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Various AM techniques share a common characteristic of 
building the desired objects by adding material in succes-
sive layers [2]. Material extrusion (MEX), often denoted as 
fused deposition modeling (FDM) or fused filament fabri-
cation (FFF), is the most widely used method among AM 
processing techniques [3, 4]. MEX 3D printers produce 
objects using thermoplastic feedstock in the form of a fila-
ment, which is melted and then deposited onto a build plat-
form through a heated nozzle that moves along a horizontal, 
pre-specified pathway defined by a G-code. Once a layer 
is completed, the build platform is lowered by one unit to 
continue with the next layer [5]. The popularity of MEX 
can be ascribed to its simplicity, low cost, and the range of 
materials that can be processed with it.

MEX 3D printers are generally compatible with a wide 
variety of polymers. Among these, the most commonly 

1  Introduction

Recently, additive manufacturing (AM), also known as 3D 
printing, has emerged as a revolutionary and attractive man-
ufacturing process, as it allows flexible engineering design 
using CAD software without the need for costly molds [1]. 
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Abstract
This study investigates the effect of filament moisture content on material extrusion (MEX) 3D-printed composites using 
acrylonitrile butadiene styrene (ABS) as the polymer matrix and 0–10 vol% hexagonal boron nitride (BN) as reinforce-
ment. ABS/BN composites were prepared through batchwise compounding and extruded into MEX-suitable filaments. 
The filaments were conditioned at 30  °C and 10% or 90% relative humidity (RH) before/during direct feeding into the 
3D printer. Specimens were fabricated with raster angles parallel (0°) and perpendicular (90°) to their length. Micro- and 
macrostructural analyses using scanning electron microscopy and computed tomography revealed intensive void forma-
tion, especially in BN-filled composites 3D-printed from humid filaments. This was attributed to BN acting as a physical 
barrier, hindering the outgassing of evaporated water during 3D printing. Mechanical properties were evaluated using 
tensile and Charpy impact tests. Based on the tensile test results, neat ABS was the least sensitive to filament moisture, 
with tensile strength at 0° raster angle dropping from 40.5 MPa to 36.7 MPa as storage RH was increased from 10 to 90%. 
For composites with 10 vol% BN loading, tensile strength dropped from 34.1 MPa to 22.3 MPa. Charpy impact strength 
exhibited similar reductions, ascribed to the porous structure of the BN-filled composites caused by the evaporated mois-
ture. Thermal conductivity was also examined, showing slightly superior performance for samples 3D-printed from fila-
ments stored in less humid conditions. For unfilled ABS, the conductivity slightly decreased from 0.188 to 0.185 W/mK, 
while for 10 vol% BN-filled composite, it dropped from 0.778 to 0.617 W/mK.
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used ones are acrylonitrile butadiene styrene (ABS) and 
poly(lactic acid) (PLA) due to their favorable rheologi-
cal and thermal properties, as well as ease of processing. 
However, glycol-modified poly(ethylene terephthalate) 
(PET-G), thermoplastic polyurethane (TPU), polyamide 6 
(PA6), polyether-ether-ketone (PEEK), and polycaprolac-
tone (PCL) are also regarded as commonly used feedstocks 
[6–10]. In addition to raw plastics, an increasing number 
of studies are focused on employing polymer-based mul-
ticomponent materials, i.e., blends and composites, for 3D 
printing applications in order to obtain products with supe-
rior properties compared to their unmodified counterparts. 
One potential field where the benefits of additive manufac-
turing can be effectively exploited is in the processing of 
thermally conductive polymeric materials typically used 
in electrical and electronic applications, where heat trans-
fer efficiency is the bottleneck in thermal management [11, 
12]. Corresponding devices, typically owning a high energy 
density, include integrated electronic packaging, light-emit-
ting diodes (LEDs), batteries, 5G devices, and microchips 
[13–16]. For these applications, effective heat dissipation is 
a crucial requirement to maintain good performance, ser-
vice lifetime, and stable operation. Products with enhanced 
thermal management can be achieved through two primary 
means: (i) increasing the surface area via geometry and 
topology optimization or (ii) improving the thermal con-
ductivity of the material used for the production of the heat 
sink attached to the electronic device [17]. 3D printing is 
an ideal technique in both respects, as it allows a flexible 
geometry design, and the polymeric feedstock can also be 
property-tailored with suitable additives to achieve effective 
heat dissipation. When it comes to thermally conductive 
polymer composites, the three major groups of additives 
to be considered are carbonaceous, metallic, and ceramic 
particles [18–20]; however, depending on the application, 
some of the listed filler types can be less ideal than others. 
Specifically, where good electrical conductivity could com-
promise safety conditions, metals, and carbon-based addi-
tives should be avoided. Hence, ceramic particles are the 
obvious choice for such purposes. In the literature, a wide 
variety of ceramic fillers have been studied to improve the 
thermal conductivity of polymers along with maintaining 
their excellent electrical resistivity as well. These include 
aluminum oxide (Al2O3) [21, 22], magnesium oxide (MgO) 
[23], aluminum nitride (AlN) [24–26], silicon carbide (SiC) 
[27], silicon oxide (SiO2) [28], and boron nitride (BN) [13, 
29–31]. Hexagonal BN, also referred to as “white graphite”, 
has attracted much attention over the last several years. It 
exhibits a layered structure similar to that of graphite [32, 
33]. In addition to its excellent thermal conductivity, it pos-
sesses decent electrical resistivity, relatively low density, 

and high thermal stability, and it also has a strongly hydro-
phobic nature [34].

