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A B S T R A C T   

A method is presented, using Fe3O4 nanoparticles hybridized with hollow carbon nanofibers (Fe3O4NP@CNF) as 
an example, to add functionality to polymer powders for powder bed fusion with laser beam (PBF/LB-P). There 
are currently only a small number of polymers that can be processed successfully and reliably by PBF/LB-P. It 
was proposed that coating PA12 powder, a material that has a good track record in laser sintering, with a small 
amount (0.1 wt%) of Fe3O4@CNF would provide a new material with additional functionality without affecting 
the processability of the PA12 powder, since the Fe3O4 is contained within the CNF. Commercial PBF/LB-P PA12 
particles were coated with Fe3O4@CNF without altering the morphology of the powder particles. No significant 
reduction in the PBF/LB-P processing window was observed when processing the resulting polymer nano
composites, and parts were produced with comparable mechanical properties to the base polymer. Interestingly, 
magnetic investigations of PBF/LB-P cylinders built in three different orientations, with alignment of the long 
symmetry axis along the X, Y or Z axes of the build chamber, showed a preferential orientation of the hybridized 
magnetic fibers along the Z-axes in the composite. This suggests the appealing possibility of tailoring pieces with 
preferential magnetic orientation. Moreover, no agglomeration or nanoparticle growth was observed after PBF/ 
LB-P. It is proposed that the low-cost method used in this work could be easily applied to other nanoparticles, 
without creating restrictive processing windows and the time-consuming process to determine them. Thus, a 
range of powders with additional functionality could be easily created for use in a variety of applications and 
industries.   

1. Introduction 

Additive Manufacturing (AM; commonly referred to as 3D-Printing) 
is increasingly being used in a variety of high-value industries due to the 
advantages it offers in terms of increased design freedom, reduced cost 
of customization, on-demand manufacture, reduced manufacturing and 
assembly steps [1]. Polymer powder bed fusion with laser beam 
(PBF/LB-P) techniques, such as laser sintering, are of particular interest 
to industry as they allow complex objects to be produced that are 
difficult or impossible to process using other AM techniques, as they do 
not require the use of support structures for overhanging and isolated 
sections of the part being built. This provides designers with 

significantly increased design freedom and the opportunity to stack 
parts within a build volume allowing for more efficient manufacture [2]. 

However, there are currently only a small number of polymers that 
can be processed successfully and reliably by PBF/LB-P. There are dif
ficulties in increasing the number of polymers for PBF/LB-P due to 
complex heating and cooling effects (in process and post-process) [3,4]. 
For each new material, a “processing window” must be established, 
which includes determining the range of heating and cooling rates, 
temperatures and patterns, in combination with laser scanning param
eters such as laser power, scan speed, scan overlap etc, that can be used 
to successfully produce parts. For the commonly used polyamide 12 
(PA12), which has a relatively wide processing window, allowing a 
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range of thermal and scanning combinations to be used, this is well 
established and whilst some tweaking of the exact parameters may be 
needed for different machines, the effects of changing parameters are 
relatively well known. However, when developing new materials, these 
parameter sets need to be established, usually using a trial-by-error 
method, which is time-consuming and costly. In addition, as most ma
terials do not process as easily as PA12, complex scan strategies may 
need to be explored, which can be geometry dependent and require 
intelligent scan patterns. Even with intelligent scan strategies, many 
materials will simply not process consistently enough for use in com
mercial activities. 

One way to increase the functionality of laser sintering materials is to 
combine PA12, which has good processability by PBF/LB-P (and an 
established history of use), with a functional material, thus creating a 
PA12 nanocomposite. 

A number of researchers have processed polymer nanocomposites by 
PBF/LB-P. However, common challenges include ensuring good 
dispersion of the nanoparticles [5,6] and preparing polymer nano
composite powders with suitable morphology for PBF/LB-P [7]. To 
address this, we previously proposed the use of a simple, low-cost 
method to coat the individual PA12 particles with a small amount 
(0.1 wt%) of carbon nanotubes prior to processing [8,9]. This method 
allows the carbon nanotubes to be uniformly distributed throughout the 
laser sintered structures. In PBF/LB-P, only the surface of the polymer 
powder particle tends to melt [10], and thus a network of carbon 
nanotubes at the particle boundaries in the processed part result, spaced 
apart by approximately the diameter of the powder particle (typically 
around 50 µm) (Fig. 1). 

In our prior work, using just 0.1 wt% CNTs resulted in increases of 
54% in Young’s Modulus, 6.2% in ultimate tensile strength (UTS), 
13.0% in flexural modulus, 10.9% in flexural strength and 123.9% in 
impact strength, without sacrificing elongation at break [8]. This low 
volume of nanofiller, coupled with the simple method to prepare the 
nanocomposite, combine to make it a cost-effective way to prepare 
polymer nanocomposites that can have a significant effect on the 
resulting properties. 

