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A B S T R A C T

Additive manufacturing has gained significant research attention due to multiple advantages over traditional
manufacturing technologies. A fundamental understanding of the relationships between process parameters,
microstructure and functional properties of built parts is critical for optimizing the additive manufacturing
process and building parts with desired properties. This is also critical for a multi-functional part where the
process needs to be optimized with respect to disparate performance requirements such as mechanical strength
and thermal conductivity. This paper presents in situ high speed imaging and build-direction thermal con-
ductivity measurements of polymer extrusion based additively manufactured parts in order to understand the
effect of process parameters such as raster speed, infill percentage and layer height on build-direction thermal
conductivity. Measurements of thermal conductivity using a one-dimensional heat flux method are correlated
with in situ process images obtained from a high speed camera as well as cross section images of the built part.
Results indicate strong dependence of build-direction thermal conductivity on raster speed, layer thickness and
infill percentage, which is corroborated by high speed imaging of the printing process at different values of these
process parameters. Key trade-offs between process throughput and thermal properties are also identified. In
addition to enhancing our fundamental understanding of polymer extrusion based additive manufacturing and
its influence on thermal properties of built parts, results presented here may facilitate process optimization
towards parts with desired thermal and multi-functional properties.

1. Introduction

Additive Manufacturing (AM) [1–3] offers several advantages
compared to traditional manufacturing methods, and therefore, is
currently being investigated for a wide variety of applications [4–7].
Broadly, AM techniques can be classified into two categories – metal-
based AM involving processes such as Selective Laser Sintering (SLS)
[8,9], or polymer extrusion based AM [10,11]. These techniques offer
increased design flexibility, capability of producing nearly-arbitrary
shapes and the possibility of tailored properties of printed parts [1,2].
In polymer extrusion processes, a polymer filament is heated to above
the glass transition temperature and extruded on to a platform [10].
The extruded polymer lines – often referred to as roads – merge into
neighboring lines as they cool, thereby imparting mechanical strength
and rigidity to the built part. Multiple layers of such polymer lines are
dispensed on top of previously built layers, and the shape of the part is
controlled by spatially selective deposition of polymer filament in each

layer. A large amount of literature exists on understanding and opti-
mizing the polymer extrusion based AM process [10,12–14], including
the various sub-processes such as filament heating, extrusion, deposi-
tion, as well as post-process treatment.

The merging of adjacent polymer roads into each other plays a key
role in determining the microstructure, and hence the overall properties
and performance of the built part [10]. This is a dynamic process that is
likely to depend on a number of process parameters, such as raster
speed, extrusion temperature, etc., as well as the properties of the
polymer material such as glass transition temperature, temperature-
dependent viscosity, surface tension, etc., some of which have been
investigated in the past [12–14]. Multiple highly coupled physical
processes occur during the merging process, including cooling and glass
transition, surface tension driven flow and integration of polymer
strands between adjacent roads [12]. Understanding and optimizing
these processes and their interactions is critical for obtaining desired
microstructure, and ultimately for obtaining properties of interest in the
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built part. Several papers have carried out theoretical and numerical
modeling of the filament extrusion and deposition process, including
theoretical models [15,16] and numerical simulations [17,18] to pre-
dict thermal profiles following deposition. While these studies provide
much needed theoretical insight into the microscale processes under-
lying polymer extrusion AM, there is also a need for correlating these
processes with the properties of the built part, for example, by con-
necting these properties with the microstructure resulting from various
process parameters. In situ visualization of the AM process, particularly
the dispensing and merging of adjacent roads, and post-process prop-
erty measurement could play a key role in developing these correla-
tions.

A number of studies have investigated the effect of various process
parameters on the ultimate properties of the built part [19–23]. Most of
these studies have focused on mechanical and structural properties such
as mechanical strength, Young’s modulus, etc. Anisotropic mechanical
properties have been reported as a function of print speed and raster
orientation [22]. Tensile strength has been shown to correlate with
layer height [24]. Raster angle of 0° and 90° has been shown to result in
maximum and minimum tensile strength respectively. The latter is
shown to fail in transverse load because the load is taken up by the
bonding between fibers and not the fibers themselves [19]. Tensile
strength of criss-cross rastering has been shown to fall in between the
two extremes [19]. In comparison to the considerable literature on
mechanical properties, there is relatively lesser work available on
thermal properties of built parts and their relationship with micro-
structure and process parameters. These properties, such as thermal
conductivity govern the nature of heat flow through the part [25], and
therefore, are critical for understanding the performance of the part in
an engineering application where heat generation and heat flow may be
important considerations. Similar to mechanical properties such as
mechanical strength, it is reasonable to expect that thermal con-
ductivity will be influenced by the microstructure of the built part. For
example, the extent of adhesion between adjacent roads may influence
the amount of heat flow, and hence the value of the thermal con-
ductivity. Specifically, poor adhesion resulting from incorrectly de-
signed process parameters is expected to lead to insufficient heat flow,
and hence poor thermal conductivity.