When it comes to the MEX 3D printing-based fabrication 
of various engineering products, there are several process 
variables that need to be optimized in order to obtain quality 
parts. These include bead width, layer thickness, nozzle and 
build platform temperature, infill pattern, raster angle, build 
orientation, extrusion rate, and other factors, all of which 
influence the resulting product’s mechanical, physical, and 
geometrical features. To date, a large number of studies 
have focused on the importance of the listed parameters 
with regard to the resulting quality of the 3D-printed objects 
[35–38]. Examples of works focusing on this topic include 
the research of [39], which investigated the effect of differ-
ent infill patterns (line, triangle, and concentric), infill den-
sities (75, 80, and 85%), and layer thicknesses (100, 200, 
and 300 μm) on the mechanical properties of 3D-printed 
parts using ABS as the feedstock. The authors found the 
most advantageous results when a concentric infill pattern, 
along with 80% infill density and 100 μm layer thickness 
was applied. Chacón et al. [40] examined the changes in the 
mechanical properties of PLA samples by varying the feed 
rate (1.9, 4.8, and 7.7 mm3/sec), build orientation (on-edge, 
flat, and upright), and layer thickness (0.06, 0.12, 0.18, and 
0.24 mm). Their study revealed that the ductility of the 
3D-printed objects decreases as layer thickness and feed 
rate increase. It was also found that variations in mechani-
cal properties as a function of feed rate and layer thickness 
were not significant for on-edge and flat orientations. Ulkir 
et al. [41] analyzed the impact of nozzle temperature set-
tings on the dimensional accuracy and mechanical proper-
ties of samples fabricated with ABS filaments. The authors 
increased the nozzle temperature from 220 °C to 270 °C in 
increments of 10 °C. It was found that dimensional accuracy 
deteriorates with increasing nozzle temperature, along with 
decreasing density and strength, which were attributed to 
the lower viscosity of the polymer melt.

As highlighted above, the widespread use of MEX-based 
3D printing has garnered considerable interest from both 
industrial and academic fields, leading to a proliferation of 
studies focused on understanding the effects of factors influ-
encing the properties of fabricated parts. However, further 
parameters equally important as those previously described 
have received less emphasis until recently. One such 
parameter is the moisture content of the feedstock, which 
can greatly vary depending on the environmental condi-
tions, including temperature and relative humidity (RH). 
Industrial players involved in polymer processing are well 
aware that plastics should be dried before melt processing 
in order to avoid molecular degradation, the formation of 
surface defects, and internal voids. Additive manufacturing 
is being increasingly utilized across diverse fields, including 
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medicine, architecture, fashion, electronics, and even by 
individual users, where expertise in polymer science cannot 
always be expected, often leading to the neglect of feed-
stock drying. This underlines the necessity of understanding 
the effect of the environmental conditions where the fila-
ment is stored on the quality of the products fabricated from 
it so this can be considered during product design. Despite 
its importance, only a limited number of studies have been 
published to date, as summarized below.

In a research conducted by Fang et al. [42], a desktop 
MEX 3D printer was placed in an environmental control 
system, along with the polycarbonate (PC) filament that 
was used for specimen fabrication. During the experiments, 
the temperature was varied from 30 °C to 90 °C, while the 
RH ranged from 10 to 70%. As ambient humidity increased, 
the moisture absorbed by the PC filament also increased. 
It was found that absorbed moisture significantly influ-
ences the melt viscosity of the polymer due to water being a 
low-molecular weight substance that plasticizes the plastic. 
Consequently, the quality of the 3D-printed objects was also 
greatly affected, resulting in reduced strength in both longi-
tudinal and transverse directions. Hamrol and his colleagues 
[43] analyzed the strength and dimensional accuracy of 
3D-printed products by varying the ABS filament moisture 
content between 0.17% and 0.75%. The authors reported 
an overall decrease in strength of 25% and an increase in 
sample thickness of 10% at higher filament moisture. Hal-
idi and Abdullah [44] highlighted a further issue related 
to excess moisture: filament swelling, which can lead to 
nozzle blockage and compromise the printing process. The 
authors reported a 5% increase in filament diameter when it 
was stored in a high-moisture environment for an extended 
period. In addition to nozzle clogging, it is important to con-
sider that the actual volume of plastic extruded through the 
nozzle is less than the input volume, as the water absorbed 
by the filament evaporates at the processing temperature, 
which far exceeds its boiling point. Furthermore, it was 
underlined that moisture also decreases the glass transition 
temperature of ABS, which can lead to inconsistent printing 
performance. Laumann et al. [45] conducted a comprehen-
sive analysis on the effect of feedstock moisture content on 
the adhesion between printed beads and the build platform 
using PLA, polyvinyl alcohol (PVA), and PA6 filaments. 
The authors found that the moisture content of the printing 
material could alter the adhesion between the 3D-printed 
part and the build surface by up to 68%. Whichniarek et al. 
[46] observed that the mechanical properties of ABS dete-
riorate when filament moisture content increases from 0.1 
to 0.6%. In their study, the authors tested several methods in 
order to compensate for this loss, finding that reducing the 
layer thickness was the most effective approach.

As highlighted above, recent literature has identified fila-
ment moisture content as a valid and significant disturbance 
in MEX 3D printing, with considerable influence on print-
ing quality that warrants further investigation. Obviously, 
the optimal strategy to prevent the negative effects from 
moisture would be to properly store the feedstock or dry 
it before processing; however, this is not always feasible 
or economically viable. Previous studies dealing with the 
effect of filament moisture content on the printing quality 
have exclusively focused on raw, unfilled polymeric mate-
rials. The increasingly widespread use of polymer-based 
composites in MEX 3D printing justifies extending this 
research to multicomponent materials as well. Currently, 
detailed information on this subject is lacking in the avail-
able literature. In this regard, BN, a ceramic filler used in 
plastic products intended for heat sink applications in elec-
tronic devices, could be particularly interesting due to its 
inherently hydrophobic nature, which may help reduce the 
impact of moisture absorption.

