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Abstract

This study primarily focuses on examining the impact that geometric structure has on thermal conductivity
of multi-phase constructs in different 3D-printed poly(lactic acid), PLA, samples. The investigated
structures are inspired by morphologies formed by diblock copolymers: lamellae, hexagonally packed
cylinders, and gyroid. This research also investigates how volume percentage and material combination
influence the thermal conductivity of these structures. The samples can be tailored to simulate various
thermal management structures observed in practical applications, such as thermal interface materials in
electronic devices. Thermal conductivity ratio is controlled using air, the least conductive material at 0.026
W/(m K), PLA at 0.136 W/(m K), and thermal paste at 5.11 W/(m K). Different models were tested against
thermal conductivity measurements in order to capture the effect of material type (PLA-Air versus PLA-
Thermal Paste), volume percentage, structure, and orientation. Simple, effective medium models were
good predictions of thermal conductivity in lamellar structures, but it was necessary to develop models
for conduction through cylindrical and gyroid structures. Finally, all results were normalized to find a
universal model that is independent of structure and material. This approach provides a simple method
to predict how to reduce or enhance transport properties and heat management capabilities of 3D printed
objects.



1. Introduction

Thermal conductivity is important in various applications, such as thermal heat management, in which the
rate and direction of thermal conduction must be controlled [1]. Advancements in material design
principles and material fabrication have been motivated by the need to achieve sufficient thermal
conductivity while also preserving other essential, application-specific properties. Technological
advancement of microelectronics/semiconductors [2], automobiles [3], lithium ion batteries (LIBs)/electric
vehicles [4], and heating/cooling technology [5] requires lightweight materials with excellent thermal
conductivity, processability, and chemical/mechanical stability [6]. The heat generated from integration of
high power chips, wireless charging, and Bluetooth® into electronic equipment reduces stability, reliability,
and service life [7, 8]. LIBs are also sensitive to temperature. Heat is generated in batteries and electronics
due to Joule heating, solar flux, exothermic reactions, etc. [1]. In order to prevent thermal degradation,
advanced materials with desired properties (i.e. high/low thermal conductivity and mechanical strength)
are essential for thermal management to increase performance, life cycle, and reliability of these systems
[9, 10]. A major challenge is designing advanced lightweight materials with high thermal conductivity.
Energy efficiency of portable and transportation applications greatly benefits from reduced weight.
Moreover, advanced thermal control, for example, to isolate a shorted cell in a battery pack and rapidly
dissipate generated heat is essential to prevent consequences, such as catastrophic thermal runaway that
would threaten human life and lead to equipment failure and accidental fire [4]. This is why it is important
to understand thermal conductivity of structured materials to create new ways of dealing with these heat
flow issues.

A powerful way to realize essential material properties is by combining multiple phases to form a
composite. Many studies have utilized polymer composites to achieve a wide range of desired properties
[11-13], but challenges related to particle agglomeration, processing, and control of heat flux directionality
remain. Block copolymers (BCPs) are an example of a single-component composite that is not prone to
agglomeration and is readily processable. BCPs contain chemically distinct monomers (2 or more) that are
grouped in multiple blocks connected along a polymer chain. Under specific conditions, BCPs microphase
separate into a specific structure: lamellar, cylindrical, gyroid, or spherical. The structure that a particular
BCP forms depends on the volume fraction of each block, degree of polymerization, and Flory-Huggins
interaction parameter. BCP ordering and phase behavior have been well studied [14-17]. The impact of
their structure has also been investigated extensively in relation to ion transport [18-22], but heat
transport has received only limited attention [23, 24].

BCP alignment is useful for various applications, which includes the ability to direct flux due to anisotropic
transport parameters that emerge in ordered materials [25-31]. There are multiple ways to align the
structure of a BCP, for example by applying external fields such as mechanical, electrical, and magnetic
[18]. Mechanical alignment is applied to thick BCP membranes via compression, extrusion, fiber drawing,
roll casting, and shear [18, 32-38]. Electric and magnetic fields are powerful due to the ability to direct
alignment via the orientation of the material in the field without direct material contact [18]. However,
they do require that the structure be kinetically trapped, e.g. by cooling, before removing the applied field.
Magnetic field alignment has the added benefit of avoiding dielectric breakdown. Motivated by the
potential benefits of BCPs, this work examines aligned structures with the minority phase continuous in at
least one dimension.



The use of 3D-printing has allowed for complex geometries to be created and tested. By understanding
the thermal conductivity of 3D-printed materials, we can better optimize the properties of printed
elements in thermal applications. Applications of particular interest that benefit from 3D printing are (1)
managing pulsed heat loads with phase-change material incorporated via additive manufacturing [39-41],
(2) solar thermal applications such as evaporators [42], and (3) thermoelectrics [43, 44]. There has been
some work on the effect of infill percentage in simple grid structures on thermal conductivity [45-47], as
well as examination of longitudinal and transverse thermal conductivity in simple grid structures [48, 49].
However, there have been few examinations of thermal conductivity in complex porous structures formed
with 3D printing [50-52]. Closed-cell insulation material formed with 3D printing has been studied to
determine how the geometry of a structure affects its ability to conduct heat [53]. A nacre-inspired
structure has also been investigated [54]. In this study, we report thermal conductivity in block-copolymer-
inspired structures. 3D-printed poly(lactic acid) (PLA) structures, with varying volume percentages and
phase-contrast materials are examined and their thermal conductivity compared to different analytical
models.

