7)
and liquid crystal display (LCD) screen. The firmware on the mother-
board is a modified version of Marlin 2.0 configured for a Creality Ender
5 Pro. This version of the firmware was modified to remove the y-axis
limit (to enable continuous rotation of the conveyor stepper) and in-
crease the maximum hot end temperature. Programmed Gcode in-
structions are loaded onto the motherboard via a microSD card.

The optical and IR cameras focus on the extrudate as it exits the
nozzle orifice, with the primary light source positioned opposite the
optical camera for backlighting the extrudate images. The optical cam-
era is from Basler (Highland, IL, model no. acA1920-50gc) with a res-
olution of 1920 x 1200 pixels, and an objective zoom from Leica
(Teaneck, NJ, model no. Z16-APO). The IR camera is from FLIR

Primary
light source

Beam-style
load cell

Hot end

Optical

camera Conveyor

IR camera

Fig. 4. The measurement system.
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(Wilsonville, OR, model no. A6701sc) with a resolution of 640 x 512
pixels, 50 mm lens, 19.05 mm extender ring, and a spectral range of 3.0
pm to 5.0 pm. The spectral range is further limited with a 3900 nm notch
filter with 400 nm bandwidth (Spectragon BP-3900-200 nm). Both
cameras are set to record at 30 Hz. For the optical camera, the aperture
is closed on the objective zoom, which is set to 4x, and the backlight is
kept at its minimum setting. The exposure time is set to 20,000 ps and
the gain is set to zero on the Pylon Viewer software for the optical
camera. In ResearchlR, the control software for the IR camera, a 0.60 ms
integration time is set.

2.3. Data acquisition & processing

For data acquisition, three pieces of software are utilized. The first is
MATLAB (Mathworks, Natick, MA), followed by Pylon Viewer and
ResearchIR. To initiate data acquisition, the cameras are set in Pylon
Viewer and ResearchlR to await an analog synchronization signal. After
the camera configurations are verified, the recording sessions are started
for the cameras. A MATLAB script that configures the data acquisition of
the analog signal for the load cell is used to configure a pulse width
modulated sync signal for 30 Hz. Once the MATLAB script is run, the
cameras start recording frames and the data acquisition system (DAQ), a
National Instruments (Austin, TX) USB 6212 (BNC), collects analog data.
A sampling frequency of 50 kHz with buffering frequency of 250 Hz
gather data from the load cell. It should be noted that the signal for the
load cell passes through an OMEGA (Norwalk, CT, model no. DRF-LC)
strain gauge signal amplifier configured to accept 0 mV to 20 mV and
output a range of 0 V to 10 V An excitation voltage of 10 V is supplied to
the load cell. The flow of data for this acquisition system is shown in
Fig. 5.

At the conclusion of data acquisition, all raw data is saved. Pylon
Viewer outputs the optical images in the form of tag image file format
(TIFF) files, MATLAB outputs the analog signals and timestamps in the
form of comma-separated value (CSV) files, and ResearchIR initially
saves the data as advanced extract, transform, load transformation script
(ATS) files. TIFF and CVS file formats are readable by MATLAB for data
processing. However, ATS files are not, so the data at a cursor on images
in ResearchIR are exported as text (txt) files prior to processing and
analysis in MATLAB. Example optical and IR images are shown in Fig. 6.
On the optical image, the double-sided red arrow represents an extru-
sion width measurement. The cursor on the extrudate of the IR image
indicates the location of exported temperature values. The scale for the
IR data is typically in ‘counts’, which represent the intensity of IR ra-
diation. For ease of understanding, those IR counts have been converted
into temperature values. To ensure data stream synchronization, the
clock for each camera is synchronized with the clock on the computer.
All three data streams record timestamps to the nearest second at a
minimum, and all image frames are numbered in order of collection.
Synchronization is verified at the end of collection for each condition.

