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Additive manufacturing, or 3D printing, is an exciting manufacturing technique based on layer-by-layer build-up
as opposed to the subtractive approach in most traditional machining processes. Speciﬁcally, in polymer-based
additive manufacturing processes, ﬁlaments of a polymer are dispensed from a rastering extruder to deﬁne each
layer. Due to the directional nature of this process, it is of interest to determine whether thermal transport
properties of the built part are direction dependent. Such an understanding is critical for accurate design of
components that serve a thermal function. This paper reports measurement of thermal conductivity of additively
manufactured polymer samples in the ﬁlament rastering direction and in the build direction. Samples are designed and built in order to force heat ﬂow only in one direction during thermal property measurement.
Experimental data indicate signiﬁcant anisotropy in thermal conductivity, with the value in the build direction
being much lower than in the raster direction. Both thermal conductivities are found to depend strongly on the
air gap between adjacent ﬁlaments. A theoretical thermal conduction model is found to be in good agreement
with experimental data. These measurements are also used to determine the inter-layer thermal contact resistance, which is found to be a non-monotonic function of the air gap. Cross section images of samples conﬁrm
the strong eﬀect of the gap on the microstructure, and hence on thermal properties. Results from this paper
provide a key insight into the anisotropic nature of thermal conduction in additively manufactured components,
and establish the presence of signiﬁcant inter-layer thermal contact resistance. These results may be helpful in
the fundamental understanding of heat transfer in 3D-printed components, as well as in accurate design and
fabrication of heat transfer components through 3D printing.

1. Introduction
Additive manufacturing techniques [1–3] are being widely investigated for a large number of engineering [1,4,5] and biomedical
applications [6–9]. These techniques rely on layer-by-layer part fabrication instead of the top-down, subtractive approach in most traditional
machining technologies [2,3,10]. Several additive manufacturing
techniques are based on an energy source that rasters over a powder
bed and causes selective melting and solidiﬁcation to form the desired
shape [2,3,10–12]. In other techniques, a rastering extruder dispenses
material, usually a polymer on to a bed at a temperature greater than its
glass transition temperature [2,3,10]. In each case, the part is built
layer by layer, therefore oﬀering close control of the part building
process and dramatically expanding the design space available for the
built part. For example, the ability of additive manufacturing to build
parts of almost arbitrary shape and cross-section signiﬁcantly increases
the choice of feasible shapes and sizes for many parts. However, because these techniques are additive in nature and do not start with a
⁎

fully dense, solid part, additive manufacturing also introduces several
challenges related to functional properties such as strength, thermal
conductivity, etc. of the eventual part [13].
While several additive manufacturing techniques have been used for
rapid prototyping of model parts for a long time [3], there has been
much recent focus on the use of these techniques for building functional
parts capable of withstanding thermal/mechanical loads such as
stresses, heat ﬂuxes, etc. [1]. Fused Deposition Modeling (FDM) [14] is
a commonly used additive manufacturing process, in which an extruder
rasters across a bed and dispenses ﬁlaments of a polymer above its glass
transition temperature. By selectively dispensing the polymer, nearly
any cross-section can be built. Once a layer has been built, the extruder
rasters and dispenses again in order to build the next layer. Since the
porosity of parts can be well controlled in the FDM process by changing
the air gap between adjacent raster lines, it can be used for building
parts for thermal insulation applications that call for low weight and
low thermal conductivity. However, given the complex nature of additive manufacturing techniques, it is critical to examine the

Corresponding author at: 500 W First St, Rm 211, Arlington, TX, USA.
E-mail address: jaina@uta.edu (A. Jain).

https://doi.org/10.1016/j.addma.2018.02.019
Received 21 November 2017; Received in revised form 26 February 2018; Accepted 26 February 2018
Available online 27 February 2018
2214-8604/ © 2018 Elsevier B.V. All rights reserved.

Additive Manufacturing 21 (2018) 84–90

H. Prajapati et al.

Fig. 1. General schematic of the ﬁlament rastering process in Fused Deposition Modeling (FDM) for polymer-based additive manufacturing.