PLA-based composites have been extensively studied due to many useful properties such as
biocompatibility, biodegradability, and shape-memory effects [55-57]. The process of choosing a material
to enhance thermal properties must also consider the impact on other properties, such mechanical
strength. Some commonly used additives are graphene, carbon nanotubes, and metal particles [58].
Rather than focusing on the design of composite materials, in this study multiple homogeneous materials
are combined in macroscopic structures formed via 3D printing. Infill percentage is a common term in
fused filament fabrication (FFF) that refers to the volume fraction that the printed filament occupies. It is
common for 3D-printed materials to have hollow regions that reduce printing time and material usage. Air
is typically present in these hollow regions, but it is possible to fill the structure with other materials to
alter thermal properties. By creating structures with different material combinations, it is possible to
examine how thermal conductivity ratio affects the thermal conductivity of the structure. With multiple
materials present, we will refer to volume percentage of each material rather than infill percentage to
avoid ambiguity. Creating a high contrast between PLA thermal conductivity and the thermal conductivity
of the additive can lead to interesting results and aid in the design of 3D-printed structures and polymer
composites designed for specific goals, such as directing heat flow.

Morphological structures that commonly occur in microphase separated BCPs include hexagonally packed
cylinders, lamella, and gyroid. The cylinders comprise the minority block, which we refer to as A, in a matrix
of the majority block, referred to as B. Within an ordered grain of coherent orientation, the cylinders are
continuous in only one dimension. Lamellar morphology comprises alternating flat microdomains of A and
B. Within an ordered grain, the lamellae are continuous in two dimensions. Flat layered samples are
relevant to existing applications like surface coatings and heat transfer fins. Gyroid is an intriguing structure
in which both A and B phases are continuous in three dimensions. It offers unique insight into the degree
to which structure can influence heat flow since the interface between the blocks is continuous and forms
a complex, periodic surface with high surface area. This work reports a systematic investigation of
macroscopic structures that mimic the microscale morphologies seen in BCPs. The macroscopic structures
are well controlled and easy to characterize in coordinate directions without thermal boundary layers
complicating measurement accuracy, as has been seen in self-assembled BCP thin films of lamellar
structures [59]. Moreover, the thermal conductivity of each phase is readily modified. This work on model
systems generates fundamental understanding to aid additive manufacturing design of porous structures.



Extrapolation of this understanding to smaller scale may provide insight into composite material
properties. The purpose of this study is to investigate thermal conductivity of different structures on a 3D-
printed prototype level. Key variables that are investigated are the type of structure (lamellar, gyroid, and
cylindrical), as well as the thermal conductivity ratio and volume percentage of each phase.

2. Experimental Section
2.1 Sample Preparation

All samples were printed using FFF with PLA filament (MakerBot) and were designed with equally spaced
features to form 40 mm cubes with volume fractions between 10% and 100% PLA. Three structures were
studied, lamellar, cylindrical, and gyroid. These structures are shown in Table 1 for 25% PLA samples. The
isometric view shows three faces of the cubes, while the back view shows the cube faces that were in
contact with the transient-method sensor for measurements in parallel orientation (see below for more
detail). The technical drawings of each structure that were used to generate 3D printer commands are
shown in Table S1.



Table 1. High-resolution photographs of 3D-printed PLA samples with 25% PLA by volume. All 3
structures studied are shown from 2 different perspectives on a 3 mm grid.
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Lamellar structures had equally spaced fins (one print road width of approximately 0.45 mm thickness) to
form 40 mm cubes with PLA volume fractions of 10%, 25%, 50% and 75%. Volume fraction was controlled
by modeling the number of fins in the input file and setting their width equal to a single print road width
(Autodesk Fusion 360). A solid frame of 2.0 mm thickness was modeled to support the fins on all edges of
the cubes. The structures were sliced using Prusa Slicer 2.5 and printed on a Prusa MK3S using a 0.4 mm
nozzle with nominal layer thickness of 0.15 mm, nozzle temperature of 215 °C, and bed temperature of 60
°C. A brim was added to the material to enhance adhesion to the polyetherimide build plate and removed
after printing.

A 2D model was used to design the hexagonally packed cylindrical structure that were created in 40 mm
cubes. Circles were placed at the vertices of equilateral triangles, which were connected to form trapezoids
as shown in Figure 1. For PLA volume fraction, ¢pp; 4 = 0.5, a lattice area contains equal areas of circle (eq.
1, lefthand side) and matrix (eq. 1, righthand side).

3R2—1BH 3R2 1
67‘[ =5 67‘[ (eq. 1)

Using the Pythagorean theorem, height, H, can be expressed in terms of base length, B (equation 2). This
can be substituted into equation 1, yielding equation 3.

