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Abstract: The expansion and low cost of additive manufacturing technologies have led to a 

revolution in the development of materials used by these technologies. There are several varieties 

of materials that can be used in additive manufacturing by deposition of molten thread (FDM). 

However, some of the properties of these are unknown or confusing. This article addresses the need 

to know the thermal conductivity in different filaments that this FDM technology uses. Because 

there are multiple applications that these additive manufacturing products play in the field of 

thermal insulation. For the study of thermal conductivity, the DTC-25 commercial conductivity 

measurement bench is used, where the tests will be carried out on a set of seven different materials 

with 100% fabrication density. From base materials such as acrylonitrile butadiene styrene (ABS) or 

polylactic acid (PLA), materials of high mechanical and thermal resistance, polyether ether ketone 

(PEEK) and high-performance polyetherimide thermoplastic (ULTEM), to materials with metal 

inclusions (aluminum 6061) that would later be subjected to thermal aftertreatments. The study 

shows how the parts manufactured with aluminum inclusion have a higher thermal conductivity, 

0.40 ±0.05 W/m·K, compared to another material, such as TPU, of high mechanical and thermal 

resistance, with a conductivity of 0.26 ±0.05 W/m·K. 

Keywords: additive manufacturing; fused deposition modeling; filament; thermal conductivity; 3D 

printing; DTC-25 

 

1. Introduction 

The great advance of 3D printing systems using fused deposition modeling (FDM) technology 

has allowed its use in a variety of areas thanks to its ability to produce parts of great geometric 

complexity in a relatively fast, easy and economical way, reducing the number of processing stages. 

In addition, it allows the use of different thermoplastic materials, such as polylactic acid (PLA), 

acrylonitrile butadiene styrene (ABS) or polyether ether ketone (PEEK), with minimal change of 

components and configuration. 

To allow the use of this technology in certain applications with thermal requirements, a critical 

property is the thermal conductivity of the model, which may vary depending on: the amount of air 

inside the part [1]; the material used [1–4]; the direction of heat flow with respect to the printing 

direction [5–7]; sintering or post-treatment in filaments including metallic particles [8]. 

The addition of copper particles can significantly increase thermal conductivity [2], especially 

with contents greater than 20% by mass, going from a conductivity of 0.12 W m-1 K-1 with a pure PLA 

sample to 0.35 W m-1 K-1with a copper particle content of 40% by mass. In addition, it is verified that 

adding 20% by mass of Polymethylmethacrylate (PMMA) particles enhances this increase in 

conductivity, increasing by 43% with respect to the same material without PMMA and reaching a 

conductivity of 0.49 W m-1 K-1. 

Laureto et al [1] in turn analyzes the effect of the addition of particles of different metals and 

compares it with the Lichtenecker equation, which predicts the conductivity of the material as a 
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function of the conductivity of the polymer matrix and the concentration in volume and conductivity 

of the metal particles. Likewise, it studies the effect of the porosity of the material, concluding that it 

is necessary to minimize the air content and maximize the amount of metal particles to increase 

thermal conductivity. 

In addition, referring to additive manufacturing using fused deposition technology, articles can 

be found in which the inclusion of carbon fibers is used to improve thermal conductivity. Ibrahim et 

al [4] analyses the variation of the conductivity of a nylon matrix sample, with different layer 

configurations and fiber directions, obtaining the maximum conductivity with fibers in the direction 

of heat flow and reaching a conductivity 11 times higher than that of the base material. 

In the case of post-processing like sintering of materials with copper particles, the thermal 

conductivity can be strongly increased, as Ebrahimi et al [8] analyzed. Starting with a material whose 

average volume content is 39.3% and its conductivity is 1.5 W/K·m, it increases the copper 

concentration to 42.3% and reduces the porosity by sintering, getting a conductivity of 25.5 W/K·m.  

In this context, different base polymer materials have been studied for comparison about 

thermal conductivity and their study about how 3D printing can influence in thermal capability. In 

this sense, an innovative filament composed of more than 65% metal and the rest by PLA has been 

studied with other different base polymer materials. 