In our current study, we aimed to demonstrate additional function
ality through the use of hybrid metal-carbon nanomaterials. Our aim 
was not to develop a new material and demonstrate its use in a particular 
application. Instead, our aim was to demonstrate how we can easily 
enhance the functionality of PA12 powder particles using a low-cost 
method that does not significantly reduce the processing window or 
require a separate processing window to be found, a procedure that is 
time-consuming and costly. It is envisaged that this method can be used 
to create a range of PBF/LB-P powders with different functionalities, 
quickly and cheaply, by changing the nanoparticle that is hybridized 

with carbon nanofibers (CNFs). To avoid previous issues with some 
functional nanoparticles interacting with the laser and negatively 
affecting the processing window [11], we propose the encapsulation of 
such functional nanomaterials (i. e. nanoparticles) inside carbon nano
fibers (CNFs) [12]. In addition to their lower cost, in previous work, we 
have demonstrated that the wider internal cavity of CNFs, with respect 
to CNTs [13], facilitates the encapsulation of functional nanoparticles 
and stabilizes them even under harsh conditions [14–16]. 

To demonstrate the concept, we sought to create a magnetic PBF/LB- 
P powder that could be potentially used in a variety of applications, for 
example to produce motors or magnetically driven healthcare devices, 
devices that are externally actuated with an alternating magnetic field to 
control movement or generate localized heating [17,18]. However, this 
functionality was chosen just as proof of concept, to demonstrate the 
ability to fill carbon structures with a secondary phase that would offer 
an additional function whilst not requiring a new processing window to 
be determined. 

We selected magnetic Fe3O4 nanoparticles because magnetite 
(Fe3O4) has, after pure iron, the best ferromagnetic properties among 
the minerals found in nature [19]. Note that the synthesis of magnetic 
composites is currently a challenge because of the strong tendency of the 
nanoparticles to agglomerate. Previous attempts by Wu et al. to create 
magnetic sintered composites relied on the use of non-magnetic powder, 
to avoid the agglomeration phenomenon when creating the composites, 
which was magnetized in a subsequent step [20]. Hupfeld et al. have 
previously investigated PBF/LB-P of polyamide particles coated with 
iron oxide nanoparticles using laser fragmentation in liquids (LFL) and a 
colloidal additivation process [21]. They reported that only minor ag
gregation was observed and the material had “good processibility”, 
although a direct comparison to the processing window of the base 
polymer was not made. However, mechanical properties were not 
included, and it was not clear whether the process window had to be 
re-established for the nanocomposite powder. In preparation of the 
powder, they did not appear to be able to control the nanoparticle 
morphology nor the chemical composition, since a very polydiverse 
sample of nanoparticles was obtained after LFL and a partial reduction of 
the maghemite educt material occurred. The authors concluded that the 
magnetic properties of the nanoparticles were successfully transferred to 
the final part, however, as FeOx was used, this is perhaps not entirely 
relevant. Dusenberg et al. synthesized Fe3O4 nanoparticles using a 
simpler, co-precipitation method [22]. 

However, they also had issues controlling the final morphology and 
composition of the particles, and a polydiverse sample was used, with 
nanoparticle size between 10 and 20 nm. They found it difficult to 
disperse the Fe3O4 nanoparticles on the polymer surface even when 
adding surfactants such as oleic acid. They reported that most Fe3O4 

Fig. 1. Schematic explanation of consolidation by PBF/LB-P of polymer powder particles (PA12) coated with carbon nanotubes (CNTs) from our previous study; dash 
lines represent the CNTs [9]. 
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particles were present in agglomerates larger than 100 nm. 
In the work presented in this paper, PA12 particles were coated with 

0.1 wt% hybrid carbon nanomaterials (Fe3O4@CNF) to produce PA12/ 
Fe3O4@CNF powder which was then consolidated in PA12-Fe3O4@CNF 
composite by laser sintering on an industrial CO2 laser based system 
(EOS P100) (Fig. 2). PA12 (EOS PA2200) was used as the base polymer 
for proof of concept due to its established use in laser sintering; however, 
it is envisaged that this method could be applied to other laser sintering 
polymers. 