Extrudate width is measured multiple times during each extrusion
trial from optical images in the extrudate section where the width ap-
pears fully developed. Measurements are performed using a MATLAB
script where the user defines the fully developed width region manually,
then the image is turned to grayscale and binarized using functions from
MATLAB’s image processing toolbox, and the width is determined by the
transitions in color. To account for curvature in the extrudate, mea-
surements are taken straight across a row of pixels and at an angle up
and down the extrudate from a fixed pixel on the left side of the extru-
date. The Pythagorean theorem is used to determine the length of the
lines measured at an angle. For measurements going up and down the
extrudate, the minimum value is selected for each direction. Once all
three width values are determined, the minimum is selected from the
three to represent the extrudate width. This process is repeated for each
pixel down the length of the extrudate within the fully developed region
for every image and condition. The extrudate width values for each
image are saved to a MATLAB (MAT) file for each condition.
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Fig. 5. The flow of data from the sensors through analysis.

Fig. 6. Example raw optical (left) and IR images (right).

For the IR images, the average temperature value across the three-by-
three pixel-sized cursor is exported as a function of time as a series of txt
files. The.txt files are then imported into MATLAB, where stable mea-
surement regions are identified, and the indices are saved for later
analysis. A stable measurement region is typically at least two seconds
long, to ensure an adequate number of measurements were used to
calculate statistics later.

2.4. Calibration techniques

To ensure the correct flow rates are achieved by the printer, the stepper
motor was calibrated by driving 100 mm lengths of filament into the hot
end by the stepper motor with a mark that indicated 100 mm from the
start of the PTFE tube. After extrusion, the length between the top of the
PTFE tube and the mark was measured and the steps per millimeter value
was updated for the extruder stepper motor in the controller interface on
the Creality motherboard. A similar approach was taken for calibrating the
steps per millimeter for the conveyor belt, by placing a piece of tape on the
belt at one side of the nylatron platform and indexing the motor to position
the conveyor the known length of the platform. With these systems cali-
brated, the test cell can simulate the printing process.

To calibrate the optical camera, images of a microscope slide with a
one-millimeter-wide marking and 0.01 mm dividing marks were used.
Five measurements were taken of 0.50 mm of the slide, yielding a
calibration scale value of 0.0015 mm/pixel for the 4x zoom on the
objective. The pixel width measurements recorded during processing
were converted to millimeters using this scale immediately after
measurement.

To calibrate the IR camera, a similar procedure was followed as in
previous work from one of the authors [51]. The counts from the IR
camera were converted into their respective temperature values after
the.txt file for each condition was imported to MATLAB via a function
containing the constants for a modified form of Planck’s equation, as
discussed in the work by Seppala and Migler [51].

To calibrate the load cell, one end was fixed with a vise while known
weights were placed on the free end. The measured voltage was recor-
ded by MATLAB during this procedure. After completion, a linear model
was fit to replicate the known weights as a function of voltage recorded
by the DAQ. The linear model provides the gain used to convert the
voltage from the load cell to force values, which are converted to pres-
sure values by dividing the force by the cross-sectional area of the fila-
ment during data processing.
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2.5. Experimental design

To study die-swell, three factors were varied: volumetric flow rate,
hot end temperature setpoint, and nozzle orifice diameter. The volu-
metric flow rates were selected based on realistic print speeds that slicers
offer users and were primarily studied using the 0.40 mm nozzle, since it
is the most popular of the three sizes purchased. The investigated print
speeds and resulting shear rates are shown in Table 3; some extreme
conditions were not investigated due to excessive pressures or melting
requirements. The apparent shear rate at the wall was calculated ac-
cording to Eq. (4) and the Power-law correct shear rate was calculated
by Eq. (3), which corrects Eq. (4) for shear thinning. The hot end tem-
perature setpoints of 200 °C, 225 °C, and 250 °C were selected to
bracket the recommended processing temperature range of the ABS
filament and provide a center point.