In this study, BN-filled ABS composites were prepared 
with boron nitride content ranging from 0 to 10 vol%. After 
melt compounding, the composites were formed into fila-
ments suitable for MEX 3D printing purposes. The ABS/
BN filaments were conditioned in environments with sig-
nificantly different ambient humidity levels (10% and 90%). 
Specimens were then produced by directly feeding the con-
ditioned filaments into the 3D printer’s nozzle in order to 
analyze the effect of environmental storage conditions on 
the quality of the 3D-printed objects. The samples were 
examined for their macrostructure using computed tomog-
raphy and scanning electron microscopy. Mechanical and 
thermomechanical properties were analyzed through tensile 
tests, Charpy impact tests, and dynamic mechanical analy-
ses. Additionally, the thermal conductivity and electrical 
resistivity of the composites were investigated through the 
laser flash technique and resistivity measurement.

2  Materials and methods

2.1  Materials

Magnum 3453 ABS, obtained from Trinseo (Wayne, Penn-
sylvania, USA), was used as the polymer matrix. According 
to its official datasheet, this ABS grade exhibits a density of 
1.05 g/cm3 and a melt flow rate of 15 g/10 min (10 kg/220 
°C). Hexagonal BN (Hebofill 482), obtained from Henze 
BNP (Lauben, Germany), was introduced as a nanofiller 
with a density of 1.88 g/cm3, and its average particle size is 
reported to be < 30 μm. It is important to note that this latter 
value refers to the size of BN agglomerates, with the indi-
vidual particles being much smaller than that. A scanning 
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filaments from absorbing or dissipating moisture from/to the 
environment, they were protected by a silicon tube between 
the test chamber and the 3D printer. A schematic view of the 
experimental setup is available in a previous work [47]. For 
specimen fabrication, a Craftbot Plus desktop 3D printer 
(Budapest, Hungary) was employed. During the printing of 
the specimens, two linear infill orientations were employed 
to isolate the mechanical properties along the beads (0°) and 
perpendicular to them (90°) to better understand the effect 
of filament storage humidity on the properties. All other 
printing parameters were kept constant, including a nozzle 
diameter of 0.4 mm, a nozzle temperature of 260 °C, a build 
platform temperature of 110 °C, a printing speed of 50 mm/
sec, a layer thickness of 0.2 mm, and two shell layers. The 
G-code for the printer head’s toolpath was generated using 
SuperSlicer software.

2.4  Characterization

The effect of BN-content on the moisture-absorption of 
ABS was investigated by storing samples in a humidity-
controlled environment for an extended period. This mea-
surement was carried out to determine the moisture content 
of the filaments used for MEX 3D printing purposes. First, 
the ABS and the ABS/BN composites were dried in a 
ventilated oven at 60 °C until a constant dry weight was 
achieved. Subsequently, the samples were placed into the 
humidity test chamber at a temperature of 30 °C, and a rela-
tive humidity of 10% or 90% (identical to the experimental 
conditions), and their weight gain was registered as a func-
tion of storage time. The moisture content (%M) was then 
calculated using Eq. (1).

%M = MF − MI

MI
� (1)

electron microscopic image of the BN particles is shown 
in Fig. 1.

2.2  Filament fabrication

Before processing, both ABS and BN were dried in a ven-
tilated oven at 80 °C for 3 hours to remove their inherent 
moisture content. The compounding of the components 
was carried out using a Haake Polylab internal mixer (Vre-
den, Germany) equipped with a 50 cm3 kneading chamber, 
operated at 190 °C and a rotor speed of 60 rpm. The BN 
was poured into the device after melt masticating ABS for 
3 mins. Once both components were introduced into the 
mixer, compounding continued for an additional 7  mins 
to achieve a homogenous dispersion. Three samples were 
prepared in this way with a hexagonal BN content of 0, 5, 
and 10 vol%, denoted as ABS, ABS_5BN, and ABS_10BN, 
respectively. The prepared composites were ground with an 
F.lli Virginio plastic shredder (Gambellara, Italy) into parti-
cles of ~ 3 mm before further processing. Filaments suitable 
for MEX-based 3D printing (diameter = 1.75 ± 0.05 mm) 
were obtained by feeding the ground pellets into a 3Devo 
Precision 450 filament extruder (Utrecht, The Netherlands). 
The heating zones of the barrel, from feeder to die, were set 
to 240 °C, 230 °C, 230 °C, and 220 °C, and the rotational 
speed of the screw was 3.5 rpm.

2.3  3D printing

Before 3D printing, the filaments were stored in an Angel-
antoni ACS DY110 humidity-controlled chamber (Massa 
Martana, Italy) for at least seven days in order to stabilize 
their moisture content. The chamber temperature was main-
tained at 30 °C, while the RH was set to 10% for the first 
set of specimens and to 90% for the second set. The storage 
conditions were preserved during the entire 3D printing pro-
cess, with the filaments directly fed from the humidification 
chamber to the 3D printer’s nozzle. In order to prevent the 

Fig. 1  Scanning electron microscopic image of the hexagonal BN 
flakes forming agglomerates
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performed on each specimen. Considering that the differ-
ent infill orientations are equivalent from the measurement’s 
point of view, only a single type was applied.

The electrical resistivity of the 3D-printed samples was 
measured using a Keithley 8009 resistivity tester (Cleve-
land, Ohio, USA) coupled with a Keithley 6517 A high-
resistance meter (Cleveland, Ohio, USA). For this purpose, 
cylindrical specimens of 80 mm diameter and 1 mm thick-
ness were used. To ensure the best contact surface, an iron-
ing step was used during the 3D printing of the top layer 
of the specimens. Similar to the thermal conductivity test, 
only a single infill orientation type was applied, as the dif-
ferent orientations were equivalent from the measurement’s 
perspective.

The obtained results, wherever applicable, were evalu-
ated using the one-way analysis of variance (ANOVA) 
method, followed by Tukey HSD post hoc tests at a signifi-
cance level of 5% (p < 0.05).

