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ABSTRACT

Additive manufacturing with polymers has been used mainly for prototyping. A recent
development of Big Area Additive Manufacturing (BAAM) at Oak Ridge National Laboratory has
opened its applications in the mold and die industry. A numerical simulation and prediction for a
mold heating performance requires accurate anisotropic thermal properties of the printed material,
which are challenging to obtain and often requires the use of multiple techniques. The transient
plane source (TPS) technique has been widely used due to its ability to measure the thermal
properties of an extensive range of materials (solids, liquids, powder). Despite the capability to
characterize thermal conductivity (k) of isotropic and anisotropic materials, the measurements of
latter materials are limited to the cases, where the samples have the same thermal conductivity (k)
along x- and y-axis that form the radial plane. In this work, the method for a characterization of k
in all three dimensions is developed, and the application of TPS is extended to the determination
of thermal properties along the x-, y-, and z-axis individually. The materials are represented by
additively manufactured polymers including polylactic acid (PLA) and styrene maleic anhydride
(SMA). The developed method consists of (1) a determination of the heat capacity of the polymers
by means of TPS in combination with the model developed in this work for the data analysis
procedure, (2) a machining three types of cylindrical samples from the same material, with the
height corresponding either to x-, y-, or z-direction of printing, and (3) a determination of axial
thermal conductivity employing anisotropic model and using previously determined heat capacity
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1. INTRODUCTION

Additive manufacturing (AM) has become a significant part of the industry due to the rapid
production of various parts [1, 2] and the accurate control of deposition [3]. The recent
development of large-scale printing systems has opened new applications of additive
manufacturing in the mold and die industry. For example, using Big Area Additive Manufacturing
(BAAM), Oak Ridge National Laboratory (ORNL) has printed a trim tool for Boeing 777X, a hand
layup tool for Shelby Cobra hood, a tool for vacuum-assisted resin transfer molding (VARTM),
and a mold for a 13-meter long windmill blade [4].

Important part of AM application in the aforementioned industry is a numerical simulation and
prediction under service loading for molding or tooling. As seen in Ref. [5], ORNL has developed
a computational capability to predict the thermally expanded geometry of an additively
manufactured in-autoclave mold and to machine the surface with the updated geometry. The
accuracy of this approach highly depends on the measurement of the thermal properties. Obtaining
these properties is often challenging since extruded specimen can have anisotropic thermal
properties, e.g., due to printing direction or reinforcement with the fibers. As a result, multiple
techniques and instruments are frequently needed to measure such properties as thermal
conductivity in three different directions (along x-, y-, and z-axis). One choice is to perform the
measurements by means of laser flash technique [6] and differential scanning calorimetry (DSC)
[7], where the former provides a thermal diffusivity of the material along the single axis parallel
to the laser beam, and the latter allows to obtain the specific heat capacity. In such manner, the
thermal conductivity is obtained by combining the heat capacity, the directional thermal
diffusivity, and the separately measured density.

Alternatively, Transient Plane Source (TPS) technique, commonly referred as the Hot Disk method
[8-11], has been one of the popular tools in recent years. TPS allows for the evaluation of thermal
properties at a fast rate and using the samples as small as a few millimeters. The method has been
used for a wide variety of materials including bulk solids and thin films [9, 12-14], liquids [15, 16]
and powders [17]. Additionally, TPS can test both isotropic and anisotropic samples [18, 19];
however, latter requires prior knowledge of material’s heat capacity as well as the same thermal
conductivity in the radial direction.

In this work, the heat capacity measurements using TPS have been modified to provide more
accurate results for the materials with low thermal conductivity. The TPS method has been
extended to the evaluation of thermal conductivity along three individual axes on the specimen of
additively manufactured polylactic acid (PLA) and styrene maleic anhydride (SMA).

2. EXPERIMENTATION

2.1 Principle of TPS technique: thermal conductivity

Thermal conductivity measurements using TPS commonly consist of the following steps: (1) the
sensor, represented by a double spiral made from nickel and sealed between two thin Kapton
layers, is sandwiched between two pieces of the same sample to be tested, (2) using an input power
defined by the user, a constant current is passed through a sensor, and (3) simultaneously, the
change of the sensor’s temperature is recorded as a function of time. An experimental setup is
illustrated in Figure 1.