Clearly, there is a need to identify optimum process parameters that
result in parts with desired thermal properties. The relationships be-
tween process, microstructure and properties have not been sufficiently
studied in the context of thermal performance of built parts. The effect
of sintering on filament bonding has been studied [16]. However, this is
a post-printing process, whereas it would be more effective to under-
stand and optimize parameters related to the printing process itself, in
order to result in desired thermal properties.

Further, several applications call for multifunctional parts that must
perform both thermal and structural function. For example, structural
parts often need to provide thermal insulation as well. In such a case, it
is critical to optimize the process parameters and microstructure in
order to obtain a balance between mechanical strength and thermal
conductivity, along with weight considerations. Addressing this com-
plicated problem requires an integrated approach involving both mi-
croscale visualization to understand microstructure, as well as part-
scale measurement of thermal properties to fully understand the impact
of process parameters on thermal properties. Such an approach, while
entailing multiple experimental challenges is expected to enhance the
fundamental understanding of polymer extrusion based AM, as well as
result in optimized build strategies for specific parts.

This paper presents high speed, microscale visualization of polymer
extrusion based additive manufacturing integrated with thermal prop-
erty measurements. High speed imaging of the process is carried out for
different values of key process parameters such as raster speed, layer
height, etc. These images are used to determine the dependence of
microstructure on process parameters. The variation of thermal prop-
erties of the built part on process parameters is characterized through

measurement of thermal conductivity in the build direction based on a
one-dimensional heat flux method. Results indicate strong dependence
of thermal conductivity on raster speed and layer thickness, which is
corroborated by high speed imaging of the printing process at different
values of these process parameters. The extent of inter-layer adhesion
expected from imaging experiments correlates well with thermal con-
ductivity measurements of built parts. These results are expected to
extend the fundamental understanding of microscale processes under-
lying polymer based AM and their relationships with the properties of
the eventual part, particularly in the context of thermal properties.
Process optimization carried out based on these results may be instru-
mental in designing and building parts with desired, multi-functional
properties.

2. Experiments

Experiments are carried out to identify the dependence of build
direction thermal conductivity, kz on various process parameters in-
cluding extruder print speed, layer height and infill percentage. In situ
visualization of the rastering process is carried out using high speed
imaging, which helps identify the key microstructural features of the
built part and correlates these with process parameters. In addition,
thermal conductivity measurements are carried out on the built parts in
order to understand the effect of process parameters and microstructure
on the resulting thermal properties of the part.

2.1. Fabrication of test samples

Fabrication of samples is carried out on a polymer extrusion based,
open source 3D printer using 1.75mm diameter black polylactic acid
(PLA) material. The process parameters studied in this work include
raster speed, infill percentage and layer height. Raster speed is varied in
the 1000–18000mm/min range, while infill percentage is varied be-
tween 50% and 95%. Layer height in the 0.2–2.5mm range is in-
vestigated. Print temperature is held constant at 215 °C, and a 0.4mm
diameter nozzle is used in all experiments. Two samples of thicknesses
4mm and 8mm are printed for thermal conductivity measurement as
outlined in Section 2.3. Each sample has a size of 40mm by 40mm.
Geometry for each sample is modeled in Solidworks and exported to
Simplify3D software for slicing. The G-code generated in this manner is
directed to the 3D printer for printing with specified build process
parameters.

2.2. In situ high speed imaging

In situ high speed imaging of the polymer printing process is carried
out in order to understand the process of adhesion between adjacent
lines, and correlate the microstructure of printed lines with process
parameters on one hand, and thermal properties of the printed part on
the other. A FASTEC Imaging IL5SM4 high speed camera is arranged at
a sideways angle in order to view the rastering process. In conjunction,
a Navitar 12 V 150W high intensity fiber optic illuminator source is
used for improving the image quality. Videos of the rastering process
are recorded at a rate of 120 frames per second, with minimum 3μs
shutter time and pixel size of 5 μm by 5 μm. Fig. 1(a) shows a picture of
the experimental setup, showing the 3D printer, as well as the high
speed camera and illumination used for video capture.