Each condition described in the experimental matrix was investi-
gated by extruding for one minute and recording infeed pressure,
measured temperature, and optical image data during that time. Since
transient data was collected, each condition was executed once. If a
significant error occurred while starting data acquisition and saving the
data, the condition was repeated. Overall, thirty-three conditions are
presented in this work and listed in Supplemental Table S1 with
different combinations of nozzle orifice diameter, hot end temperature
setpoint, and volumetric flow rate.

2.6. Analysis

For the temperature and infeed pressure data, averages and standard
deviations were calculated for each of the stable regions identified
during data processing; these values are reported in the Results section.
For each image, the extrudate width values are averaged across the
length of the fully developed region. With the extrudate width value
available, the swell ratio is calculated as follows:

S = Wg/Dy 9

where S is the swell ratio, Wy is the extrudate width, and Dy is the nozzle
orifice diameter. For each condition, the average and standard deviation
were calculated (across multiple images) and are presented in the re-
sults.

For the given experimental conditions, the shear stress in the nozzle
orifice was calculated using the Cross-WLF model coefficients in Table 1,
the Weissenberg-Rabinowitsch-corrected shear rate, and Newton’s law
of viscosity. This allows for analysis of die-swell as a function of shear
stress. To model the swell ratio as a function of shear stress, Tanner’s
[16] model was adopted, which states the die-swell can be estimated as:

1/6

S= {2/01 [1 + (N, /20 ]édf} (10)

where N is the first normal stress difference and & is two times the radial
coordinate divided by the diameter of the tube that the polymer is

Table 3
Print speeds and the calculated volumetric flow rates, shear rates, and corrected
shear rates used in the experiment.

Nozzle orifice diameter [mm] 0.25 0.4 0.6 0.25 0.4 0.6
Print Volumetric flow Apparent shear rate at ~ Power-law corrected
speed rate wall, 7, [s] shear rate, 7, [s]
[mm/s]  [mm3/s]
10 0.9 600 140 N/ 900 200 N/
A A
30 2.5 1600 400 100 2500 600 200
55 5.0 3300 800 N/ 4900 1200 N/
A A
80 7.0 4600 1100 300 6900 1700 500
110 10.0 6500 1600 500 9800 2400 700
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flowing through, 7 is the shear stress. When evaluated at the wall of the
tube, Eq. 10 arrives at the solution of:

S=(1+2/2)" an

where f is equal to N; /27. Based on the work of Philippoff and Stratton
[62] and Middleman [63], Tanner assumed f to be proportional to the
shear stress multiplied by a constant, ky,, such that:

frkyt (12)

Knowing the observed swell ratio and the modeled shear stress, 7, Eq.
12 is substituted into Eq. 11 and a model is fit in MATLAB, using fitnlm
0, to find a value for ky,. The model is fit to data for all nozzle orifice
diameters for each hot end temperature setpoint. This work assumes that
kn, is constant for all nozzle orifice diameters but varies as a function of
temperature. The validity of this assumption is assessed in the Results
section.

3. Results and discussion

Infeed pressure as a function of volumetric flow rate is shown in
Fig. 7. The left subplot shows the infeed pressure as a function of
volumetric flow rate for different hot end temperature setpoints for the
0.40 mm nozzle orifice diameter. The 0.40 mm nozzle was selected for
this plot since it is the most popular size for thermoplastic material
extrusion printers. There is a general trend of increasing infeed pressure
with volumetric flow rate and melt viscosity. Also, the 200 °C series
shows an 8.34 MPa change from the 0.9 mm?/s to 10.0 mm3/s and the
250 °C series shows a 2.47 MPa change, indicating that volumetric flow
rate has a greater effect on infeed pressure at lower hot end temperature
setpoints. The 200 °C hot end temperature setpoint at 10 mm?3/s shows
the greatest infeed pressure, with a value of 10.94 MPa. The 250 °C hot
end temperature setpoint at 0.9 mm>/s shows the lowest infeed pres-
sure, with a value of 1.15 MPa. For 10 mms/s, the highest flow rate, a
decrease in infeed pressure is observed as a function of hot end tem-
perature setpoint, with the infeed pressure decreasing from 10.94 MPa
to 3.62 MPa. These results are consistent with processing theory given
the decrease of melt viscosity with increased melt temperature.