The sensor is a resistor/thermometer and acts both as a heater and as a temperature sensor. If the
tested samples are isotropic then the temperature increase of the sensor is related to the thermal
properties of the surrounding material as [20]:

AT(7) = Po(m®?rk)'D(z) 1)

where k is the thermal conductivity of the tested material, Po is the input power, AT(z) is the time-
dependent temperature increase of the TPS sensor, = = (#/6)*?, t is the time from the beginning of
the transient measurement, 6 = r?/a is the characteristic time, r is the radius of the sensor, « is the
thermal diffusivity of the tested material, and D(z) is a dimensionless time function that takes into
account the conducting pattern of the disk-shaped sensor consisting of n number of concentric
rings of nickel; n depends on the used sensor, and D(z) is defined elsewhere [8, 20].

Using € as an adjustable parameter, experimental data can be linearly fitted to Eq. (1) when AT(z)
~ D(z), which allows to obtain the thermal diffusivity o of the sample and the value of the slope,
Po(n®?rk)%, which is used to extract a thermal conductivity k.
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Figure 1. (a) TPS set-up depicting the sensor positioned between two reference samples forming
a sample-sensor-sample arrangement. Brass free weight is used to ensure a good contact between
the sensor and the samples. (b) Double spiral sensor sealed by Kapton.

In the case of anisotropic material, where the thermal properties are the same along the two axes
forming a radial plane (e.g., x- and y-axis) but different from those along the third axis (e.g., z-
axis), the performed experiments are the same, but the fitting equation is

AT (1x) = Po[m¥r(kukz) 2] 2D(z) , (2)

where ky = ky # ks, 7 = (16)Y2, and 6« = r?/ax. Accordingly, 6 is used as a fitting parameter to
calculate thermal diffusivity ax along the x-axis. Next, the previously determined density, p, and



the heat capacity, Cp, are used to calculate kx = axpCp, and the axial thermal conductivity, k, is
obtained from the determined kx and the slope of the line described in Eq. (2) [18, 19].

The situation of anisotropic material with ky # ky # k; is subject of this investigation and, therefore,
is discussed in the Results section.

2.2 Principle of TPS technique: heat capacity

In the specific heat capacity experiments, a TPS sensor is attached to the bottom side of the high
conductivity sample holder with a diameter of 20 mm and a height of 5 mm. Evaluation of the heat
capacity consists of at least two measurements: reference measurement in order to acquire transient
heating profile of the sample holder, and the sample+reference measurement (sample holder with
the tested material placed inside). The method is based on the assumption of constant temperature
gradients inside the holder-sample assembly, neglecting the heat losses to the surrounding.
Comparative analysis of two transient profiles (reference versus sample+reference) allows
evaluation of sample’s heat capacity [21]:

mCp = P2/5, — P1/d1 , ©)

where P and P> are the input power for the reference and sample+reference measurements,
respectively, and ¢ = dT/dt is the time derivative of the temperature within the analyzed segment
of the transient curve.

2.3 Materials and Methods

Neat polylactic acid (PLA) and styrene maleic anhydride (SMA) were used as the test materials.
A part with a hexagon shape was printed for each material. The samples were prepared from the
hexagons by cutting and machining. The samples for the thermal conductivity experiments had a
cylindrical shape with the dimensions of 20 mm in diameter and 20 mm in height, where the height
corresponded either to x-, or y-, or z-directions of the printing. The samples for the heat capacity
measurement had a disk shape with the dimensions of 20 mm in diameter and 4 mm in height.
Three groups of samples were prepared to repeat the same test three times for a statistical analysis.
For each group and each material, six samples were prepared for the conductivity measurement
(two samples for each direction) and one sample was prepared for heat capacity measurement (=
7 samples for each test group). Since we are testing three times for two materials, the total number
of samples prepared are 42 samples (=7x3x2). Figure 2(a-b) shows the shapes and the dimensions
of the samples, and Figure 2(c-d) shows the actual appearance of the samples.
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Figure 2: Sample shape and dimensions for (a) thermal conductivity measurement and (b) heat
capacity measurement. (¢) Styrene maleic anhydride (SMA) and (d) polylactic acid (PLA).