successive layers in the z direction due to the presence of interfaces has
also not been reported. Such interfacial thermal resistance may impede
the ﬂow of heat in z direction in a similar manner as the impact on
mechanical strength [16,18], and reduce the z-direction thermal conductivity compared to the x direction. The lack of such data may partly
be due to the signiﬁcant diﬃculties in experimental measurement of
direction-dependent thermal properties. Such a measurement requires
samples with consistently aligned raster lines. This is often not available
as part of standard processes on commercial FDM tools which by default produce parts with hatched line conﬁgurations. Further, forcing
heat ﬂow in a single direction during a thermal property measurement
and embedding temperature sensors in successive layers in order to
measure the interfacial temperature diﬀerence are also not straightforward. Despite these diﬃculties, characterization of anisotropic
thermal transport in FDM parts is very important for understanding the
fundamental relationships between process parameters and thermal
properties of the built part. Such an understanding will help design
FDM process ﬂows for building parts with exceptional thermal functionality, such a ultra-low thermal conductivity, or highly directional
thermal transport. A good understanding of thermal contact resistance
between successive layers could potentially be used to tailor thermal
properties without aﬀecting other performance parameters. This could
contribute towards understanding and reconciling multiphysics design
trade-oﬀs that exist between thermal performance, mechanical performance and weight of the built part.
This paper presents experimental measurement of anisotropic
thermal conductivity and inter-layer thermal contact resistance in FDMbuilt parts. Measurements indicate that there exists strong anisotropy in
thermal conduction in these parts, wherein thermal conductivity in the
z direction is signiﬁcantly lower than in the x direction. These thermal
conductivity values are found to be functions of the air gap between
ﬁlament lines during the deposition process. Experimental measurements are found to be in good agreement with an analytical model of
thermal conduction developed in this paper. Further, a signiﬁcant
thermal contact resistance between successive layers is measured, and
found to be a non-monotonic function of the air gap. These measurements provide a previously-unavailable insight into the fundamental
nature of thermal conduction in parts built by additive manufacturing.
The anisotropy in thermal conduction, as well as thermal contact resistance measured here could potentially be used for designing and
building parts with novel thermal functionality, such as parts with
ultra-low thermal conductivity and/or highly directional heat ﬂow.

fundamental transport processes in FDM, and understand the dependence of functional properties of built parts on process parameters.
Such an understanding will help optimize additive manufacturing
process to build parts of desired properties and function.
Fig. 1 shows a general schematic of the material deposition process
during a FDM process. The raster direction, in which the extruder
moves during the dispensing process is taken to be along the x axis.
Once one layer has been fully built, the extruder dispenses the next
layer, so that the part grows in the build direction, taken to be the z
axis. Due to the directional nature of deposition in FDM, it is likely that
properties of the built part may be direction-dependent. Several papers
have reported anisotropic mechanical properties of FDM-built parts
[15–20]. In most cases, the part is found to have the highest strength in
the direction in which the material is deposited (x direction as shown in
Fig. 1). This is likely due to better material continuity and fewer material interfaces along the x direction compared to the z direction in
which interfaces between successive layers may result in reduced
strength.
Due to the unique nature of FDM process, thermal conductivity of
the built part is likely to deviate from thermal conductivity of the
pristine material. Direct measurement of thermal properties of the FDM
built part is therefore critical. Further, due to the unique distinction
between raster and build directions, thermal conductivity is also expected to be diﬀerent in the two directions. While there is a reasonable
amount of literature on anisotropic mechanical properties of FDM-built
parts [15–18], there is very little available literature on the investigation of thermal transport properties such as thermal conductivity of
FDM-built parts. For example, Weng, et al. report thermal expansion
coeﬃcient of FDM-built ABS parts, but do not report thermal conductivity [21]. Other papers that measure thermal conductivity often
only report a single value of this property, and do not account for
possible variations in diﬀerent directions [22]. Shemelya, et al. have
used the transient plane source method to measure the in-plane and
out-of-plane thermal conductivities of FDM-built parts [23]. Some dependence on the ﬁlament material has been reported, although the
eﬀect of process and design parameters such as raster width and air gap
has not been studied. Chung, et al. [24] have also presented similar
measurements to understand the eﬀect of random voids. However, due
to the randomness of voids introduced into this work, it is diﬃcult to
make any conclusions about the inherent dependence of these properties on process parameters. In addition to anisotropic thermal conductivity, the thermal contact resistance that may exist between
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minimize stray heat loss. Heat ﬂux is measured in both plates to conﬁrm
that there is minimal stray heat loss. Based on Fourier’s law, the total
thermal resistance of the sample of thickness L1, which comprises material resistance through the sample, and the two thermal resistances
between sample surface and instrument, can be determined from