The right subplot of Fig. 7 shows infeed pressure as a function of
volumetric flow rate for different nozzle orifice diameters at a hot end
temperature setpoint of 200 °C. The data is displayed for 200 °C because
the pressure is expected to be greatest at 200 °C based on the previous
plot. These data series again show the general trend of increasing infeed
pressure with volumetric flow rate. The 0.40 mm nozzle displayed the
lowest infeed pressure, with a value of 2.60 MPa at 0.9 mm?/s, and the
highest infeed pressure, with a value of 10.94 MPa at 10 mm>/s. At
2.5 mm?®/s, the 0.60 mm nozzle provides the lowest infeed pressure,
with a value of 4.46 MPa, and the 0.25 mm nozzle provides the greatest
infeed pressure, with a value of 7.17 MPa. This result shows that infeed
pressure decreases as a function of the nozzle orifice diameter, which is
consistent with processing theory that indicates the flow resistance in-
creases with decreasing bore diameter.

Fig. 8 shows the measured temperature as a function of the volu-
metric flow rate. The series in the lefthand subplot represent different
hot end temperature setpoints for the 0.40 mm nozzle orifice diameter.
The dashed lines represent the hot end temperature setpoint’s nominal
value for each series. The general trend shows the measured tempera-
ture is below the setpoint at the 0.9 mm®/s, increases towards the set
point around 2.5 mm?®/s and then decreases when the flow rate increases
to 10 mm3/s. At a hot end temperature setpoint of 250 °C and volu-
metric flow rate 10 mm®/s, the measured temperature deviated the most
from its setpoint value with a measured value of 244.1 °C (a deviation of
5.9 °C). Then, at a hot end temperature setpoint of 200 °C, and a volu-
metric flow rate of 10 mm?>/s, the measured temperature deviates the
least from its setpoint with a value of 199.8 °C (a difference of 0.2 °C).
At a volumetric flow rate of 10 mm®/s, the deviation from the setpoint
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the measured temperature.

increases as a function of the hot end temperature setpoint value. diameters for the 200 °C hot end temperature setpoint. Different be-
The righthand subplot in Fig. 8 displays measured temperature as a haviors are observed for each of the nozzle orifice diameters. The
function of volumetric flow rate for the three different nozzle orifice 0.25 mm nozzle undershoots the hot end temperature setpoint, the
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0.40 mm nozzle data points fall around the hot end temperature set-
point, and the 0.60 mm nozzle orifice diameter data points overshoot
the hot end temperature setpoint. The maximum measured temperature
is 209.6 °C for the 0.60 mm nozzle orifice diameter at 13.8 mm>/s and
the minimum measured temperature is 193.3 °C for the 0.25 mm nozzle
orifice diameter at 0.9 mm?3/s. The greatest deviation from the hot end
temperature setpoint is for the 0.60 mm nozzle orifice diameter at
13.8 mm3/s, with a value of 9.6 °C, and the minimum deviation was
found again to be the 0.40 mm nozzle at 10 mm®/s at 0.2 °C.