The specimens fabricated for the various tests are shown 
in Fig. 2, along with a schematic representation of the infill 
orientations used.

3  Results and discussion

3.1  Moisture absorption behavior

As a first step, the neat ABS and ABS/BN composite fila-
ments were characterized for their moisture absorption 
behavior under the experimental conditions. The percentage 
of water uptake (%M) when stored at 10% and 90% relative 
humidity is shown in Fig. 3. In all cases, the curves can be 
divided into two regions: (i) absorption, during which the 
weight of the specimens gradually increases, and (ii) stabi-
lization, when saturation is reached and the weight remains 
constant. As expected, the amount of water absorbed by 
the materials greatly depends on the environmental con-
ditions; in a relatively dry environment (RH = 10%), the 
maximum water uptake after one week for all specimens 
was in the range of 0.149–0.161%, while storing at 90% 
RH resulted in considerably higher maximum water absorp-
tion (0.503–0.631%). After conditioning for 168 h, the 
differences in weight increment were approximately propor-
tional to the BN content of the samples, with the BN-filled 
samples absorbing less moisture. This can be attributed to 
the strongly hydrophobic nature of the ceramic particles, 
indicating that the fillers absorbed little to no water. Fur-
thermore, under both RH conditions, neat ABS always 
reached saturation first, with its weight stabilizing after 72 
h of conditioning. Meanwhile, for the BN-filled samples, it 
took between 120 and 144 h to achieve a stabilized weight. 
Accordingly, it can be assumed that the BN platelets acted 

where MI is the initial dry weight of the filaments, and MF is 
their weight after a specific storage time inside the humidity 
test chamber.

The macrostructure of the 3D-printed parts was analyzed 
by computed tomography (CT), which, among other uses, is 
an excellent tool to characterize or quantify additively man-
ufactured structures. To reveal the porous or solid structure 
that may have evolved during 3D-printing, an industrial CT 
system was employed. For this purpose, a still intact rect-
angular Charpy specimen was scanned. The CT scanner in 
these experiments was used at 190 kV and 130 µA accel-
erating voltage and current, respectively. A 1-megapixel 
square detector was used to capture 1620 X-ray images dur-
ing the full revolution of the scan. The CT system was oper-
ated in an offset mode that effectively doubles the detector 
resolution in the horizontal plane, providing a better image 
resolution. The scan time for one specimen was 45 min, and 
after reconstruction, a voxel array with a voxel size of 8.02 
μm was analyzed. Cross-sections along the building direc-
tion (Z axis) and the Y axis of the specimens are presented 
in the results section.

In order to analyze the microstructure and morphol-
ogy of the samples, scanning electron microscopy (SEM) 
was applied. For this purpose, a Hitachi S-3400 N (Tokyo, 
Japan) microscope at an acceleration voltage of 10 kV was 
used. The specimens were sputter-coated with gold using 
a Quorum Emitech SC7620 instrument (Laughton, UK) 
under a flow of argon to prevent charging.

The tensile properties of the samples were measured in 
accordance with the ISO 527 standard using an Instron 5582 
universal testing machine (Norwood, Massachusetts, USA) 
equipped with a 10 kN load cell. The specimens used for the 
tensile tests had a dogbone-shaped geometry correspond-
ing to the 1BA type of ISO 527-2. The clamping distance 
was 58 mm, and the tensile speed was 1 mm/min until 0.3% 
deformation, after which it was increased to 5 mm/min.

Charpy impact tests were carried out according to ISO 
179 using a Ceast 6545 impact tester (Pianezza, Italy) 
equipped with a 15 J hammer. The tests were performed 
with rectangular specimens measuring 4 × 10 × 80 mm3, and 
the span length was 62 mm.

Dynamic mechanical analysis (DMA) was conducted 
using a TA Instruments Q800 apparatus (New Castle, Del-
aware, USA) equipped with a dual-cantilever clamp. The 
rectangular samples of 4 × 10 × 60 mm3 were heated from 
40 to 150 °C at a heating rate of 3 °C/min. The frequency 
was 1 Hz, and the oscillation amplitude was set to 0.02%.

The thermal conductivity of the samples was examined 
by laser flash analysis (LFA) using a Netzsch LFA 467 
Hyperflash (Selb, Germany) apparatus. Cylindrical speci-
mens with 12.7 mm diameter and 3 mm thickness, coated 
with graphite were used for the test. Five pulses were 
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assumed to be entrapped steam pockets, pores formed by 
water evaporation at the elevated processing temperature. 
Due to their relatively low number, it is suggested that most 
of the evaporated water was able to escape the heated noz-
zle, without becoming entrapped inside the deposited beads. 
Incorporating the BN particles had minimal impact on the 
cross-section characteristics of the sample when 3D printing 
was performed using filaments stored at 10% RH. The only 
noticeable difference was the larger size of the inter-bead 
voids, which may be attributed to the increased viscosity of 
the BN-filled material. However, significant changes were 
detected in the macrostructure when the storage RH of the 
ABS/BN filament was raised to 90%. The number and size 
of inter-bead voids decreased markedly, while the cross-
sections revealed variations in density, with some regions 
appearing darker and others lighter. The reduced number 
of inter-bead voids is likely due to the plasticizing effect 
of water on the material, which lowers the viscosity, allow-
ing the beads to “spread” better and fuse with each other 
through a larger interphase. The presence of darker and 
lighter regions in the CT scans indicates a mixture of dense 
and porous segments inside the 3D printed parts, although 

as physical barriers, hindering the rate of water absorption 
through blocking moisture diffusion pathways. Similar 
observations were made in the literature by Dayalan et al. 
[48], who found that the addition of nanosilica increases 
the hydrophobicity of basalt/polyester composites, while 
Alamri et al. [49] analyzed the effect of organoclays, hal-
loysite nanotubes and silicon carbide particles on the water 
uptake of epoxy, demonstrating that all of the listed fillers 
decrease the amount of moisture absorbed by the polymer.