H = (Z>1/2 B (eq.2)

(4 )1/2
B = #R (eq 3)

By fixing the circle radius to 3.5 mm, the lateral distance between center points of the circles, B, can be
calculated using equation 3 and the vertical distance between rows, H, is also known (equation 2).
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Figure 1. 3D printing design of cylindrical structure, cylinders on a hexagonal lattice.

A general formula for any volume percentage can be written in terms of the PLA volume fraction. Equation
5 is found by combining equations 2 and 4 and solving for B.
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Using the design described above, PLA volume percentages of 25%, 50%, and 75% were created in 40 mm
cubes. Due to lack of structural integrity, 10 vol% PLA cylindrical samples were not studied. The cylinders
were placed as cuts in Fusion 360, and the cubes were exported for FFF 3D printing using Ultimaker Cura
to slice G-code and printed using MakerBot PLA filament. The structures were printed on a Creality Ender
5 plus using a 0.4 mm nozzle with nominal layer thickness of 0.15 mm, nozzle temperature of 215 °C, and
bed temperature of 60 °C. A skirt was added to the material to enhance adhesion to the glass build plate.

Gyroid is a continuous structure offering unique thermal properties. Gyroid samples were created by
making a solid 40 mm cube in Fusion 360. The solid cube was put into Cura, where this software has a
built-in design of gyroid structure. PLA volume percentages of 10%, 25%, 50%, and 75% were created. The
top and bottom layers were set to 0 to allow the gyroid structure to extended to the top and bottom of
the cube for testing. The G-code was exported to an FFF 3D printer, printing MakerBot PLA filament to
create the various samples. The structures were printed on a Creality Ender 5 plus using a 0.4 mm nozzle
with nominal layer thickness of 0.15 mm, nozzle temperature of 215 °C, and bed temperature of 60 °C. A
skirt was added to the material to enhance adhesion to the glass build plate.

In heterogeneous structures, the material filling the porous regions can significantly influence the overall
thermal conductivity of the 3D-printed object and thereby heat transport. As shown in Table 1, we refer
to the ratio of thermal conductivity of the more conductive phases to that of the less conductive phase as
thermal conductivity ratio. In this study, air and thermal paste are used to fill the porous regions of the

PLA structures, shown in Table 1. 3D-printed PLA has a thermal conductivity of 0.136 % [60, 61], air has

a thermal conductivity of 0.026 % [62], and thermal paste has a thermal conductivity of 5.11 % For the

PLA-Air system, the PLA volume percentages investigated for lamellar, cylindrical, and gyroid structures
are all shown in Table 2. The samples that contained thermal paste were created by manually inserting the
paste into the porous regions of the samples. The viscosity of the paste was high enough that all gaps were
completely filled. As shown in Table 2, lamellar samples were tested with thermal paste at 10%, 25% and
50% volume of PLA. The 75% volume of PLA samples were not studied with thermal paste, because it could
not be inserted into the fine air gaps of the samples. Cylindrical samples with thermal paste were studied
at PLA volume percentages of 25%, 50%, and 75%. Gyroid samples were not studied with thermal paste
due to their inherently complex geometry preventing infiltration of the paste. Both PLA-Air and PLA-
Thermal Paste systems were tested in parallel and in series orientations, and these results were compared
to theoretical predictions as well as to other literature.



Table 2. Summary of the PLA volume percentages and thermal conductivity ratios studied in different
structures.
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2.2 Thermal Conductivity Measurements of Different Structures
2.2.1 Transient Method

Transient thermal conductivity was measured with a C-Therm Technologies Ltd., Trident Thermal
Conductivity Instrument, employing a Modified Transient Plane Source (MTPS) method. In this method,
temperature is measured as a function of time after a pulse of known thermal power has been applied.
The guard ring ensures that transport is 1D, allowing for thermal conductivity to be determined from a fit
to the 1D transient temperature data. To ensure consistency in temperature and humidity conditions
during the measurement process, the MTPS sensor is placed in a humidity chamber. The chamber is set to
50% humidity and 25 °C. Multiple measurements were conducted over several minutes, enabling the
monitoring of potential irregularities and increasing the precision of the obtained readings. The samples
were tested in two different orientations relative to the heat source: series and parallel, as shown in Figure
2. The naming convention originates from how the thermal resistance of each phase is arranged with
respect to the heat vector produced by the MTPS. In other words, the thermal resistance of each phase is
in parallel when an axis of symmetry of the structure is parallel to the heat flux, whereas thermal
resistances are in series when the axis (or axes) of symmetry are perpendicular to the heat flux direction.



Figure 2. 25% infill sample placed on the C-Therm MTPS sensor ready to be tested (a) in parallel
orientation and (b) in series orientation.

2.2.2 Steady-State Method

The series-oriented samples were also tested with a different technique that utilized a heat source to
achieve a heat flow at steady state and multiple thermocouples; see Figure 3. This second technique was
developed to address a shortcoming of the transient method, whereby transient thermal conductivity data
exhibited no change when the system was changed from PLA-Air to PLA-Thermal Paste. This drastic
material property change should have elicited a major shift in the samples’ overall thermal conductivity.
More details about the limitation of the transient method, which is related to heat penetration depth, are
discussed in the results and discussion section.