The 0.25 mm nozzle shows a sharp increase in the measured tem-
perature from a value of 193.3 °C at 0.9 mm®/s to 197.6 °C at 2.5 mm°/
s. This produces a decrease in the deviation from the hot end tempera-
ture setpoint as a function of the volumetric flow rate (around a 4.3 °C
decrease). The trend for the 0.40 mm nozzle orifice diameter is the same
as the trend in the lefthand plot, as it is the same data set. For the
0.60 mm nozzle orifice diameter, the overshoot increases as a function
of the volumetric flow rate, with the value of the measured temperature
increasing from 206.6°C to 209.6°C between 2.5mm3/s and
13.8 mm?/s (an increase of 3 °C). At the same volumetric flow rate of
2.5 mm?/s, there is an increasing trend in the measured temperature
value as a function of the nozzle orifice diameter where the 0.25 mm
nozzle orifice diameter undershoots by 2.4 °C, the 0.40 mm nozzle
orifice diameter is closest to the hot end temperature setpoint with a
slight overshoot of 0.4 °C, and the 0.60 mm nozzle overshoots by around
6.6 °C. The difference between the 0.60 mm diameter nozzle’s measured
temperature and the 0.25 mm nozzle orifice diameter’s measured tem-
perature is around 9 °C. Temperature deviation is correlated to orifice
diameter when the sign of the deviation is accounted for. The temper-
ature increasing as a function of the volumetric flow rate for the
0.25 mm and 0.60 mm nozzle orifice diameters is attributed to a cur-
vature effect in the IR thermography, which results in higher tempera-
tures when the material swells to larger diameters. This effect is also
why the 0.60 mm nozzle orifice diameter data overshoots the temper-
ature setpoint, relative to the other two nozzle orifice diameters. This
effect deserves further investigation in a separate study.
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Fig. 9 shows the swell ratio as a function of observed pressure and
temperature for a 0.40 mm nozzle orifice diameter and a hot end tem-
perature setpoint of 200 °C. The dashed lines indicate a swell ratio of
1.00, which will occur if the extrudate width is equal to the nozzle
orifice diameter. For these plots, the volumetric flow rate is included in
the legend to remind the reader of the effect of volumetric flow rate on
the two responses.

The lefthand subplot shows swell ratio versus the infeed pressure.
The minimum value for the swell ratio is 1.17, which means the extru-
date width is 17% greater than the nozzle orifice diameter. This value
occurs at the minimum infeed pressure of 2.60 MPa (volumetric flow
rate of 0.9 mm>/s). The maximum swell ratio is 1.45 and occurs at the
maximum infeed pressure, 10.94 MPa (volumetric flow rate of 10 mm?3/
s). The swell ratio appears proportional to the infeed pressure, with a
slight curve in the trend. Die-swell is known to correlate with the shear
stress the material is exposed to [18], and the infeed pressure and shear
stress both increase as a function of the volumetric flow rate, causing
this correlation.

The righthand subplot of Fig. 9 shows the swell ratio as a function of
measured temperature. For volumetric flow rates of 7 mm?>/s and below,
swell ratio increases with increased temperature, appearing to follow
either an exponential or power-law relationship. However, the 10 mm>/
s data point does not follow the same curve. These results highlight the
effect of volumetric flow rate on the swell ratio, since the swell ratio
continues to increase with volumetric flow rate, while the measured
temperature decreases at the 10 mm?3/s volumetric flow rate. Shear
stress is known to be a function of temperature for pseudoplastic fluids,
since the viscosity is a function of temperature [61], so the swell ratio
should correlate somewhat with the measured temperature. Still, the
apparent trend between die-swell and temperature at higher volumetric
flow rates was unexpected since it is unlikely that there is a direct
relationship between the swell ratio and measured temperature. This
unexpected behavior may be due to the extrudate width being measured
during steady extrusion, which does not account for the width during
periods of time when the material ceases to flow due to thermal
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Fig. 9. Swell ratio as a function of infeed pressure (left) and as a function of measured temperature (right) for the 0.40 mm nozzle orifice diameter at a hot end
temperature setpoint of 200 °C. The error bars represent one standard deviation of the swell ratio for the y-axis and one standard deviation of the infeed pressure or

measured temperature for the x-axis.
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gradients within the hot end. If the transient width were accounted for,
the higher volumetric flow rates swell ratio would decrease and that
data point would shift down and into the exponential trend. Based on
these subplots, the average swell ratio shows a consistent correlation
with the infeed pressure but does not appear to be a consistent function
of the measured temperature.