For thermal conductivity measurements a commercial bench used for metal components testing 

was adapted to enable high-confidence measurements on polymeric material. 

2. Materials and Methods 

2.1. Test bench 

Commercial system acquired by the Public University of Navarre that consists of a thermal 

conductivity meter, DTC-25, as shown in Figure 1, which, from the potential readings (V) and a post-

processing allows to know the thermal resistance of the tested sample and the conductivity of the 

material. It is based on the protected heat flow method. 

 

Figure 1. Test bench DTC-25. 

The measurement method, according to the ASTM E1530 specification [10], consists of placing 

the study sample under pressure between two polished metal surfaces, where the upper one is 

temperature controlled and the lower one is connected to a liquid-cooled heat sink. After placing the 

piece, an axial temperature gradient is established through it, producing a flow of heat from the top 

to the heat sink, as shown in Figure 2. 
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Figure 2. Guarded Heat Flow Test Method [10]. 

To obtain values with less uncertainty in the DTC-25, the hot focus temperature is set to 55°C 

and the cold focus temperature is set to 2°C. The hot focus is adjusted by means of an electrical 

resistance, while the cold focus temperature is controlled by means of a thermostatic bath.  On the 

other hand, a pressurized nitrogen cylinder supplies the necessary pressure to move the actuator of 

the DTC-25 and exert pressure on the sample under study. A maximum pressure of 45 psi, 0.3 MPa, 

is exerted on the samples.  

Once the test has been stabilized, the values shown on the bench display are processed by the 

manufacturer's own software, showing the thermal conductivity value of the sample being tested. 

2.2. Samples 

Seven different materials have been studied, to be classified according to the thermal 

conductivity obtained from the tests carried out in the DTC-25.  

These are seven materials of different mechanical characteristics, of which it is necessary to know 

their thermal conductivity, to identify and discard utilities based on their thermal properties. One of 

the limitations of this measurement equipment is the pressure required to carry out the tests, on the 

DTC-25 test bench it is 0.3 MPa. Therefore, we have verified that all materials have higher maximum 

pressure limits, in the case of PEEK and PLA the maximum pressure limit is 0.45 MPa, and up to 67 

MPa in the case of Thermoplastic Polyurethane (TPU). It is also necessary to control the temperature. 

As shown in Table 1, the samples made with Filamet™ Aluminum 6061 and with a base material, 

PLA, limit their maximum temperature to 55ºC. These specimens cannot exceed the maximum 

temperature of the PLA, as the sample will lose its cohesion/integrity. In all the tests we have worked 

with temperatures below the limits. 

Table 1. Material properties. 

Material Max Temp. (°C) 

Aluminum (≈ 65%) [11] 55 

PEEK [12] 140 

TPU [13] 164 

ABS [14] 81 

PLA3080 [15] 55 

ULTEM1010 [16] 213 

ULTEM9085 [17] 153 

2.2.1. Geometry 

Circular samples, shown in Figure 3, were manufactured with a FDM printing with a standard 

diameter of 50 mm, and two different thicknesses, a first thickness of 5 mm and a second of 10 mm. 

Both diameter and thickness were accurately measured, as can see in Table 2. 
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(a) (b) (c) (d) (e) (f) (g) 

Figure 3. Study samples. FDM. From left to right (a) Aluminum, (b) PEEK, (c) TPU, (d) ULTEM 1010, 

(e) ULTEM 9085, (f) PLA 3080, (g) ABS 

Table 2. Study samples geometry. 