2. Experiments
2.1. Sample preparation
All tested sample are fabricated on Stratasys Fortus 450 mc with
ABS and ULTEM thermoplastic materials. Solid models of samples are
prepared using a CAD software and converted into .stl ﬁles. These digital models are then sliced using Insight software, and tool paths of
extruder are exported in .cmb format. In these experiments, the height
of each layer is 0.25 mm, and raster width is 0.41 mm with multiple
values of the air gap (eight for ABS and seven for ULTEM). The air gaps
are chosen to be 0 mm, 0.127 mm, 0.203 mm, 0.254 mm, 0.3810 mm,
0.6350 mm and 0.7620 mm for both materials. An additional air gap of
0.508 mm is chosen for ABS. Two sets of such samples are built, such
that either the build or direction is oriented with the thickness of the
sample. All the raster lines in each layer are stacked in the same orientation. This deviates from the default practice of dispensing ﬁlaments at ± 45° orientation in alternating layers. This is done to force
heat ﬂow in only one direction – raster or build – and therefore measure
the directional thermal conductivity. Default values are chosen for all
other settings such as extruder speed, dispense temperature for the
main and supporting material, etc. Samples of 25.4 mm by 25.4 mm size
and two diﬀerent thicknesses – 5 mm and 8 mm – are built in order to
facilitate thermal conductivity measurement using the 1D steady state
heat ﬂux method [25].

R1 =

L1
ΔT
+ 2R {s − i} =
k
Q1

(1)

where Q1 is the measured heat ﬂux resulting from the imposed temperature gradient and R{s-i} refers to the thermal contact resistance
between sample and instrument. If the same measurement is repeated
with a sample of thickness L2 at the same temperature gradient, resulting in a measured heat ﬂux of Q2, then the thermal conductivity of
the material being tested can be determined from

k=

Q1 Q2 (L1 − L2)
(Q2 − Q1)ΔT

(2)

where the sample-to-instrument thermal contact resistance is assumed
to remain the same in both experiments.
In these experiments, the sample thicknesses are chosen to be 8 mm
and 5 mm in order to stay within the instrument’s heat ﬂux measurement capability. Further, each measurement is carried out twice to
ensure repeatability.
2.3. Visualization of cross section of samples

2.2. Thermal conductivity measurement
After thermal property measurements, samples are cut in the yz
plane in order to visualize the internal structure of the samples. Since
ABS and ULTEM are thermoplastic, the use of conventional cutting tools
is found to be ineﬀective, as it leads to removal and re-deposition of
material on the internal structure during the cutting process. Instead, a
small, the lead cut is made in the sample, which is then soaked in liquid
nitrogen for 2–3 mins [26]. This makes the sample temporarily brittle,
which can be easily broken by applying an impact load on the lead cut.
This results in preservation of the internal structure of the sample,
making it possible to accurately image the cross-section. A Nikon
Eclipse ME600 microscope is used for visualization.

The primary thermal property of interest for additively manufactured samples is the thermal conductivity in raster and build directions, which can be determined from the amount of heat ﬂux in a
particular direction for a given temperature gradient in that direction.
The directional thermal conductivity of additively manufactured samples is measured by a heat ﬂow meter instrument (FOX50, LaserCompTA Instruments), as shown in Fig. 2. This instrument utilizes the two
thickness method. In this method, a sample is sandwiched between two
ﬂat isothermal plates maintained at diﬀerent temperatures. One-dimensional heat transfer occurs through the sample, eventually resulting
in a steady-state one-dimensional temperature ﬁeld within the sample.
Temperatures of the two plates are measured through embedded thermocouples. An insulating guard is provided around the sample to

3. Theoretical modeling of thermal conductivity and thermal
contact resistance
Test samples printed using the procedure outlined in Section 2
comprise aligned ﬁlaments certain width and a certain air gap between
adjacent ﬁlaments. In these experiments, each layer is built with the
same ﬁlament orientation. In order to consolidate the part, the outer
surfaces of the part are usually printed with zero air gap. Since this
covers only a small fraction of the part along the outside edges, estimated to be less than 5%, it is reasonable to neglect this for heat
transfer analysis, and assume heat transfer in the part to be driven by
thermal resistances through the ﬁlament material and air gap, and by
inter-layer thermal contact resistances. While the ﬁnal shape of the ﬁlament may be quite complicated, as an approximation, each ﬁlament is
assumed to be a parallelepiped, with a width wf in the cross section,
shown schematically in Fig. 3(b) . The air gap between adjacent ﬁlaments is assumed to be wa. Assuming that the total number of layers is
n, heat transfer in the raster direction (x axis as shown in Fig. 1)
comprises n thermal resistances in parallel, each of which represent the
thermal resistance of a layer. The thermal resistance of each layer in
turn comprises x-direction thermal resistances from the ﬁlament and air
gap, arranged in parallel. Assuming the thermal conductivities of the
ﬁlament and air to be kf and ka respectively, the eﬀective thermal
conductivity of the additively manufactured part in the raster direction
is found through the series-parallel combinations of thermal resistances
to be