The steady-state experiment comprised an insulative layer of 1-inch-thick polyurethane foam that
enveloped the sample from all sides except the bottom surface, as depicted in Figure 3. The bottom surface
contacted a heated plate, which served as the heat source. Thermocouples were positioned on each side
of the sample, placed between the insulation and the sample itself, to ensure that the insulation prevented
natural convection. Additionally, thermocouples were inserted at the bottom, middle, and top of the
sample, between the PLA gaps, to monitor heat flow. Thermocouple data was logged every 0.5 seconds to
a computer via an eight-channel temperature/voltage input USB data acquisition module from Omega.
The experiment ended once the three thermocouples inside the sample reached a steady-state
temperature.

10



3 60
Insulation (b)

55 |

50 Li 0 Luwevevesssvvecscasvevesans
Li -y it

45

Temperature (°C)
S5
o

w
a

—Tatz=L
- = =Tatz=L/2

T = 55°C .

25

- Thermocouple

Figure 3. (a) Schematic of experimental set-up for measurements in series configuration that we term
steady-state measurements. (b) Representative experimental data from an experiment. The experiment
was calibrated with a dense sample of known thermal conductivity. Then, the data at z = L was used to
determine the thermal conductivity of samples with unknown thermal conductivity.

The partial differential equation (PDE) that describes heat transfer through the sample during steady-state
measurements is shown in equation 6.
oT(t, z) 0%T(t,2)
=a
ot 0z2 (

eq.6)

2
Thermal diffusivity is @ = p% (m?) With the boundary and initial conditions expressed below, a
14

solution can be found that fits the temperature profiles shown in Figure 3.
Constant temperature boundary condition: T(t,0) = 55°Catz =0

Flux matching of conduction in cube and convection from cube surface: —k% =h(T-T,) atz=1
Constant temperature initial condition: T(0,z) = 25°Catt =0

T is temperature, T, is ambient temperature, t is time, z is the spatial coordinate, k is thermal
conductivity, h is convective heat transfer coefficient, L is the height of the cube, p is the density of the
cube, and G, is the specific heat of the cube. The solution of the PDE is in the form of a Fourier series,
equation 7. Refer to the Supporting Information for derivation of equation 7.

B z

4 e
T=T(0,2)+ [0 ~TO.2) |73 57 +1- Zme M sin (2, %) (eq.7)

. . . . . L . .
A, are the eigenvalues of the basis function, and the Biot numberis § = ~ Equation 7 was fit to the data

by varying @ and 8. Then, § was used to calculate the thermal conductivity, k. The steady-state solution

11
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used to determine 8 from steady-state temperatures alone. In either case, the process for calibrating the
experiment is as follows. A dense PLA cube of the same size was printed (i.e. 100% PLA), and its k was
evaluated using the transient method. Then the steady-state measurement was conducted on this sample,
and the calculated 8 was used to find the convective heat transfer coefficient, h. This was then used to
determine k from steady-steady measurements on lamellar, cylindrical, and gyroid structures.

from solving the boundary value problem with the time derivative set to zero,

3. Results and discussions
3.1 Lamellar and Cylindrical

3.1.1 Parallel orientation

The first system tested was PLA-Air with a thermal conductivity ratio of kp; 4/k4;- = 5. This is the lower
thermal conductivity ratio system studied in this work. The structural component is PLA with a higher
thermal conductivity of 0.1364 W/(m K), measured with the transient method. Figure 4 (a) shows
measured thermal conductivity versus PLA volume percentage for both the lamellar and cylindrical
structures. These results were obtained with the transient method and are tabulated in Table S2. A
theoretical prediction based on parallel heat conduction, equation 9, is also presented in Figure 4 (a).

The theoretical approach to transport of heat through BCP-inspired structures can be approached with
equations that describe series and parallel conduction. Series conduction takes place through both phases,
and effective thermal conductivity, ke, is @ weighted harmonic average based on volume fraction [23].

b4, o5\ "
kseries = (k_j + k_z) (eq.8)

The volume fractions of phases A and B are represented by ¢, and ¢p, respectively. The thermal
conductivities of phases A and B are symbolized as k4 and kg, respectively. In the case of parallel
conduction, both phases can conduct heat simultaneously, and the effective thermal conductivity is
determined using a basic rule of mixtures [23].

kparallel =kypy + kppp (eq.9)

12
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Figure 4. (a) Thermal conductivity (measured with the transient method) of lamellar and cylindrical
structures of the PLA-Air system as a function of PLA volume percentage in parallel orientation to the heat
source. Error bars are one standard deviation. Dashed line is the parallel model (equation 9). Inset shows
sample orientation with red arrows that denote direction of heat flux. (b) Thermal conductivity from the
transient method as a function of PLA volume % for hexagonally packed cylindrical samples in parallel
orientation (open symbols) and dense, 3D-printed PLA (filled symbols) as printed (O) and with polished
surfaces (). The parallel model (equation 9) is shown as dashed lines, in which the as-printed or polished
100% PLA thermal conductivity is used to generate the model. This figure shows that the anomalously low
thermal conductivity of cylindrical samples is due to inordinately higher roughness as compared to other
3D-printed structures. The roughness of cylindrical samples was also detected by physical inspection. All
other reported data is for as-printed samples.