The heat capacity and the thermal conductivity of the investigated materials were measured by a
hot disk thermal constant analyzer (Hot Disk Inc., Sweden). A TPS 3500 Hot Disk system with a
bridge circuit, a digital voltmeter, and a data analysis module was used.

The heat capacity experiments were sensitive to the change of the surrounding temperature and, in
order to maintain constant initial temperature of the holder-sample assembly, it was placed inside
the temperature platform (see Figure 3). The input power was 160-410 mW, and the duration of
the measurements was 40-160 sec. Two hours of waiting time was allowed between the
measurements in order to establish reproducible isothermal conditions at the start of the
measurements. The analysis procedure of the data to extract the heat capacity was modified as part
of this work, and, therefore, is discussed in Results section. MACOR glass ceramic with the known
heat capacity was used as a reference in order to establish the procedure.



C, sample holder and its lid

Figure 3. Heat capacity holder-sample (MACOR) assembly with the sensor attached to the
bottom of the holder and placed inside the temperature platform. During experiments, the lid is
closed, and the assembly is covered with thermal isolation to provide constant initial temperature

The thermal conductivity measurements were performed using anisotropic module and the Hot
Disk sensors with the radius of 3.189 mm. The input power was 30-35 mW, and the duration of
the measurement was 40-80 sec. Thirty minutes of waiting time was allowed between the
measurements in order to establish the reproducible isothermal conditions. The measurements
were repeated three times for each set of parameters. The experiments were performed at room
temperature and ambient conditions under stainless steel cover to avoid temperature fluctuations
from drafts of air to the sample.

3. RESULTS

3.1 Specific heat capacity

Comparative analysis of two transient heating profiles (sample holder alone and holder-sample
assembly) allows evaluation of sample’s heat capacity. Analysis procedure requires to establish
constant temperature gradients inside the holder and sample assembly during the experiment and
analyze corresponding portions of the experimental curves. During the experiment, 200 datapoints
are recorded regardless the measurement duration, and the standard procedure recommends
analyzing last 100 points, as shown in Figure 4a, assuming that the sample has a uniform
temperature during this time window. Nevertheless, this assumption is often invalid, especially for
low conductive materials, due to slow heat propagation and increasing role of heat loss for long
measuring time. As a result, the window of last 100 points does not always correspond to the
portion of the transient profile with the constant temperature gradients and can yield erroneous or
even negative heat capacity values.

Adl-Zarrabi et al [22] suggested to analyze the data in a variety of windows, where the data point
intervals are defined as [A; 2A], [A+2; 2(A+2)], etc., where A is the first selected datapoint (for



example, points [10;20], [12;24], ..., [98-196], [100-200]). The results should give a curve with a
maximum value corresponding to the specific heat of the analyzed material (Figure 4b). The
presence of aforementioned heat capacity curve can be assigned to the fact that during earlier time
windows the calculated heat capacity increases because the sample has not reached a uniform
temperature, while at later times the heat loss starts to dominate the measurement and the heat
capacity decreases. While, the procedure might give the correct value in some cases, it might also
overestimate the heat capacity as shown in Figure 4b on the example of reference MACOR sample.

Therefore, in addition to the aforementioned improvement, the conditions of the analysis need to
be modified even further. Besides the analysis of the variety of windows, it should be equal time
windows (e.g., every five seconds), and one needs to monitor the temperature increase of both the
sample holder, ATrf, and the holder-sample assembly, ATsampe, Within the time window of
analysis. The portion of the transient profiles, where both assemblies have similar temperature
increase (i.e., ATref — ATsampe — 0) corresponds not only to the time window where their
temperature gradients are constant, but also to the window where the gradients are the same,
providing accurate heat capacity evaluation (Figure 4c).
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Figure 4. (a) Transient heating profiles of the sample holder and holder-sample (MACOR)
assembly during the heat capacity measurements for 80 s using TPS. (b) Specific heat capacity
curve obtained using the method from [22]. (c) Specific heat capacity curve obtained using the



method presented in this work, and the corresponding difference between the temperature
increase of the sample holder, ATrer, and the holder-sample assembly, ATsampie. Time intervals in
(c) were 5 sec each and the x-axis values correspond to the end of the given interval.