Fig. 10 displays the effect of volumetric flow rate on swell ratio. The
subplot on the left of Fig. 10 includes a series of hot end temperature
setpoints with a nozzle orifice diameter of 0.40 mm. In general, the swell
ratio increases as a function of the volumetric flow rate. The minimum
swell ratio is 1.12, for a volumetric flow rate of 0.9 mm?/s and a hot end
temperature setpoint of 250 °C, and the maximum swell ratio is 1.45, for
a volumetric flow rate of 10 mm>/s and a hot-end temperature setpoint
of 200 °C; the range is 0.33. The 200 °C series has a minimum swell ratio
of 1.17, a maximum of 1.45, and a range of 0.28. The 250 °C series has a
minimum of 1.12 and a maximum around 1.185, and a range of 0.065.
Looking at the swell ratios for 10 mm?/s, the swell ratio shows an in-
verse relationship with hot end temperature setpoint, with the greatest
swell ratio, 1.45, being at the lowest hot end temperature setpoint,
200 °C, and the lowest swell ratio, 1.185, being at the highest hot end
temperature setpoint, 250 °C; this results in a range of 0.265.

The righthand plot of Fig. 10 shows swell ratios for different nozzle
orifice diameters at a hot end temperature setpoint of 200 °C. On this
plot, the swell ratio continues to increase as a function of the volumetric
flow rate. The minimum swell ratio is 1.15, for the 0.60 mm nozzle at a
volumetric flow rate of 2.5 mm>/s, and the maximum swell ratio is 1.56,
for the 0.25 mm nozzle orifice diameter with a volumetric flow rate of
2.5 mm?>/s; the range across all the data points on this plot is 0.41.
Within the 0.25 mm nozzle orifice diameter data series, the swell ratio
increases from 1.46 at a volumetric flow rate of 0.9 mm?/s to 1.56 at a
volumetric flow rate of 2.5 mm?>/s (a 0.10 range). For the 0.40 mm
nozzle orifice diameter series, the swell ratio increases from 1.17 at a
volumetric flow rate of 0.9 mm®/s to 1.45 at a volumetric of 10 mm®/s (a
range of 0.28). Lastly, for the 0.60 mm nozzle orifice diameter series, the
swell ratio increases from 1.15 at a volumetric flow rate of 2.5 mm>/s to
a value of 1.24 at a volumetric flow rate of 13.8 mm?/s (a range of 0.09).
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Die-swell experiments were performed with all nozzle orifice di-
ameters at a volumetric flow rate of 2.5 mm>/s. There is an inverse
relationship between the nozzle orifice diameter and the swell ratio. The
0.60 mm nozzle orifice diameter has a swell ratio of 1.15 and the
0.25 mm nozzle orifice diameter has a swell ratio of 1.56, giving a range
of 0.41, the greatest range for all three factors evaluated (followed by
volumetric flow rate, then hot end temperature setpoint).

There is a clear relationship between the swell ratio and the set
volumetric flow rate as shown in Fig. 10. This behavior is driven by the
greater shear stresses at higher volumetric flow rates. Similarly, in the
lefthand plot, the decrease in the swell ratio as a function of the hot end
temperature setpoint results from the shear stress decreasing with vis-
cosity as a function of melt temperature. In the righthand figure, the
trend of decreasing swell ratio as a function of the nozzle orifice diam-
eter is also expected, since the material experiences a lower contraction
ratio and lower shear stresses within the larger nozzle orifices.

Fig. 11 shows the swell ratio as a function of the shear stress at the
wall in the nozzle orifice. Each of the plots contains the data for a
different hot end temperature setpoint, with series of the different nozzle
orifice diameters in each plot. It should be noted that, as the hot end
temperature setpoint increases, higher volumetric flow rates are
achievable with the 0.25 mm nozzle orifice diameter for a given
maximum extruder force (melt pressure) constraint, so there are more
data points for that nozzle orifice diameter in the 225 °C and 250 °C hot
end temperature setpoint subplots than the 200 °C subplot. The coeffi-
cient of determination, Rz, values and estimates of ky, for the Tanner
model are displayed on each plot.