3.2  Macro- and microstructure

The macrostructure of the 3D-printed parts was investigated 
through CT scans, while SEM images were used for micro-
structural analysis. Figure 4 shows representative cross-sec-
tions of ABS and ABS_10BN samples in the X-Y and X-Z 
planes. In the cross-sections of all neat ABS samples, the 
individual beads are clearly distinguishable, along with the 
quasi-triangular raster gap voids in between them, regardless 
of the filaments’ storage conditions. However, it is impor-
tant to note that the samples prepared from filaments stored 
at 90% RH contain some intra-bead voids as well, which are 

Fig. 3  The moisture content of neat ABS and ABS/BN composite filaments conditioned at 10% (a) and 90% (b) relative humidity

 

Fig. 2  Schematic view of the 
3D-printed specimens, including 
the infill orientations
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resulted in less bead “spreading” and, therefore, decreased 
sample width. In contrast, in humid filaments, the entrapped 
moisture is assumed to plasticize the polymer, promoting 
bead spreading and ultimately leading to a higher width of 
the 3D-printed specimens.

The thickness of the specimens was primarily affected by 
the storage humidity conditions of the filaments. Specimens 
3D-printed from humid filaments exhibited thickness ~ 2% 
greater than those prepared from dry filaments, regardless of 
composition or raster angle. The increase in thickness can 
be attributed to volumetric expansion caused by the forma-
tion of steam pockets when water evaporated at the process-
ing temperature.

SEM analysis was performed to explore the microstruc-
ture of the fabricated ABS and ABS/BN composite speci-
mens, as depicted in Fig. 5. The neat ABS samples exhibited 
clearly distinguishable beads, with the samples 3D-printed 
from high-moisture filament also containing intra-bead voids 
(Fig. 5c, d). These voids, caused by steam entrapment, align 

the resolution of the CT machine did not allow for a more 
thorough analysis of this phenomenon, which highlighted 
the necessity for SEM analysis.

Based on the CT scans, the dimensional accuracy of the 
3D-printed Charpy specimens was also evaluated by mea-
suring their cross-sectional parameters (width and thick-
ness). Table 1 summarizes the cross-sectional dimensions of 
the samples. Considering the width of the specimens, it was 
rather consistent, ranging from 10.53 to 10.63 mm for both 
ABS and ABS_5BN samples, regardless of raster angle or 
storage humidity. For ABS_10BN, the raster angle also did 
not affect the width, unlike storage humidity, which caused 
significant differences. ABS_10BN specimens 3D-printed 
using the filament stored at 10% RH had widths of 10.34–
10.44 mm (lower than neat ABS), while those prepared 
from humid filaments measured 10.68–10.72 mm (higher 
than neat ABS). These changes are most probably due to 
the altered viscosity of the polymer. Rigid fillers like BN 
tend to increase the viscosity, and under dry conditions, this 

Fig. 4  Characteristic top (X–Y) and side view (X–Z) cross-sections of ABS and ABS_10BN samples based on the CT scans
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well with the findings of CT scans, where similar pores were 
identified. The higher resolution provided by SEM reveals 
additional details about the characteristic microstructure 
of the BN-filled samples. Apparently, the composites con-
taining 10 vol% BN (ABS_10BN) contain a high number 
of voids formed through water evaporation when the fila-
ment was stored under humid conditions (90% RH). This is 
rather contradictory considering the lower moisture content 
of boron nitride-filled composites, as discussed in Sect. 3.1. 
(Moisture absorption behavior). A plausible explanation for 
this phenomenon lies in the behavior of BN particles dur-
ing the 3D-printing process. While their presence hindered 
moisture absorption, when the filaments were stored in a 
humid environment, it also seemed to prevent the dissipa-
tion of any absorbed water when the ABS/BN composites 
were heated to melt processing temperature. Evidently, as 
the temperature rose during the 3D-printing, the absorbed 
water began to evaporate. However, due to the boron 
nitride platelets acting as physical barriers, steam became 
entrapped within the deposited beads. Consequently, in 
the corresponding samples, the beads are observed to own 
a characteristic core-shell microstructure, with their core 
being highly porous due to water evaporation and their shell 
remaining solid and intact. This core-shell microstructure 
also explains the lighter and darker regions detected in 
the CT scans of these specimens, which correspond to the 
porous and solid areas within the 3D-printed parts.

3.3  Mechanical properties

In order to assess the impact of filament storage humidity, 
infill orientation, and BN-content on the mechanical prop-
erties of MEX 3D-printed objects, tensile tests were per-
formed, with the results shown in Fig. 6. Regarding tensile 
strength (Fig. 6a, b), neat ABS 3D-printed using a filament 
storage humidity of 10% RH and a raster angle of 0° exhib-
ited the highest value among the prepared samples (40.5 
MPa). The strength of the ABS/BN composites prepared 
under the same conditions gradually decreased as BN con-
tent increased, bottoming at 34.1 MPa with 10 vol% hexago-
nal BN particles. The reduction in strength can be attributed 
to poor matrix/reinforcement interactions due to differences 
in surface chemistry between the polymer and the ceramic 
filler. According to the literature [50], composites filled with 
inorganic additives, where the compatibility between the 
components is limited, typically exhibit reduced strength. 
The trends were similar for samples 3D-printed with a raster 
angle of 90°. However, the absolute values of strength were 
considerably lower in that case; neat ABS exhibited a ten-
sile strength of 36.7 MPa, while ABS_5BN and ABS_10BN 
showed 23.8 MPa and 22.3 MPa, respectively. These dis-
crepancies between strength values for different infill angles 
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Fig. 5  SEM images of the cross-sections of samples (a) ABS (10% 
RH, 0° RA), (b) ABS (10% RH, 90° RA), (c) ABS (90% RH, 0° RA), 
(d) ABS (90% RH, 90° RA), (e) ABS_10BN (10% RH, 0° RA), (f) 