The in-situ high speed imaging during the rastering process is sup-
plemented with post-processing cross-section imaging of printed sam-
ples. In order to preserve the internal microstructure of parts during the
cutting process, samples are cut carefully using liquid nitrogen. Four
small notches are first made on the four edges of the sample of interest.
The sample is then immersed in liquid nitrogen for two minutes, and an
impact load in applied on one of the notches. Cross sections of cut
samples are imaged using a 10 megapixel AMScope microscope digital
camera in conjunction with an AmScope 3X stereomicroscope.
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2.3. Thermal conductivity measurements

Thermal conductivity of the built parts is measured in the build
direction by applying a temperature difference across a test sample and
measuring the resulting heat flux using the Fox50 thermal conductivity
measurement instrument. Fig. 1(b) shows a picture of the experimental
setup for thermal conductivity measurement. A picture of the re-
presentative samples of two different thicknesses (4 mm and 8mm) is
shown in Fig. 2.

In order to account for interfacial thermal contact resistance be-
tween the sample and the instrument during thermal conductivity
measurements, separate measurements are carried out on samples of
two different thicknesses, and the difference between the total thermal
resistances between the two samples is used to determine the thermal
conductivity of the material.

The measured total thermal resistance, which is the ratio of tem-
perature difference and heat flux, comprises contributions from thermal
resistance of the sample material and the two interfaces between the
sample and instrument plates.

RT= 2Rc+ Rm (1)

The material thermal resistance Rm in Eq. (1) is given by L/k, where
L and k are the thickness and thermal conductivity of the sample re-
spectively. Assuming that interfacial thermal resistance, Rc is the same
for two samples of thicknesses L1 and L2, the thermal conductivity of the
sample material may be determined from the measured total thermal
resistance RT1 and RT2 for the two samples by eliminating Rc as follows
[26].

=
−

−

k L L
R RT T

1 2

1 2 (2)

A guard wall is used around the sample during measurements for
minimizing lateral heat loss. The instrument is calibrated by measuring
thermal conductivity of standard pyrex samples of two different
thicknesses using this method, which is found to result in very close
agreement with the standard value (1.11W/mK vs. 1.09W/mK).

Measurements are carried out on multiple sets of samples printed with
different process parameters. Variation of thermal conductivity with
infill percentage, layer height and raster speed is analyzed and corre-
lated with imaging of the rastering process through the high speed
camera.

3. Results and discussion

3.1. Progression of the polymer rastering process

Fig. 3(a) through (d) show images of the rastering process captured
at 1 s intervals during the printing process at 6000mm/min speed,
100% infill and 0.4 mm layer height. In reference to these images, the
polymer lines are printed from bottom to top of the image, and the
extruder moves towards the left after printing each line. The structure
of deposited lines is clearly seen in these images, which appear to ad-
here well with their neighboring lines. The underlying layer of lines
deposited orthogonally prior to the present layer, as well as the nozzle
head are also visible in these images. Fig. 3(a) through (d) represent
successive images of the process captured for a baseline case. The effect
of changing various parameters is investigated next.

3.2. Effect of changing infill percentage

Experiments are carried out at multiple values of the infill density
between 50% and 95% while holding the raster speed and layer height
constant at 6000mm/min and 0.4mm respectively. Images from these
experiments are shown in Fig. 4(a) through (d) for four different infill
percentage values. These images clearly show a significant effect of the
infill density on the microstructure. As expected, the polymer lines are
far apart and disperse at 50% infill, and get increasingly closer to each
other at larger infill percentages. As a result, a greater infill percentage
is expected to result in higher thermal conductivity due to improved
adhesion as shown in Fig. 4. This is investigated through measurement
of thermal conductivity of these samples. The measured thermal con-
ductivity, plotted in Fig. 5 clearly increases with increasing infill

Fig. 1. (a) Picture of experimental setup showing the 3D printer, high speed camera and high intensity light source; (b) Picture of thermal conductivity measurement
setup.