Generally, the swell ratio is found to increase as a function of the
shear stress in accordance with Tanner’s model. In the lefthand plot of
Fig. 11, the swell ratio for the 200 °C hot end temperature setpoint is
displayed for the different nozzle orifice diameters. The maximum swell
ratio found for this temperature setpoint was for the 0.25 mm nozzle
orifice diameter, with a value of 1.56 at a shear stress of 518 kPa. The
minimum swell ratio was 1.15 for the 0.60 mm nozzle orifice diameter
at a shear stress of 146 kPa, providing a range of 0.41 across the 200 °C
data set. Within the 0.25 mm nozzle orifice diameter data set, the swell
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Fig. 10. Swell ratio as a function of volumetric flow rate for the 0.40 mm nozzle orifice diameter at varying hot end temperature setpoints (left) and varying nozzle
orifice diameters for a hot end temperature setpoint of 200 °C (right). The error bars represent one standard deviation of the swell ratio.
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represents the swell ratio for a Newtonian fluid. The error bars represent one standard deviation of the swell ratio.

ratio ranged from 1.46 to 1.56 for shear stresses of 363 kPa and 518 kPa,
respectively, and provided a range of 0.10. For the 0.40 mm nozzle, the
swell ratio ranged from 1.17 to 1.45 at shear stresses of 157 kPa and 375
kPa, respectively, with a range of 0.28. The 0.60 mm nozzle orifice
diameter swell ratios ranged from 1.15 to 1.24 for shear stresses of 146
kPa and 274 kPa, respectively, and provided a range of 0.09. There is a
trend of decreasing range in swell ratio with increasing nozzle orifice
diameter. The data fit well to the Tanner model with an R? value around
0.90.

The middle plot of Fig. 11 provides the data set for the 225 °C hot end
temperature setpoint. The swell ratio ranges from 1.11 for the 0.60 mm
nozzle to 1.54 for the 0.25 mm nozzle at shear stress values of 88 kPa
and 430 kPa, respectively, providing a range of 0.43. Please note that the
increased maximum shear stress relative to the 200 °C setpoint is due to
the increased maximum volumetric flow rate being evaluated for the
0.25 mm nozzle orifice diameter relative to the lefthand plot. The R? for
the Tanner model on this data is around 0.95, indicating higher model
fidelity than the 200 °C data set. It should also be noted that the value
for ky, increases from 1.02 x 10° Pa™ to 1.12 x 10” Pa’! as the hot end
temperature setpoint increases, which is indicative of a greater pro-
portion of melt elasticity, relative to the viscosity, at elevated
temperatures.

The righthand plot of Fig. 11 shows the different swell ratios for the
250 °C hot end temperature setpoint. The swell ratio varies from a
minimum of 1.09 (for the 0.60 mm nozzle orifice diameter) to a
maximum of 1.55 (for the 0.25 mm nozzle orifice diameter) for shear
stresses of 115 kPa and 395 kPa, respectively. It should be noted that, on
this plot, both the swell ratio and the standard deviation of the swell
ratio decrease as a function of shear stress for the 0.60 mm nozzle orifice
diameter. The R? value for the Tanner model on this data is around 0.94,
indicating another good fit. Lastly, the value of ky, increases as a func-
tion of hot end temperature setpoint again, going from 1.12 x 10 Pa™!
for a hot end temperature setpoint of 225 °C to a value of 1.21 x 10> Pa’
! for a hot end temperature setpoint of 250 °C.

Fig. 11 explicitly shows that die-swell is a function of the shear stress
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and that it can be predicted using the classic Tanner model. The die-
swell increases as a function of shear stress as other researchers have
observed [18,25]. This figure also shows how shear stress decreases as a
function of nozzle orifice diameter for the same volumetric flow rate and
temperatures, leading to die-swell decreasing as a function of nozzle
orifice diameter. The 200 °C data in the lefthand plot having the lowest
R? value may be due to the deviations from the hot end temperature
setpoint value seen in Fig. 8, which cause the shear stress and swell ratio
to vary. Still, the goodness of fit across all three subplots shows that the
assumption of ky, being constant for a material and independent of the
nozzle geometry holds true. The value for ky, increasing as a function of
temperature is due to shear stress decreasing as a function of increasing
temperature.