ABS_10BN (10% RH, 90° RA), (g) ABS_10BN (90% RH, 0° RA), 
(h) ABS_10BN (90% RH, 90° RA)
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as steam entrapment typically occurred within the interior of 
the beads. This is in good agreement with the observations 
made based on the SEM images showing that the interfaces 
between the beads are rather intact, while the resulting mor-
phology of the bulk material within the beads was affected 
by the moisture content of the filament. The formation of 
voids due to the evaporation of water significantly weak-
ened the load bearing capacity of the material, particularly 
in hexagonal BN-filled composites, where water was not 
able to evaporate. Generally, higher porosity leads to lower 
strength, as there is less solid material to carry and distribute 
the mechanical load.

In contrast to strength, Young’s modulus (Fig.  6c, d) 
increased as a function of BN-content regardless of storage 
humidity or infill orientation. The reason Young’s modulus 
showed an opposite trend from tensile strength with BN-
loading is that the former is less influenced by the quality of 
the chemical bonds between the components. Even though 
the interfacial bonding between ABS and BN may not be 
strong enough to enable load transfer under large strains, it 
is still sufficient in the early elastic region, where modulus is 
calculated. Therefore, the characteristic features of the addi-
tives are more determinant in this respect [29, 52]. Ceramic 
fillers, such as BN, are quite rigid, hindering the mobility 

can be attributed to differences in failure modes that occur 
during the tensile testing, namely inter-bead bond failure 
and trans-bead failure. In specimens 3D printed with a ras-
ter angle of 90°, the material was stretched perpendicular to 
the bead deposition direction, resulting in inter-bead fusion 
bond failure. In such cases, bead-to-bead adhesion majorly 
affects tensile strength, as the inter-bead fusion bonds 
between adjacent beads must withstand most of the applied 
load rather than the ABS or ABS/BN material itself. Due to 
their oval cross-section, the beads are not fully fused with 
the neighboring ones, typically leading to a lower tensile 
strength, as reported in previous studies [40, 51].

Increasing the environmental humidity where the feed-
stock was stored resulted in a decrease in tensile strength, 
regardless of BN-content or infill orientation. The rate of 
reduction, however, obviously varied. At a 0° raster angle, 
the reduction in strength was 10%, 37%, and 35% for 
samples ABS, ABS_5BN and ABS_10BN, respectively. 
Meanwhile, it was only 2%, 22%, and 24% when the infill 
orientation was 90°. Evidently, 3D-printed parts were less 
affected by filament moisture when inter-bead failure was 
the typical failure mode and more sensitive when trans-bead 
failure prevailed. This can be ascribed to the fact that void 
formation did not directly influence the bead bond quality, 

Fig. 6  Tensile strength (a, b) and Young’s modulus (c, d) of ABS and 
its BN-filled composites 3D-printed with a 0° and 90° raster angle at 
different filament storage humidity values. The different letters (a, b, 

c, d, e) above the columns indicate significant differences among com-
posites according to Tukey’s HSD test (p < 0.05)
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at 10% and 90% RH, respectively. Accordingly, increasing 
the humidity in the climate chamber led to a relative reduc-
tion of 20%. With increasing hexagonal BN content, the 
toughness of ABS gradually decreased, which can be attrib-
uted to the limited adhesion between the polymer and the 
reinforcement. The poorly bonded ceramic particles likely 
acted as stress concentration sites, promoting the develop-
ment of microcracks upon impact loading and ultimately 
reducing the impact toughness of the composites. The dif-
ference between the specimens 3D-printed from dry and 
humid filaments was more pronounced in the case of BN-
reinforced composites, with relative reductions of 45% and 
34% for samples ABS_5BN and ABS_10BN, respectively. 
This is assumed to be the consequence of the large number 
of steam voids in these materials, compromising the struc-
tural integrity and thereby reducing the impact resistance of 
the 3D-printed parts. The impact strength of the specimens 
prepared with a raster angle of 90° was significantly lower 
compared to the ones printed with 0° due to the weak bead-
interphase bonds. For the same reason, the impact of storage 
humidity was also less significant in this case. The reduction 
for neat ABS when increasing the environmental humidity 
to 90% was 14%, while it was 24% and 11% for samples 
ANS_5BN and ABS_10BN, respectively, which is in good 
agreement with the tensile tests’ results.

3.4  Thermomechanical behavior

The experiments conducted with the use of DMA confirmed 
the results of tensile tests regarding the modulus of the sam-
ples. Accordingly, the storage modulus (E’), which reflects 
the stiffness, was rather similar for all neat ABS specimens 
(Fig. 8a), with slightly higher values for those 3D-printed 
using filaments stored under lower RH conditions. Specifi-
cally, ABS 3D-printed using a 0° raster angle and a filament 
stored at 10% RH owned a storage modulus of 1600 MPa at 
50 °C while the one manufactured with an infill orientation 