Fig. 2. (a) Picture of the experimental setup based on one-dimensional steady state heat
ﬂux for measurement of thermal conductivity of additively manufactured components;
(b) Schematic of the key thermal resistances involved in this measurement.
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Fig. 3. (a) Overall schematic of a FDM-printed part, also showing a picture of a sample printed in this work; (b) Schematic model of the internal geometry of an additively manufactured
component showing the ﬁlament and air components in the thermal resistance network in a single layer, and in the entire part comprising multiple layers in the build direction.

kx =

wa ka + wf kf
wa + wf

function of air gap, wa for ABS and ULTEM respectively. The theoretical
relationship between the two based on Eq. (3) from Section 3 is also
plotted in these ﬁgures. Fig. 4 shows that as the air gap increases,
thermal conductivity in the raster direction reduces signiﬁcantly for
both materials in a similar fashion. This occurs primarily because of the
increased fraction of air gap in the cross-section, and therefore increased resistance to heat ﬂow in the x direction. Experimental data are
in good agreement with the curve representing the analytical model,
which shows that the nature of heat transfer in the raster direction is
well described by an appropriate series/parallel combination of thermal
resistances through the material and air gaps. Even though the analytical modeling is carried out assuming rectangular cross-section of the
extruded ﬁlaments, it nevertheless results in good agreement with experimental data. As the air gap increases from 0 mm to 0.76 mm in the
case of ABS, there is a 54% reduction in kx, which may be quite signiﬁcant. There is some departure between thermal conductivity measurements and theoretical model when the air gap is very large. This is
believed to occur because at large air gaps, ﬁlaments are not well
supported by ﬁlaments in the underlying layer, due to which some
mechanical distortion of the ﬁlaments might occur and cause minor
departure from the microstructure assumed by the theoretical model.
The relationship between design parameters such as wa and ultimate
thermal properties of the part as shown in Fig. 4 is corroborated by
cross-section imaging of these samples. Fig. 5 shows cross-sections of
ABS samples with zero and 0.25 mm air gap, at a ﬁlament width of
0.41 mm. These images clearly show change in the microstructure as
the air gap increases, which causes the reduction in the measured
raster-direction thermal conductivity. Fig. 5 shows some distortion in
the cross section of the ﬁlaments, particularly at low air gaps. However,
because of the higher thermal resistance through the air gap compared
to the ﬁlament, this is not expected to dramatically impact overall
thermal conductivity.
Experiments are then carried out to measure thermal conductivity in
the build direction, kz for multiple values of air gap while the ﬁlament
width is ﬁxed at 0.41 mm, similar to measurements of thermal conductivity in the raster direction. Similar to previous experiment, samples of 5 mm and 8 mm thicknesses in which the build direction is
aligned with the axial direction of the thermal conductivity measurement setup are designed and fabricated. Fig. 6 plots these data and
shows, similar to Fig. 4, a reduction in kz as the air gap increases.
Measurements indicate that at any value of the air gap, thermal conductivity in the build direction, kz, is signiﬁcantly lower than in the
raster direction, kx. This establishes that thermal conductivity in the
FDM-built part is signiﬁcantly anisotropic. The built part oﬀers greater
impedance to heat ﬂow in the build direction, z, than in the raster direction, x. This anisotropy, which may be represented by the ratio kz/kx
is also plotted in Fig. 6. Fig. 6 shows that the degree of anisotropy starts
at close to 1.0 when the air gap is zero, and reduces sharply as the air

(3)

In the build direction (z direction as shown in Fig. 1), the thermal
resistances of the n layers are arranged in series. Thermal resistance of
each layer in turn comprises z-direction thermal resistances of the ﬁlament and air gap arranged in parallel. In addition, interfacial thermal
contact resistance between adjacent layers also contributes towards
total thermal resistance in the build direction. Combining all these
contributions, the eﬀective thermal conductivity in the build direction
is found to be

wa + wf
1
R
=
+ c
kz
wa ka + wf kf
h

(4)

where Rc is the thermal contact resistance between adjacent layers and
h is the layer height.
Note from Eqs. (3) and (4), that in the absence of Rc, kx and kz are
equal to each other. However, due to the presence of non-zero thermal
contact resistance occurring due to imperfect thermal contact between
adjacent layers, Eqs. (3) and (4) show that kz will be lower than kx,
thereby resulting in thermal conduction anisotropy in the additively
manufactured part.
Eqs. (3) and (4) show that Rc can be determined from measured
values of kx and kz as follows:

1
1⎞
R c = h ⎛⎜ −
⎟
k
k
z
x⎠
⎝

(5)

Eqs. (3) and (4) also show that both kx and kz are functions of process
and design parameters, including ﬁlament material, raster width and
air gap. This indicates the possibility of tuning eﬀective thermal conductivities in both directions by changing these process and design
parameters.
The next section presents results from experimental measurements
of thermal conductivities in the raster and build directions, as well as
the interfacial thermal contact resistance obtained from Eq. (5). Comparison of experimental data with analytical model results is also discussed.
4. Results and discussion
Thermal conductivity in the raster direction (x axis, as shown in
Fig. 1) is measured for two diﬀerent ﬁlament materials, ABS and
ULTEM for a number of values of wa, the air gap between ﬁlament lines.
For these experiments, the ﬁlament line width, wf, is held constant at
0.41 mm. Samples of thicknesses 5 mm and 8 mm, in which the raster
direction coincides with the axial direction of the thermal conductivity
measurement setup shown in Fig. 2 are designed and built. Fig. 4(a) and
(b) plot the measured thermal conductivity in raster direction, kx as a
87
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Fig. 4. Measured thermal conductivity in the raster direction, kx, as a function of air gap for (a) ABS; and (b) ULTEM ﬁlament materials. Predicted curves from the analytical model, Eq.
(3) are also plotted in each case.

Fig. 5. Cross section images of two ABS samples with (a) zero; and (b) 0.25 mm air gap, showing signiﬁcant diﬀerence in microstructure. In each case, the raster direction, x, is normal to
the plane of the image.

Fig. 6. Measured thermal conductivity in the build direction, kz, as a function of air gap for (a) ABS; and (b) ULTEM ﬁlament materials. The ratio kz/kx, which represents the degree of
anisotropy is also plotted in each case.

contact resistance computed in this manner is plotted as a function of
air gap in Fig. 7, which shows that as the air gap increases, thermal
contact resistance also goes up. This shows that with increasing air gap,
there is increased impedance to heat ﬂow in the build direction not only
because of the increased fraction of air in the cross-section, but also
because larger air gaps cause reduction in adherence between successive layers, and thus increased thermal contact resistance at the interfaces. Interestingly, once the air gap exceeds the raster width, the
thermal contact resistance does not rise any further, and actually reduces somewhat. This is likely because once the air gap exceeds raster
width, the nature of contact resistance between successive layers
changes, since ﬁlaments in successive layers are no longer in direct
contact with each other. Accurately accounting for this interesting, non-

gap increases. Eventually, this ratio plateaus out at large values of the
air gap. The ratio kz/kx is found to be as low as 0.60 at large air gap,
which represents signiﬁcant anisotropy in thermal conduction.
The observation that thermal conductivity in the build direction, kz
is always lower than in the raster direction, kx establishes the presence
of signiﬁcant thermal contact resistance at the interfaces between
successive layers in the part. Data shown in Figs. 4 and 5 are consistent
with the theoretical model presented in section 3, speciﬁcally Eqs. (3)
and (4), which predict lower thermal conductivity in the build direction
than in the raster direction. due to the presence of thermal contact
resistance at interfaces between successive layers. The value of the interfacial thermal contact resistance at any speciﬁc air gap can be determined by using measured values of kx and kz in Eq. (5). Thermal
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5. Conclusions
While additive manufacturing is being investigated for building
components for a wide variety of engineering applications, it is imperative to fully understand the eﬀect of this unique manufacturing
approach on thermal properties of the built part. This paper reports
measurements of thermal conductivity of additively manufactured
components, showing signiﬁcant diﬀerence in the measured values in
two orthogonal directions. Such anisotropy presents both challenges
and opportunities, and regardless, must be accurately accounted for in
design of additively manufactured components that must serve a
thermal function. This paper shows that strong interfacial thermal
contact resistance in the build direction is the fundamental reason for
such anisotropy, and presents useful data on the dependence of this key
parameter on process conditions. It is expected that theoretical insights
on thermal conduction in additively manufactured parts from this work,
as well as experimental data on anisotropic thermal conductivity and
interfacial thermal contact resistance will facilitate the use of additive
manufacturing processes for building components with unique thermal
properties.

Fig. 7. Measured inter-layer thermal contact resistance as a function of air gap for both
ABS and ULTEM ﬁlament materials. Dashed vertical line in this Figure shows the ﬁlament
width, which is held constant at 0.41 mm. Top x-axis shows values of the ratio wa/wf.
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