As Figure 4 (a) demonstrates, the experimental results for lamellar samples were observed to closely align
with the predictions of the theoretical model. This alignment suggests that the thermal conductivity of
these structures is well-predicted by theoretical calculations, indicating the reliability of the model for
estimating the thermal performance of infill materials for the lamellar configuration. Conversely, the
thermal conductivity of the cylindrical structure is overpredicted by theoretical prediction. It was noted
that the cylindrical structure exhibited a rougher surface after 3D printing than other samples (see back
view in Table 1). In order to examine if this was the cause of the anomalously low thermal conductivity,
the surface was polished smooth (see front face in isometric view of Table 1) and thermal conductivity was
measured again. As shown in Figure 4 (b), polished cylindrical samples exhibit considerably higher thermal
conductivity that more closely agree with the parallel model. Polishing resulted in a much more significant
increase of cylindrical-sample thermal conductivity than other structures, pointing to the challenge of
forming small radii of curvature with FFF. For example, the 75% PLA cylindrical sample increased from
0.071 W/(m K) as printed to 0.138 W/(m K) polished, whereas thermal conductivity of the dense cube
increased from 0.136 W/(m K) as printed to 0.157 W/(m K) polished. Our values agree well with those
reported in literature: 0.13 W/(m K) for 3D-printed PLA and 0.16 W/(m K) for PLA filament [60, 61].
Throughout the remainder of this work, only as-printed values are reported.

13



Additional measurements were done using a highly conductive thermal paste in place of air. The
significantly larger thermal conductivity of thermal paste, 5.11 W/(m K), as compared to air, 0.026 W/(m
K), made it possible to switch which part of the structure was more conductive and to change the thermal
conductivity ratio from kpp 4 /kair = 510 kpaste/kpra = 36. The thermal conductivities of these samples
are reported in Figure 5. The values of the data in Figure 5 are reported in Table S3. Also shown in Figure
5is the parallel model, equation 9. The good agreement between the experimental and theoretical results
for the lamellar samples can be attributed to the simplicity and inherent regularity of this structure. The
theoretical prediction of cylindrical structure thermal conductivity overpredicted that of PLA-Thermal
Paste, as was observed for PLA-Air. This is surprising because the presence of thermal paste was expected
to mitigate experimental error in the PLA-Air system that could have been present due to surface
roughness and heat convection. The parallel model overpredicting effective thermal conductivity in both
cases indicates that the disagreement between theory and experiment may be inherent to the cylindrical
structure itself. We speculate that experimental uncertainty could result from the increased complexity
of the cylindrical structure. For example, curvature of the interface could have an effect. Moreover, the
lateral placement of the sample on the sensor can affect which parts of the hexagonal packing are
sampled.
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Figure 5. Thermal conductivity of lamellar and cylindrical structures filled with thermal paste, k =
5 W/(m K), as a function of PLA volume percentage in a parallel orientation to the heat source. Error bars
are one standard deviation; those of cylindrical samples are smaller than the data points. Inset shows
sample orientation with red arrows that denote direction of heat flux.
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3.1.2 Perpendicular orientation.

Transient tests were performed in perpendicular orientation, as shown in Figure 2 (b). Figure S2 shows the
effect of lamellar PLA volume percentage, with equation 8 used as theoretical prediction for these values.
The thermal conductivity was higher than the prediction at 10%, 25%, and 50%. Thermal conductivity
increased with increasing PLA volume percentage from 10% to 50%; at 75% volume of PLA the thermal
conductivity dropped to below that at 10% volume of PLA. The 75% thermal conductivity is closer to the
theoretical prediction. Due to these anomalous results, the PLA layer thickness at each volume percentage
was measured and is reported in Figure S3. The PLA layer thickness in the lamellar structure decreased
from 0.46 mm to 0.27 mm with increasing percentage of PLA volume from 10% to 75%. So, the effect of
air in a series experiment cannot be detected if the thickness of the first layer is higher than 0.27 mm. It is
found that the transient method does not yield accurate effective thermal conductivity values in series
orientation, where the thickness of the first layer dominates the measurement.

Due to the limitation of the transient method in measuring the thermal conductivity of the perpendicular
orientation, a steady state experiment, described in the experimental section and shown in Figure 3, was
used to evaluate the thermal conductivity of the series orientation. Figure 6 shows temperature profiles
for a dense cube. A dense PLA cube is used for calibration of the experiment, where its thermal
conductivity, k, measured with the transient method is 0.1364 W/(m K). The parameters a and § were
adjusted to regress the model to the data collected at z = 1 (where 2 thermocouples are attached). The

. hL . . . L o
Biot number, § = s used to find h since all other parameters are known in this case. This h is assumed

to be constant and is used in evaluating the thermal conductivity (k) in the rest of the structures since the
same conditions are applied. The dense cube experiment is averaged over 3 collected experiments.
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Figure 6. (a) Representative result of a calibration experiment for the steady-state method using a dense,
3D-printed, PLA cube. (b) Results of fitting & (cm?/s) and S to the temperature profile at z = L for the
dense PLA cube. Data from each thermocouple at z = L was fit and the results from three
measurements were averaged and are reported in Table 3 and Table S4.
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A parametric study of how the model changes with a and 8 is shown in Figure S4. Figure 6(b) shows the
best fit of the model to a representative steady-state calibration measurement. It is worth noting that §
can be calculated from equation 10 that comes from the steady solution at z = L or found from regression
to the full transient data set; both methods lead to the same value of 8, which is an indication that
conduction is the dominant heat transport mechanism within the block.