Sample Sample 
Size 

Thickness (mm) Diameter (mm) 

Aluminum (≈ 65%) 
1 49.75 4.60 

2 50.00 9.55 

PEEK 
1 50.35 5.25 

2 49.90 10.00 

TPU 
1 50.35 5.05 

2 50.10 10.00 

ABS 
1 50.00 5.20 

2 50.00 10.10 

PLA3080 
1 50.40 5.00 

2 50.35 10.00 

ULTEM1010 
1 50.00 5.30 

2 50.00 10.30 

ULTEM9085 
1 50.00 5.10 

2 49.80 10.20 

Different densities and fill patterns were produced using the different materials to get suitable 

mechanical [18] and thermal capabilities. However, finally, a density of 100% and rectilinear fill 

pattern with an 45º angle offset was selected as the lowest porosity and the best mechanical behavior 

of them. Rest of the main parameters of the printing were: 0.8 nozzle diameter, 3.000 mm/min printing 

speed. 0.3 mm layer height, 1.75 mm filament diameter and between 210 and 270ºC printing 

temperature depending on the material. In addition, the surface finish of the samples was established 

between 1 to 10 microns depending on the material. It was necessary because together with the use 

of thermal contact paste, it allows the samples to be within the uncertainty of the bench, minimizing 

the influence of the thermal contact resistance between sample and equipment [19]. 

3. Results 

3.1. Hardness tests 

An approximation of mechanical properties was studied by hardness tests [20]. A universal 

hardness test was used for comparison between all samples in study. A maximum load of 1 N was 

applied. At least ten upload and download curves were studied for each material considering plastic 

and elastic deformation in the samples. Figure 4 shows an average on universal hardness at 

maximum load. 
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Figure 4. Hardness measurements of studied samples. 

The mechanical properties evaluated by universal hardness measurements showed values 

between 200 to 300 HU (Universal Hardness). Only PEEK was around 400 HU and aluminum showed 

values up to 550 HU. 

3.2. Data acquisition 

To obtain results faithful to the measurement of the piece, a calibration of the system must be 

carried out (Figure 5). To do this, the five standards provided by the manufacturer are tested, and the 

calibration line is carried out using the system software with the potential measurements taken for 

each standard after its study once stabilized. The temperature values measured by the respective 

probes are shown in voltage values, it is these values that will be entered into the system software for 

the calculation of the thermal conductivity value of the sample. 

In order to obtain more points on the calibration line, two studies are carried out on each pattern. 

In this way different calibration measurements are obtained because despite being the same piece 

tested, the results may differ slightly affected by the system itself, by the thermal paste used for the 

contact, the environment (measurement deviation). 

 

Figure 5. Calibration line. DTC-25. Two measurements per standard. 

3.2.1. Stability criterion 

The stabilization in the DTC-25 conductivity meter is carried out according to experience, it is 

related to the thickness of the study specimen, because for greater thicknesses, since they have been 

tested materials of high thermal resistance, a longer study time will be required (Table 3). 
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Table 3. Stability criterion. DTC-25. 

Thickness (mm) Stabilisation time (h) 

5 3 

10 3 

15 4 

20 5 

25 6 

3.2.2. Uncertainty 

The measurements have been made within the limits set by the manufacturer, so that it is within 

the reproducibility and uncertainty values provided, for this purpose, work is carried out within the 

ranges of thickness, size and minimum conductivity of the sample indicated in the technical data 

sheet. DTC-25: 50 mm diameter, sample thickness greater than 0.1 mm and theoretical conductivity 

between 0.1 and 20 W/m K.  

To obtain an uncertainty value, we consider the randomness in the thermal conductivity 

measurements, performing N=6 tests for each material studied. The mean value 𝑘̅ of these samples 

are obtained by equation 1. 

𝑘̅ = 1𝑁∑𝑘𝑖𝑁
𝑖=1  (1) 

And the standard uncertainty u (k) of the thermal conductivity k shown in equation 2 is 

calculated in a similar way to the one shown in [21]. 

𝑢(𝑘) = √∑ (𝑘𝑖 − 𝑘)2𝑁𝑖=1𝑁(𝑁 − 1)  (2) 

3.3. Thermal conductivity tests 

The thermal conductivity values obtained for each thickness and material are shown in Figure 

6, based on the results calculated by the DTC-25 bench software after entering the voltage readings 

(V) of each test. 