of ABS chain molecules and ultimately leading to higher 
stiffness. Interestingly, the degree of improvement greatly 
depended on the variables (infill orientation and filament 
moisture content). Neat ABS exhibited a modulus of 1.95 
GPa when 3D-printed using an infill orientation parallel to 
the tensile load (0°) and 1.87 GPa when perpendicular (90°) 
to that. The most optimal results were once again found for 
the samples prepared with a filament of lower moisture con-
tent and an infill orientation parallel to the tensile load (raster 
angle = 0°). The ABS_10BN specimens fabricated this way 
outperformed all other samples with their Young’s modulus 
of 3.7 GPa. It is important to note that this improvement is 
even higher than that previously observed for compression 
molded bulk samples of identical composition, where the 
modulus of ABS increased from 1.73 GPa to 3.09 GPa when 
filled with 10 vol% BN [29]. The increased modulus of neat 
ABS is assumed to be due to the intensive molecular ori-
entation induced by 3D printing in the direction of the ten-
sile load when using a 0° infill. Similarly, the BN platelets 
are likely aligned in the same direction, resulting in more 
effective reinforcement. As expected, modulus values were 
lower for samples with a raster angle of 90° compared to the 
ones with 0°, which is due to the same reason that tensile 
strength also decreased, namely the impact of bead-inter-
phase bonds. Interestingly, this trend was observed only for 
samples prepared of low-moisture feedstocks. For filaments 
stored at 90% RH, the modulus values of samples with spe-
cific compositions were nearly identical, regardless of infill 
orientation. It is worth noting that, despite the formation of a 
porous macrostructure, the modulus still improved slightly 
with increasing BN-content, suggesting that the loss pre-
sumably caused by the presence of voids was overcompen-
sated by the reinforcement effect of BN particles.

The results of the Charpy impact tests are presented in 
Fig.  7. Neat ABS exhibited the highest toughness, with 
an impact strength of 61.7 kJ/m2 and 49.4 kJ/m2 when 
3D-printed using a raster angle of 0°, with filaments stored 

Fig. 7  Charpy impact strength of ABS and its BN-filled composites 
3D-printed with a 0° (a) and 90° (b) raster angle at different filament 
storage humidity values. The different letters (a, b, c) above the col-

umns indicate significant differences among composites according to 
Tukey’s HSD test (p < 0.05)
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load-storing potential, while ABS 3D-printed at 90° is more 
prone to dissipate energy rather than storing it. When hex-
agonal BN particles were incorporated into the polymer, the 
modulus of the samples increased considerably, particularly 
below the glass transition temperature (Tg). The Tg of the 
samples, taken as the peak of loss factor curves, increased 
with the introduction of hexagonal BN particles, as can be 
observed in the tan δ plots (Fig. 8b, d, f). In the case of sam-
ples fabricated with 10% filament storage RH and 0° raster 
angle, the Tg was 117.3 °C, 119.5 °C, and 121.4 °C for ABS, 
ABS_5BN, and ABS_10BN, respectively. Such an increase 
in glass transition temperature often occurs when rigid inor-
ganic fillers are incorporated into the polymer as they act 

of 90° exhibited 1601 MPa at the same temperature. In the 
case of 90% filament storage humidity, these values were 
slightly lower: 1521 MPa for the 0° raster angle and 1506 
MPa for the 90°. Regarding the infill orientation, it is exten-
sively reported in the literature that the printing angle has 
a relatively significant impact on the dynamic mechani-
cal properties of MEX 3D-printed parts. A raster angle of 
0° (infill parallel to the length of the specimen) yields the 
highest storage modulus (E') and the lowest loss modulus 
(E’) and loss factor (tan δ) [53, 54]. Conversely, increas-
ing the raster angle results in a higher loss modulus and 
loss factor, although at the cost of storage modulus. This 
suggests that ABS 3D-printed at 0° raster angle has more 

Fig. 8  Storage modulus and loss factor as a function of temperature for ABS (a, b), ABS_5BN (c, d), and ABS_10BN (e, f) samples at different 
filament storage humidity values and printing infill orientations
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3.5  Conductivity properties

The results of thermal conductivity and electrical resistivity 
measurements are presented in Fig.  9. Based on the LFA 
measurements, neat ABS exhibited the lowest thermal con-
ductivity among the fabricated samples: 0.188 W/mK when 
3D-printed using the filament stored at 10% RH and only a 
slightly lower value of 0.185 W/mK when prepared using 
the filament maintained at 90% RH. The relatively small 
difference is reasonable, considering that neat ABS devel-
oped the fewest voids when using the more humid feed-
stock, which could have compromised thermal conductivity 
due to the low conductivity of air (~ 0.03 W/mK). The intro-
duction of hexagonal BN particles into the polymer obvi-
ously increased its conductivity. The ABS_5BN material 
exhibited thermal conductivities of 0.368 W/mK and 0.346 
W/mK, with the specimens 3D-printed with the filament of 
higher moisture content proving inferior once again. Note 
that these values are still considerably higher than those 
measured for ABS/BN composites of the same composi-
tion [29] prepared via compression molding (0.275 W/mK), 
which is unexpected considering the inherent voids found in 
3D-printed parts. This discrepancy, favoring the 3D-printed 
objects, may be attributed to the differences in the alignment 
of the BN platelets. Hexagonal BN has a highly anisotro-
pic thermal conductivity ascribed to its layered structure, 
with in-plane conductivity ranging between 220 W/mK and 
600 W/mK [57], while through-plane conductivity is only 
~ 2.5 W/mK [58]. Inside the compression molded samples, 
the hexagonal BN particles are predominantly aligned per-
pendicularly to the direction of LFA measurement, making 
the through-plane conductivity the dominant conductiv-
ity mode. In contrast, 3D printing the specimens with the 
infill strategy used in this study results in BN platelet ori-
entations where the probability of being aligned parallel or 
perpendicular to the measurement direction is more evenly 