_ T(»,L)=T(t,0) AL

ST Tl k 410

The value calculated from equation 10 was averaged over both thermocouple measurements at z = L in
a total of 3 experiments. This value was then used to calculate h, which is the heat transfer coefficient that
guantifies convection from the top of the cube through the small air gap to the insulation and subsequent
heat loss through the imperfect insulation. This h is expected to be the same in all the perpendicular
experiments. This h was then used to find the thermal conductivity, k, in series structures.

Table 3. Calibration values for model parameters used to analyze steady-state data. § was calculated from
initial, final, and bottom temperatures measured with the steady-state method as shown in Equation 10.
The value of k for the 100% PLA cube, measured with the transient method, was used to find the heat
transfer coefficient, h.

Parameter Calibrated Value
; 085+ 0.07

k [ﬁ] 0.1364 + 0.0008
h =] 290+ 0.24

The steady-state method was used to evaluate the thermal conductivity of each structure and material
combination. In the series experiments, the cylindrical structure has 2 orientations, shown in Figure 7. The
first orientation is when the heat flux is in the g-direction; the second one is when the heat flux is in the r-
direction. These directions are defined by the hexagonal close-packed cylindrical structure. Table S4
reports a and S for all the structures and material combinations studied in this paper. As mentioned
previously, the thermal conductivity is calculated from f. Representative steady-state measurements of
structured samples are shown in Figure 8 and S5-5S7, along with best fits of the analytical solution (equation
7) to the data collected. Thermal conductivity values from the steady-state series experiments are shown
in Figure 9. In the PLA-Thermal Paste system, the cylindrical structure in r-direction orientation showed
the highest thermal conductivity of 0.308 W/(m K), followed by lamellar structure of 0.221 W/(m K), and
finally the cylindrical structure in g-direction with 0.187 W/(m K). These results demonstrate the
importance of orientation and how it can play a key role in increasing or decreasing thermal conductivity.
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Figure 8. (a) Temperature versus time for cylindrical PLA-Air sample in the g-direction of series orientation.
(b) Fitting analytical solution to the data collected at z = L to find a (cm?/s) and f5.

In the PLA-Air results shown in Figure 9, the gyroid structure has the highest thermal conductivity with
0.099 W/(m K), followed by cylindrical g-direction with thermal conductivity of 0.094 W/(m K). The
cylindrical r-direction has a thermal conductivity of 0.073 W/(m K), and the lamellar structure has 0.072
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W/(m K). These results show the importance of the continuity and complex structure of gyroid which had
the highest thermal conductivity. Focusing on the comparison of the g- and r-directions in cylindrical
samples, we see that the difference between these two directions is highly sensitive to which phase has
higher thermal conductivity but is much less sensitive to the magnitude of the thermal conductivity ratio.
It is worth mentioning that the harmonic average prediction for series orientation (equation 8, 0.044 W/(m
K)) is lower than the measured thermal conductivity of all PLA-Air structures due, possibly, to natural
convection in the air phase. For the PLA-Air lamellar samples in series orientation, the phases are not
continuous, except through the PLA frame, which would likely require a 3D model to accurately predict. In
the PLA-Thermal Paste system, the harmonic prediction agrees with lamellar results while it underpredicts
the cylindrical g-direction and it slightly overpredicts the r-direction. The disagreement between
experimental results and model predictions is greater than the 8% uncertainty observed in calibration
measurements. These results show that thermal conductivity prediction should account for the
orientation and tortuosity of the cylindrical structure. In the Appendix, we develop the following equation
for predicting thermal conductivity in r- and g-directions. The predicted values for PLA-Air shown in
equation 11 compare well with the experimental values reported in Table S4 and Figure 9.

w w
kg = qu + Kseries,g = 0.093ﬁ(eq. 11.a)  ky = ke, + Kseriesy = 0.078ﬁ (eq.11.b)

As discussed in more detail in the Appendix, the predictions and experiments for PLA-Thermal Paste agree
well qualitatively.
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Figure 9. Thermal conductivity of each sample at 50% PLA volume from the steady-state series
experiments. Cyl refers to cylindrical structure while g and r refer to axis directions in which heat
conduction occurred. Gyr refers to gyroid structure, and Lam refers to lamellar structure. The insets depict
sample orientation with red arrows that refer to heat flux direction. Due to symmetry, a gyroid inset is
unnecessary.