 

Figure 5. Calibration line. DTC-25. Two measurements per standard. 

In Table 4, we can see the results obtained of average thermal conductivity with its measurement 

uncertainty. The material with the highest value is the Filamet™ of Aluminum 6061 of The Virtual 
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Foundry (TVF), an innovative filament composed of more than 65% metal and the rest by PLA, with 

a conductivity of 0.40 W/m·K. It is followed by the TPU, a thermoplastic polyurethane that combines 

hardness, elasticity and mechanical resistance, so it maintains all the advantages of this elastomer to 

be able to manufacture completely rigid parts, with a conductivity of 0.26 W/m·K.  

This aluminum alloy, whose conductivity stands out among the rest of the materials used in 

FDM, arouses interest, above all, with what may happen with its conductivity after sintering 

(elimination of PLA from the alloy). The rest of the materials are within the thermal conductivity 

standard of thermoplastics as it is shown in Table 4. 

Table 4. Thermal conductivity of each material. 

Material k (W/K·m) 

Aluminum 0.40 ±0.05 

PEEK 0.25 ±0.05 

TPU 0.26 ±0.05 

ABS 0.22 ±0.06 

PLA3080 0.22 ±0.06 

ULTEM1010 0.20 ±0.06 

ULTEM9085 0.20 ±0.06 

4. Discussion 

By comparing the results obtained in this study with the research conducted by M. C. Vu et al 

[2], which examined the thermal conductivity of polylactic acid (PLA) composites with different 

copper (Cu) concentrations, we can draw several findings regarding the impact of metal inclusions 

on thermal performance. The study by Vu et al. [2] demonstrated that for materials containing 100% 

PLA, the thermal conductivity was 0.12 W/m-K. As the mass percentage of Cu surpassed 20%, a 

notable enhancement in thermal conductivity to 0.35 W/m-K was achieved. This enhancement is 

ascribed to copper's intrinsically high thermal conductivity. The outcomes of this research align with 

those of Vu et al [2], wherein the same effect was observed when materials comprising more than 

65% Al were examined in combination with PLA. A noteworthy advancement in thermal 

conductivity was achieved, exhibiting a value of 0.40 W/m-K. Notably, aluminum is acknowledged 

to have a slightly inferior thermal conductivity in comparison to copper despite being an excellent 

heat conductor. Hence, the observation that metallic composites with a considerable mass fraction of 

aluminum exceeded those with higher copper proportion accentuates the significance of optimizing 

the metallic inclusions' mass percentages. 

It is important to consider that thermal conductivity is influenced by factors beyond the presence 

of metallic inclusions, including the material's porosity. This point was emphasized in the study by 

Laureto et al [1], which highlights the importance of reducing air content and increasing metal 

particle content to enhance thermal conductivity. The significance of design and precise material 

control during the FDM process is further emphasized to prevent porosity from adversely impacting 

the final product's heat transfer capabilities. 

The comparison of Filamet™ Aluminum 6061 filament with other materials, including TPU, 

ABS, PEEK, PLA3080, ULTEM1010, and ULTEM9085, provides valuable insights into these materials' 

thermal properties. Filamet™ Aluminum 6061 demonstrates remarkable thermal conductivity of 0.40 

± 0.05 W/m-K. This innovative filament, which comprises more than 65% metal and PLA, exhibits 

excellent potential for achieving superior thermal performance using high-metal materials, as 

previously mentioned. 

Conversely, TPU, a thermoplastic polyurethane, exhibits an acceptable thermal conductivity of 

0.26 ± 0.05 W/m-K. This thermoplastic material exemplifies its aptness in situations calling for a 

combination of mechanical strength and thermal properties due to its elasticity and mechanical 

robustness. 
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The thermal conductivity of the remaining materials, ABS, PEEK, PLA3080, ULTEM1010 and 

ULTEM9085, were all within the expected range for thermoplastics. These materials can now be used 

as a benchmark for the thermal behavior of FDM materials. 