Fig. 2. Pictures of 4mm and 8mm thickness samples with 40mm by 40mm sides printed for thermal conductivity measurements.
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percentage. This variation is found to fit well by a linear curve. Fig. 5
also shows cross section images of printed samples obtained with a
microscope digital camera for the highest and lowest infill percentage
cases. The cross-section image for 50% infill indicates significant gaps
between lines, which is consistent both with the corresponding in situ
rastering image in Fig. 4(a) as well as the low value of the measured
thermal conductivity. Similar consistency is observed between the cross
section for the 95% infill, which shows tight packing of lines, and
corresponding in situ image and thermal conductivity measurements.
These data and images clearly indicate that infill percentage plays a key

role in determining thermal conductivity through its influence on the
microstructure. Note that each thermal conductivity plotted in Fig. 5,
and in all subsequent figures, represents an average of measurements
taken on three samples printed with the same set of parameters. A tight
fit is found among these three data in each case, with the worst-case
deviation of less than 3%.

The effective thermal conductivity of the sample may be modeled as
a combination of the thermal conductivities of the filament material
and air gap. While the exact nature of how these thermal conductivities
combine may not be known, lower and upper limits for the combined

Fig. 3. Images of the baseline 3D printing process at 6000mm/min raster speed, 100% infill and 0.4 mm layer height. Parts (a) through (d) shows images at 1 s
intervals captured through the high speed camera.

Fig. 4. Images of the 3D printing process at different infill density values. Parts (a) through (d) show images at the end of the process for 50%, 70%, 90% and 95%
infill density respectively at raster speed and layer height of 6000mm/min and 0.4 mm respectively.
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thermal conductivities may be estimated from series and parallel
combinations of the two thermal resistances based on the infill per-
centage as follows:

= +
−

k
φ

k
φ

k
1 1
min air filament (3)

and

= + −k φk φ k(1 )max air filament (4)

where φ is the infill percentage.
kmin and kmax are plotted in Fig. 5 as functions of φ for comparison

with experimental data. Fig. 5 shows that experimentally measured
thermal conductivity at each infill percentage lies between the theo-
retically predicted upper and lower limits. This provides a validation of
the experimental measurements.

3.3. Effect of raster speed

High speed imaging and post-printing thermal conductivity mea-
surements are carried out at four different raster speeds for a 100%
infill and 0.4mm layer height. Fig. 6 shows high speed images of the
printing process at four different times for each raster speed. These
images show the effect of raster speed on the microstructure. Slow
raster speed offers more time for heat transfer to the underlying and
adjacent filaments, which causes these lines to remain at elevated
temperatures for greater time, and therefore merge with each other
effectively. This is expected to result in improved thermal conductivity.
On the other hand, the merging process may remain incomplete if the
raster speed is too high, and heat transfer between filaments is not
complete, resulting in lower thermal conductivity. In order to further
investigate this, thermal conductivity of printed parts is measured for
various raster speeds. Fig. 7 shows greater thermal conductivity at
lower raster speeds, which confirms the hypothesis above about the
effect of raster speed on filament merging. Cross-section images of
samples printed at different raster speeds, shown in Fig. 7 are in general
consistent with in situ imaging and corresponding thermal conductivity
measurements. A comparison of these cross section images at different
raster speeds indicates better merging between filaments and greater
infill at lower raster speeds, which corroborates well with the mea-
surement of higher thermal conductivity at lower raster speeds.

3.4. Effect of layer height

The effect of layer height on thermal conductivity is investigated
next. In these experiments, raster speed and infill percentage are fixed
at 6000mm/min and 100% respectively, while layer height is varied
between 0.2mm and 2.5mm. Measurements summarized in Fig. 8 show
that thermal conductivity increases with increasing layer height. This is
because for the same overall sample size, a greater layer height results
in lower number of layers, and hence reduced number of interfaces
between layers. This results in diminished contribution of inter-layer
thermal contact resistance, and hence, increased build-direction
thermal conductivity. This is consistent with recent measurements and
modeling that have indicated a dominant role of the thermal contact
resistance in build-direction thermal conductivity of the sample [27].
The reduced number of interfaces between layers is clear from the
cross-section images shown in Fig. 8. These measurements and images
confirm the dominant role of inter-layer thermal contact resistance on
thermal properties.