Using proposed analysis, specific heat capacity of MACOR reference and two additively
manufactured polymers (PLA and SMA) were evaluated as shown in Figure 5a. Results for the
MACOR showed a good agreement with the reported value by manufacturing company. The
specific heat capacity of PLA was within the range of literature values; however, it should be noted
that the reports on Cp of PLA have a significant variation from 1300 J/kgK to 1800 J/kgK [23-25].
Specific heat capacity of SMA was not available in the literature to the best of authors’ knowledge.
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Figure 5. (a) Specific heat capacity of MACOR, SMA, and PLA obtained using the analysis
proposed in this work. (b) Thermal conductivity of SMA and PLA for x-, y-, and z-axis.

3.2 Thermal conductivity

Initially, the attempts were made to obtain a thermal conductivity in three distinct directions (x-,
y-, and z-axis) using one-dimensional measurements with TPS. Three types of samples of the same
material were cut in the shape of cylindrical rod having the direction of the sample’s length along
X-, y-, or z-axis and the diameter of the samples closely matching the diameter of the used TPS
sensor. Similar diameters of the sensor and the samples are necessary to establish a one-
dimensional heat propagation in the direction of the rod length, and undisturbed air around the
samples is typically adequate to minimize heat flow and heat loss in the radial direction. However,
it was found that low thermal conductivity of the investigated polymers required longer than
recommended measuring time preventing performance of the measurements without the influence
of heat loss.

Consequently, the strategy was changed to the use of the TPS anisotropic model, which normally
allows the evaluation of two types of thermal conductivity: radial and axial. In the present case,



the thermal conductivity was assumed to be different in all three directions, which would result in
the erroneous values of radial conductivity, but it would still allow the evaluation of axial thermal
conductivity, as long as the heat propagation was limited to within the sample. Therefore, three
types of samples having axial direction cut along x-, y-, or z-axis were still required. Further steps
of the method are similar to the standard TPS method described in Experimentation section, where
the heat capacity was measured directly with TPS (Figure 5a). The transient profile was fitted to
the anisotropic model in order to calculate the thermal properties of the materials, and only values
of axial thermal conductivity, shown in Figure 5b, were used as a final result.

The thermal conductivity of SMA, averaged over three axes, was ksma = 0.163 £ 0.004 W/mK,
similar to the reported value of 0.170 W/mK [26, 27], and the thermal conductivity of PLA
averaged over three axes was keLa = 0.191 £ 0.014 W/mK, which was within the reported range
of 0.130-0.210 W/mK [23, 26, 28]. Additionally, the thermal conductivities of each polymer were
close between three different axes (Figure 5b), indicating that the printing direction did not have a
strong influence on the thermal conductivity.

4. SUMMARY AND CONCLUSIONS

This work presented a modified data analysis of the Transient Plane Source (TPS) heat capacity
experiments in order to accurately evaluate the heat capacity of the tested materials and established
a procedure to obtain the thermal conductivity in three different directions using anisotropic model
of the TPS technique. In order to accurately evaluate the Cp value, the standard heat capacity
experiment should follow by the analysis of the variety of equal time windows with simultaneous
monitoring of the temperature increase of both the sample holder, AT, and the holder-sample
assembly, ATsample, Within the time window of analysis. It was shown on the example of a
commercial MACOR glass-ceramic that the time window where [ATref — ATsample — 0] should
yield an accurate heat capacity value. The heat capacity of additively manufacture polylactic acid
(PLA) and styrene maleic anhydride (SMA) was also evaluated and used for the thermal
conductivity measurements. The developed method to extract the thermal conductivity in three
different directions included (1) a determination of the heat capacity as described above, (2) a
machining of three types of cylindrical samples from the same material, with the height
corresponding either to x-, or y-, or z-direction of printing, and (3) a determination of the axial
thermal conductivity using anisotropic model. The results were in an agreement with the literature
and showed that the printing direction did not have a strong influence on the thermal conductivity
of SMA and PLA.
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