This study's findings are of great importance to research on additive manufacturing, particularly 

to those involved with FDM-based 3D printing. This research significantly contributes to our 

understanding of the impact of various factors such as metal inclusions and material choices, on the 

thermal conductivity of FDM printed components. 

This study could provide a valuable foundation for further research. Specifically, it would be 

worthwhile to investigate the impact of sintering, as explored by Ebrahimi et al [8], on materials that 

contain metallic particles, like Filamet™ 6061 aluminium. This could offer insights into how post-

processing techniques may enhance the thermal properties of FDM printed materials. Additionally, 

this research has implications beyond the materials under examination. Applications of FDM 3D 

printing in various fields, such as aerospace, automotive, and electronics, may benefit from using 

materials with customized thermal properties. Thus, investigating the integration of these materials 

in specific applications could enlighten their potential for thermal management. 

5. Conclusions 

The rapid expansion and cost-effectiveness of additive manufacturing technologies, particularly 

fused deposition modelling (FDM), have significantly altered materials development for various 

applications, including the automotive industry. FDM enables the production of intricate parts with 

fewer processing steps, providing a versatile and economical solution for numerous industries. The 

thermal conductivity of materials used in additive manufacturing is critical for applications with 

thermal requirements. Several factors have been documented to influence thermal conductivity, 

including air presence within parts, material type, heat flow direction, and post-treatments that 

impact metal particles. Controlling thermal conductivity is crucial in optimizing the performance of 

these materials. 

In this study, the thermal conductivity of seven materials with varying mechanical and thermal 

properties was analyzed. It should be highlighted that Filamet™ Aluminum 6061 exhibited superior 

performance for high-temperature applications. The findings of this research can be used as a 

reference for selecting suitable materials in additive manufacturing techniques. Highly precise 

measurements were obtained utilizing a commercially available DTC-25 thermal conductivity 

measurement bench, adapted particularly for polymeric materials. The system's stability, uncertainty 

and calibration procedures were meticulously considered, ensuring the reliability and 

reproducibility of the results. 

It can additionally be concluded that the inclusion of metallic particles in thermoplastic materials 

leads to a significant improvement of their thermal conductivity. Our research findings demonstrate 

that materials like Filamet™ 6061 Aluminum, which contain over 65% metal and the rest PLA, exhibit 

high thermal conductivity, boasting a value of 0.40 ± 0.05 W/m-K. Compared to other materials, such 

as TPU, which is renowned for its mechanical and thermal resistance, with a thermal conductivity of 

0.26 ± 0.05 W/m-K, Filamet™ 6061 Aluminum proves to be a more thermally efficient option. 

Consequently, the outcomes of this investigation highlight the potential benefits of integrating 

metallic inclusions to enhance thermal performance. 

It is important to note that the type and concentration of metallic particles have a substantial 

impact on thermal conductivity. Our research agrees with previous studies, highlighting that 

elevated concentrations of metallic particles result in increased thermal conductivity. For instance, it 

has been demonstrated that copper particles with a concentration exceeding 20% resulted in a 

significant enhancement of thermal conductivity. It has been observed that reducing the air content 

within the material also enhances thermal conductivity. To minimize porosity, sintering processes or 

post-processing can be executed, similar to the copper particle-containing materials studied. 

Additionally, the inclusion of carbon fibers can further enhance thermal conductivity, although 

it is crucial to consider the fibers’ orientation and configuration. It has been determined that 
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orientating fibers in the direction of heat flow leads to a noteworthy enhancement in thermal 

performance. 

The research demonstrates the significance of thermal conductivity in additive manufacturing. 

It provides valuable insights into the impact of metal inclusions, particle types, and concentrations 

on thermal performance. Filamet™ Aluminium 6061 exhibits exceptional thermal conductivity, 

which merits investigation for high thermal requirement industrial applications. This paper adds to 

the continual progression of materials employed in additive manufacturing by promoting the 

selection of materials to meet specific thermal requirements. 
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