as a physical hindrance, thereby restricting the mobility of 
polymer chain molecules. Similar phenomena have been 
widely reported in the literature for various ceramic particle-
filled polymer composites [55, 56]. The trend of the storage 
modulus curves was consistent across the ABS_5BN and 
ABS_10BN composites as well, with the highest modulus 
values measured under the conditions of 10% filament stor-
age RH and 0° raster angle. The lowest values were always 
found in the case of 90% storage RH and a raster orientation 
perpendicular to the length of the specimen (90°). Major dif-
ferences were observed in the E’ plots of ABS_5BN and 
ABS_10BN composites when the storage humidity of fila-
ments was increased from 10 to 90%. At 50 °C, the storage 
modulus of ABS_5BN when 3D printed with a raster angle 
of 0° decreased from 2353 MPa to 1881 MPa when the stor-
age RH was increased (a difference of 473 MPa), which is 
more than five times as much as observed for neat ABS. In 
the case of ABS_10BN, the reduction was even larger: 867 
MPa (from 3136 MPa to 2269 MPa). The decline in storage 
modulus with increasing filament moisture can be attributed 
to the formation of voids, which intensified with higher BN 
content, as corroborated by the CT and SEM analyses. This 
is also in good agreement with the previously discussed 
mechanical test results. The Tg of the samples was also 
affected by filament moisture content. Increasing the RH in 
the storage chamber from 10 to 90% resulted in a drop of 
~ 1 °C, ~ 3 °C, and ~ 3 °C for samples ABS, ABS_5BN, and 
ABS_10BN, respectively. This reduction in glass transition 
is likely due to the increased porosity in the samples, which 
reduces the effective polymer mass that absorbs thermal 
energy during heating. Consequently, with less bulk mass, 
less energy is required to make the chain molecules mobile.

Fig. 9  Thermal conductivity (a) and electrical resistivity (b) of ABS 
and its BN-filled composites 3D-printed at different filament stor-
age humidity values. The different letters (a, b, c, d) above the col-

umns indicate significant differences among composites according to 
Tukey’s HSD test (p < 0.05)

 

6803



Emergent Materials (2025) 8:6791–6806

being a hydrophobic ceramic material, effectively hindered 
the moisture absorption of ABS. However, it did not reduce 
the moisture sensitivity of the filaments during processing. 
On the contrary, BN-containing materials exhibited exten-
sive void formation during 3D printing, as the BN particles 
prevented water from dissipating, leading to steam entrap-
ment in these materials, as evidenced by computed tomo-
graphic and scanning electron microscopic analyses. The 
entrapped steam intensively promoted void development 
within the deposited beads, facilitating the formation of a 
highly porous microstructure. Consequently, the mechani-
cal properties, i.e., tensile strength, Young’s modulus, and 
impact strength of the ABS/BN composites deteriorated 
significantly when humid filaments were used. The reduc-
tion in these properties was most pronounced in the case of 
0° raster angle, and it was less severe for parts 3D printed 
with a 90° infill orientation due to their inherently weaker 
structure, ascribed to the role of bead-interphase bonds in 
the load-bearing. Dynamic mechanical analysis revealed a 
slight decrease in glass transition temperature with increas-
ing raster angle and filament storage humidity. The thermal 
conductivity of ABS improved significantly with BN addi-
tion and only slightly deteriorated as a consequence of stor-
age humidity, with the loss being ascribed to the presence of 
voids. The electrical conductivity was barely influenced by 
BN content and it only slightly deteriorated with increased 
filament moisture.

Overall, considering the investigated properties, it is safe 
to assume that preliminary drying of ABS/BN composites, 
before being MEX 3D-printed is clearly beneficial. In the 
case, when the use of dry filament is not feasible, a moder-
ate BN concentration in ABS might offer a balance between 
thermal conductivity and mechanical properties.
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distributed. The highest thermal conductivity was measured 
for ABS_10BN when 3D printing was carried out with the 
filament stored at 10% RH, with a value of 0.778 W/mK. 
However, this sample also experienced the most signifi-
cant drop in thermal conductivity when the filament storage 
humidity was increased to 90%, falling to 0.617 W/mK. The 
greater loss at higher BN is likely due to the more inten-
sive formation of voids caused by water entrapment during 
the processing, which ultimately disrupted the conductive 
pathways in the 3D-printed parts. Additionally, altered filler 
alignment – also influenced by the void formation – may 
have a further impact on thermal conductivity.

The electrical resistivity of all samples was found to 
be in the relatively small range of 3.7 × 1016 Ω·cm to 3.9 
× 1016 Ω·cm. Similar to the thermal conductivity results, 
these values were significantly higher than those previously 
measured for bulk ABS/BN samples of the same compo-
sition fabricated using compression molding instead of 3D 
printing (1.1 × 1012 Ω·cm to 1.6 × 1012 Ω·cm as BN content 
increased) [29]. Unlike thermal conductivity, BN’s electri-
cal resistivity is rather isotropic with excellent resistivity 
in all directions, typically measuring 1013–1015 Ω·cm [59], 
making it an effective electrical insulator. Consequently, 
since particle alignment is not expected to influence the 
resistivity, the reason for the multiple magnitudes of dif-
ferences observed between 3D printing and compression 
molding can be attributed to the following two factors: (i) 
the inherent presence of air voids in 3D-printed structures, 
which act as insulators, with air resistivity being in the range 
of 1013–1016 Ω·cm [60]; and (ii) the uneven surface of the 
3D-printed specimens, which prevents perfect contact with 
the measuring device’s solid surface. Overall, it can be 
concluded that the addition of hexagonal BN does not sig-
nificantly affect the resistivity of ABS. Meanwhile, increas-
ing the filament storage humidity led to a slight increase in 
resistivity regardless of the sample composition, which can 
be attributed to the formation of voids.

4  Conclusions

In this study, acrylonitrile-butadiene-styrene/hexagonal 
boron nitride composites were prepared for heat sink appli-
cations, and their processability was investigated through 
material extrusion-based additive manufacturing, focusing 
on the influence of the feedstocks’ moisture content. In addi-
tion to filament moisture content, the effect of infill raster 
angle on the properties of the 3D-printed objects was also 
examined. The BN content of the prepared samples was 0, 5, 
and 10 vol%, with filaments stored at 10% and 90% ambient 
humidity, and the infill raster angles used were 0° and 90°. 
Water uptake measurement revealed that hexagonal BN, 
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