3.5. Effect of raster orientation

It is of practical relevance to understand how raster orientation
impacts thermal conductivity. Raster orientation is a commonly avail-
able setting in most polymer AM platforms. In most cases, the raster
orientation can be set to toggle between two angles from one layer to
the next. Samples are printed for four different raster orientations− 0°/
0°, 0°/90°, +20°/−20° and +45°/−45°. In the first case, raster lines in
successive layers are all oriented in the same direction, while in the
second case, raster lines are orthogonal to each other. In the other cases,
raster lines criss-cross each other at the specified angles. Thermal
conductivity of each sample is measured using the methods discussed
above. Fig. 9 shows measured thermal conductivity values for these
cases, along with cross section images. These measurements indicate
some dependence of thermal conductivity on raster orientation. Spe-
cifically, it is found that thermal conductivity is largest for 0°/0° and 0°/
90° cases. For cases where the raster lines in successive layers are at
other, non-orthogonal angles (+20°/−20° and +45°/−45°), a lower
value of thermal conductivity is measured. This likely occurs due to
reduced contact between successive layers due to the non-orthogonal
angle.

3.6. Discussion

The experimental measurements and imaging data discussed in sub-
sections above establish a correlation between thermal conductivity of
built parts and various process parameters. These data can provide
critical input for determining the right process parameters for obtaining
specific thermal properties of interest in the built part. Further, these
data also indicate the possibility of obtaining spatially varying thermal
properties by smartly changing process parameters in different parts of
the build. For example, it may be possible to dynamically reduce raster
speed within the feasible parameter space for manufacturability in a
specific portion of the part being built in order to obtain higher thermal
conductivity only in that portion. Such a capability may result in in-
tegrated parts with unique functionality for multiple applications.

Further, several applications call for multifunctional parts, for ex-
ample those that must serve both thermal and structural function. In
such a case, optimization of process parameters is important from both
thermal and structural perspectives. Results presented in this work, in
conjunction with past reports on mechanical properties, may help drive
such an optimization. In cases where high thermal conductivity is re-
quired in addition to good mechanical strength, the variations of both
objectives as functions of process parameters are in general aligned
with each other. For example, reducing raster speed may increase both
mechanical strength and thermal conductivity. However, in other ap-
plications, there may exist a conflict between the two objectives. For

Fig. 5. Plot showing the variation of measured build direction thermal con-
ductivity with infill density. Cross section images of samples for 50% and 95%
infill clearly show the impact of infill on the microstructure of the printed part.
Theoretically calculated upper and lower limits based on series/parallel com-
bination of thermal resistances are also shown for comparison with experi-
mental data.
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example, in applications where a structural part must also provide
thermal insulation, reducing the infill percentage will improve thermal
insulation, as shown in this work, but will also likely result in reduced
strength. A careful co-optimization of process parameters within the
feasible parameter space based on results from this work may be im-
portant for resolving such trade-offs.

Finally, there also exist trade-offs between desired thermal proper-
ties and system-level process performance that this work helps resolve.
For example, while reducing the raster speed has been shown to in-
crease thermal conductivity, which may be desirable for certain ap-
plications, it will also severely reduce throughput. Results presented
here may also be useful for understanding and resolving such trade-offs.

4. Conclusions

This work combines in situ high speed imaging of the polymer ex-
trusion based additive manufacturing process with post-print, build-
direction thermal conductivity measurements to investigate the re-
lationships between process parameters, microstructure and eventual
properties of the built part. Given the significant design flexibility en-
abled by additive manufacturing, a thorough understanding of these
relationships is critical in order to maximize the benefit of additive
manufacturing within the feasible design space. This becomes even
more important in the case of multifunctional parts where more than
one properties of the built part must be balanced with other con-
siderations such as processing time, weight, etc., all within the given

Fig. 6. Images of the 3D printing process at different times for four different raster speeds. The change is microstructure with raster speed at the end of process results
in different thermal conductivity values for different raster speeds.

Fig. 7. Plot showing the variation of build direction thermal conductivity with raster speed. Cross section images of samples for two cases are also shown. The
measured variation agrees well with observations of the microstructure through in situ high speed imaging and cross-section imaging.
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feasible parametric space of manufacturability. The present work en-
ables such optimization by developing relationships between process
parameters and thermal properties of interest in a variety of applica-
tions. Results indicate strong dependence of build direction thermal
conductivity on various process parameters such as raster speed, layer
height, etc. In addition to improving the fundamental understanding of
polymer extrusion based additive manufacturing process, this work
may also enable the printing of parts with novel thermal transport
properties.
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