3.2.1 Gyroid

The gyroid structure has a symmetrical geometric structure. Due to this continuous symmetrical structure,
there is no difference between series and parallel experiments. Figure 10 shows the thermal conductivity
from the transient method with different models that account for the tortuosity. The thermal conductivity
of the gyroid falls between the series prediction equation 9 and parallel prediction equation 8. Figure 10
(a) shows a combined model in which the series and parallel prediction are weighted by a factor, f, as
shown in equation 12.
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kcombined = f kparallel + (1 - f) kseries (eq- 12)
The equation is fitted to the gyroid data to find f. The weighting factor f is 0.843 with an R? value of 0.994.
This indicates that more than 80% of the heat flux is transported via parallel pathways. Figure 10 (b) shows
the thermal conductivity prediction using a geometric mean as shown in equation 13.

_ (1-v) v
kgeometricmean - kparallel kseries (eQ- 13)

From regression to gyroid data, v has a value of 0.126 with an R? value of 0.994. Finally, Figure 10 (c) shows
the combination of 2 models, equations 14.a and 14.b, where the parallel and series pathways are adjusted
to account for tortuosity rather than using a weighting factor.

5
kgyr—parallel = §¢AkA + ¢pkp (eq.14.a)

4 _1
E ®a Loy
kgyr—series = k_ + k_ (eq.14.b)
A B

Phase A in equation 14 is the phase with lower thermal conductivity. In the PLA-Air system, phase A is Air.
The 5/8 in equation 14.a resulted from regression to the data at high volume percentages. This value
accounts for the tortuosity in the parallel direction of gyroid structure. The 4/5 in equation 14.b was
chosen based on simulations by Shen and coworkers [63], in addition to the tortuosity effects described
by Hallinan and coworkers. [22] In this tortuosity-based model, we take the expression with higher thermal
conductivity at a given volume percentage, which is shown as the solid line/curve in Figure 10 (c). This
assumes that heat will be transported exclusively through the more conductive pathway. The best fitting
gyroid model is the tortuosity-based parallel/series combination model, equations 14.a and 14.b. Below
17% PLA volume, it follows equation 14.b, i.e. gyroid series. Above 17% PLA volume, the model follows
equation 14.a, i.e. gyroid parallel. The other two models are also viable for predicting gyroid thermal
conductivity, as they exhibit similar performance indicated by their equal R? values.
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Figure 10. Gyroid structure thermal conductivity measurements using the transient method, along with
different models for gyroid thermal conductivity. (a) combined model of series and parallel; (b) geometric
mean prediction model; (c) tortuosity-based parallel/series combination model.

3.2.2 Discussion

Many different approaches to modeling transport in complex structures have been developed. For
example, a numerical finite-difference model for 2D transient diffusion in lamellar structures was
developed by Taleb et al. The numerical results were compared to different theories such as effective
medium theory and geometric mean. [23] This model can be utilized to analyze thermal transport, ion
transport, and molecular diffusion. The model focused on assessing the impact of grain size, grain
boundaries, and thermal conductivity ratio on apparent transport parameters. [23] Shen et al. studied
diffusion in lamellae, cylinders, and double gyroid BCP nanostructures using random walks and coarse-
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grained simulations, where they found the lamellae is most preferable for transport. [63] Luo et al. used
the lattice Boltzmann method to investigate fluid flow, diffusion, and heat transfer inside reconstructed
porous gyroid structures. [64] Overall, these studies largely utilize simulation and/or mathematical
approaches to predict the thermal conductivity of different structures. Each study focuses on specific
aspects such as shape or material composition. In the current work the impact of geometric structures
including lamellar, cylindrical, and gyroid, alongside variations in volume percentage of PLA and thermal
conductivity ratio have all been considered. Unlike previous studies that have predominantly focused on
individual geometric structures or limited infill materials, in our experimental design, the utilization of 3D-
printed PLA samples offers a unique platform to explore the interplay between geometric structure,
volume percentage, and material combination on thermal conductivity.

In an effort to look for a universal way to capture the various effects of materials, structure, and volume
k—k

)

fraction in co-continuous structures, the thermal conductivity is normalized between 0 and 1, using p—
where k is the thermal conductivity measured from the transient method for each sample, k,, is the
thermal conductivity of the less conductive phase, and k. is the thermal conductivity of the more
conductive phase. This normalized conductivity is plotted as a function of the conductive phase volume
fraction, ¢, in Figure 11. At extreme volume fractions of 0.1 and 0.75, structures and material combination
play almost no role in normalized thermal conductivity value, indicated by the data points in Figure 11
being coincident. In contrast at ¢, values of 0.25 and 0.5, lamellar has the most conductive structure
followed by gyroid and finally cylindrical structures. The result of a linear regression to the normalized data
is shown in equation 15.

k—k,

—— —1.028 x ¢, — 0.0368 (eq. 15)
kc - kn

The universal values of this empirical fit provide a simple prediction that accounts for the dominant
effects of volume fraction and material combination. With the exception of cylindrical PLA-Air, which is
an outlier due to surface roughness, all investigated structures are reasonably well predicted by this

simple empirical model. This indicates that it can be generalized and applied to other structures and
novel systems not included in this study with thermal conductivity ratio, k—c < 36. It is unclear if the same

n

trends will be observed at thermal conductivity ratios of 100, 1,000, or even 10,000.
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Figure 11. The normalization of thermal conductivity of different systems and structures relative to the
volume fraction of the most conductive phase in the system.