The 0.60 mm nozzle orifice diameter swell ratio is observed to
approach the swell ratio for a Newtonian fluid of approximately 1.12 as
shown in Fig. 11. This value of the Newtonian limit is discussed in the
works of Tanner [16,64] and other researchers [27,31,65], and has been
experimentally observed [27,65]. Alternative forms of Tanner’s equa-
tion are available that account for this Newtonian value [16,31,64], but
they affect the goodness of fit for viscoelastic materials [16]. The data
for the 0.60 mm nozzle orifice diameter approaching the Newtonian
fluid swell ratio value is an indicator of the material’s viscosity and
elasticity decreasing as a function of temperature, resulting in lower
shear stresses.

Considering material rheology effects, there appears to be a strong
relation between Tanner’s constant, ky,, and the inverse of the zero-
shear viscosity as a function of temperature. To make this relation
more evident, Fig. 12 shows these two variables as a function of tem-
perature. In Fig. 12, ky, is evaluated according to the statistical fits of the
observed die-swell from Fig. 11, while the inverse of the viscosity is
evaluated according to the model of Eq. (2) with the fitted coefficients of
Table 1, corresponding to the plotted viscosity values of Fig. 2. The
correlation coefficient between the two vectors of data (i.e., corrcoef
(Kn,1/log10(eta_0)) in MATLAB) is 0.9990, indicating that there is a
very high degree of correlation. Physically, this correlation is driven by
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Fig. 12. ky, and 1/5, as a function of hot end temperature setpoint.

the increase in the proportion of elastic behavior relative to viscous
behavior as a function of temperature. To understand this relationship
further, Eq. (12) was substituted into Eq. (11), Tanner’s model. When
solved for ky,, Eq. (13) is the result. Eq. (13) shows that ky, is inversely
proportional to the shear stress, which is a function of the zero-shear
viscosity, resulting in the observed proportional relationship between
the fit ky, values and the inverse of the zero-shear viscosity as a function
of temperature. Accordingly, it is possible that die-swell effects may be
well-estimated with rheological modeling of the materials being
processed.

Z(SG—I)/T

The results show that die-swell can cause the extrudate diameter to
vary by 10-60% of the nozzle orifice diameter, and this effect is present
even at steady state conditions. The fact that die-swell is shown to be a
strong function of pressure, temperature, and flow rate suggests that
transient control of the extrudate road may be improved by modeling
die-swell.

kNI = (13)

4. Conclusions

The synchronization of infrared and optical cameras with an infeed
pressure load cell has enabled the synchronous collection of extrudate
width measurements, IR temperature measurements of the extrudate,
and infeed force measurements. This data allows for calculation of the
swell ratio, measured temperature, and infeed pressure for thermo-
plastic filaments, which can be used to characterize the material in-line,
define processing windows, and provide insight into the material
extrusion process.

The infeed pressure and measured temperature were shown to vary
as a function of the volumetric flow rate, hot end temperature setpoint,
and the selected nozzle orifice diameter. Additionally, the swell ratio
was shown to vary as a function of the infeed pressure. The swell ratio
was shown to be a function of the volumetric flow rate, hot end tem-
perature setpoint, and the nozzle orifice diameter, with volumetric flow
rate having the most significant effect. The swell ratio was also shown to
vary as a function of shear stress, which was expected. The empirically
fit Tanner model provides a good fit for this data set and shows that die-
swell in material extrusion can be predicted using that relationship with
the behavior strongly driven by the material rheology. Tanner’s pro-
portionality constant will vary as a function of temperature, yet the ABS
studied approaches the Newtonian swell limit of 1.12 at lower flow rates
and larger nozzle orifice diameters where the shear stress diminishes.
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