3.3 Conclusions

Thermal conductivity of 3D-printed PLA structures was investigated with different materials and varying
volume percentages. The study provided valuable insight into the effect of geometric shape, thermal
conductivity ratio, and phase volume fraction on effective thermal conductivity. The experimental results
for lamellar samples aligned closely with the theoretical models. In series orientation, the gyroid structures
displayed enhanced thermal conductivity, attributed to their unique geometry providing efficient heat
transfer pathways. Therefore, gyroid specific models were developed and tested. The thermal conductivity
of cylindrical PLA-Air samples was significantly lower than all other structures due to a combination of
surface roughness and inherently lower transport in hexagonally packed cylinders. The latter was proven
by tests on cylindrical PLA-Thermal Paste samples. In steady-state series experiments, a key consideration
was the orientation of the cylindrical structure relative to the heat source.

. . . k ,
Future research should focus on modeling more complex structures and exploring higher k—A ratios to
B

uncover additional insights into heat transport phenomena. Experimental investigation of block copolymer
inspired structures through 3D-printing techniques provides valuable data to enhance material modeling
and simulations. In addition, a universal model has been developed to predict the thermal conductivity in

fe < 36. Understanding the thermal

any co-continuous structure with a thermal conductivity ratio of P
n
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conductivity of different infill materials and geometries allows for the development of accurate predictive
models, aiding in the design of advanced materials and structures for various applications. Such insights
are of immense importance in fields like electronics cooling, energy efficiency, thermal simulations, and
additive manufacturing. By harnessing the potential of block-copolymer-inspired, 3D-printed structures
and their tailored thermal properties, we can drive technological advancements, create more sustainable
solutions, and revolutionize multiple sectors reliant on efficient heat management.
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Appendix

Derivation of Equation 11

As can be seen in Figure 7, the heat has 2 possible pathways in the g and r directions to cross through the
cube, which is either a tortuous pathway through the PLA phase alone, and/or a series pathway through
PLA and air phases.

Tortuosity, T, must be considered in the first path and is defined as the effective path length that the
heat travels, L.sr, normalized to the straight-line distance.

Lesy

L
Leff = C+ RN

C = N a is the total distance of small steps a (see Figure 7). N is the total number of cylinders along the
path in the direction of interest (q or r). The length of the series path, L, is

L=C+2RN=4cm
C=L—-2RN
Less =L —2RN + RN
Lesr =L+ RN(mw—2)
Inserting the expressions for L and L. into the definition of tortuosity yields the following.

_L+RN(mt—2)

t L

Each value of R = 1.8 cm and N are used in the tortuosity equation above for each direction, N = 7 for
the g-direction and N = 4 for the r-direction. This gives the maximum tortuosity in each direction.

Tgmax = 4-6
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7, = 3.05
Tortuousity is more or less constant in the r-direction, but varies considerably by linecut in the g-direction.
The minimum tortuosity in the g-direction is when N = 0,

Tgmin = 1
The averaged tortuosity of the g-direction is

4.6+1_28
5=

(t,) = 3.05

<Tq> =

The calculated thermal conductivity from tortuosity effect when choosing the first path is

1
qu = @kPLA

1

krr = <T_r) PLA

Since heat can be conducted through both pathways simultaneously, the tortuosity expressions are
combined with the series model (that is here weighted by the cross-sectional area fraction of each
phase). The following equations complete the derivation of a Cylindrical Composite Model, with values
given for PLA-AIr.

g Ir Povera
¢PLA,q = Fq =05= d)overall ¢PLA,T = D =0.25= Tu
 _ (%prraq | (1=PprLAg) -1  _ (PrLar , (1-9prLar) -1
kserles,q = ( Kpia + Kair ) kserles,r = ( KpLa + Kair )
w w
kseries,q = 0'044ﬁ kseries,r = 0.033ﬁ
1 w 1 w
k.[q = (T_q)kPLA = 0'049ﬁ k‘rr = (T_r)kPLA = 0'045ﬁ
w w
kq = k‘rq + kseries,q = 0093“ kr = kTr + kseries,r = 0078ﬁ
kq,experimental = 0.094 kr,experimental =0.073

The same equations can be used for PLA-Thermal Paste (replacing k4 with kp,q4¢¢), which results in the
following values for the two series cylinder directions.

w w
kseries‘q = 0.2657ﬁ kseries,r = 0'5051ﬁ
w w
kq = qu + kseries,q = 03147ﬁ kr = kTr + kseries,r = OSSOlﬁ
kq,experimental = 0.1807 kr,experimental =0.308

Although the model and measurements do not agree quantitatively in this case, the qualitative trends do
agree, that the r-direction is 70% to 80% greater than the g-direction when the cylinders are the more
conductive phase. It is possible that the discrepancy between model and data is due to imperfect filling
of the cylinders with the viscous thermal paste.
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