This approach, (i.e., the encapsulation of Fe3O4 nanoparticles inside 
one-dimensional CNF containers, rather than simply using Fe3O4 
nanoparticles), was designed to overcome the limitations reported in 
previous work. It was proposed that nanoparticle agglomeration during 
PBF/LB-P would be hindered by the encapsulation of Fe3O4 nano
particles within carbon nanofibers [23]. Furthermore, it has been 
demonstrated that lasers can be employed to grow and modify Fe3O4 NP 
[24,25]. It was proposed that using CNFs as protective containers would 
avoid any morphological and chemical changes on the nanoparticles 
triggered by the laser during processing that could affect their magnetic 
behaviour. This was proposed based on the previous work of the authors 
in which it was demonstrated that nanoparticles confined in CNFs can 
retain their small size, and hence their properties, even under very harsh 
temperature conditions [26]. In addition, the proposed method sought 
to prevent the need to find a new processing window each time new 
functionality is required, and to ensure mechanical properties are not 
reduced. Lastly, a low cost method of coating commercially available 
powder was desired so that small batches of powder with different 
functionalities could be easily produced with no specialized equipment, 
and no changes to the powder shape and size. 

2. Experimental section 

2.1. Materials 

Polyamide 12 (PA12) powder was supplied by EOS GmbH (Ger
many), trade name PA 2200. Graphitised carbon nanofibres (PR-24-XT- 
HHT, produced by chemical vapour deposition, length is in the range of 
50–200 µm, average inner and outer diameter are ~30 and ~100 nm, 
respectively). All other reagent and solvents were purchased from 
Sigma-Aldrich, UK and used without further purification. Commercial 
dispersant used to form aqueous carbon nanofiber suspensions was 
supplied by NanoLab Inc. (USA), trade name Nanosperse AQ. 

2.2. Preparation of Fe3O4NP@CNF [21] 

100 mg of 4-nm Fe3O4 nanoparticles obtained following Sun et al. 
procedure [27] were suspended in 50 mL of hexane and sonicated for 
15 min 100 mg of pre-heated PR24 carbon nanofibres (300◦C, 30 min) 
were added to the dark suspension and sonicated for 15 min. After 
removing the solvent under reduced pressure, 25 mL of hexane were 
added to the flask and sonicated for 15 min. The process was repeated 5 

times. Finally, the suspension was filtered through PTFE membrane and 
washed thoroughly with hexane, yielding 96 mg, with around a 10% of 
nanoparticles loading. 

2.3. Preparation of PA12-Fe3O4NP@CNF 

Two nanocomposite powders were prepared: 1) Polyamide 12 rein
forced with carbon nanofibers (PA12-CNF); 2) Polyamide 12 reinforced 
with iron oxide-filled carbon nanofibers (PA12- Fe3O4@CNF). Both 
materials were prepared by coating the individual PA12 particles with 
the nanophase, using a method which maintains the near-spherical 
morphology of the as-supplied powder which is ideal for PBF/LB-P. 
Briefly, the carbon nanofibers were initially suspended in water with 
the dispersant and ultrasonicated in order to form a 1.0 wt% aqueous 
suspension of individual particles. These suspensions were used to coat 
the polymer particles giving a nanocomposite with 0.1 wt% CNF (or 
Fe3O4@CNF) load. 

2.4. Characterisation of preformed nanoparticles and hybrid materials 

HRTEM images measurements were performed using a Jeol 2100 F 
transmission electron microscope at an accelerating voltage of 200 kV. 
TEM specimens were prepared by casting several drops of a suspension 
of the carbon material in hexane onto a copper-grid mounted “holey” 
carbon film before drying under a stream of nitrogen. SEM images were 
acquired on a field emission scanning electron microscope (XL30 
FESEM) with 15 kV working voltage. A Nicolet Avatar 380 FT-IR spec
trometer was used to measure Infra-red spectra over the range 
400–4000 cm− 1. Raman samples were measured in solid state under 
ambient conditions with a WiTec alpha300 series Raman spectrometer. 
TGA was carried out on a SDT Q-600 TA instrument over the range of 
25–1000 ◦C in air with a scan rate of 5 ◦C/min. Powder XRD patterns 
were recorded using a PANalytical diffractometer equipped with Cu Kα 
source (λ = 1.5418 Å). 

2.5. Characterisation of the prepared powders 

The transition temperatures of the powders were studied on a DSC 
instrument (Q200-TA). The tests were performed in an inert gas atmo
sphere and included a heating step from 25 ◦C to 200 ◦C and a cooling 
step from 200 ◦C to 25 ◦C, both at a heat exchange rate 5 ◦C/min. 
Samples ranging between 4.4 mg and 4.6 mg were used. 

2.6. Processing of the nanocomposite by laser sintering 

The two polymer nanocomposites, along with a non-filled PA12 
material that was used as a control, were processed by PBF/LB-P on an 
EOS P100 machine. The laser sintering processing parameters used for 
all three materials were 175 ◦C (bed temperature), 0.25 mm scan 
spacing, 0.1 mm layer thickness, 2500 mm/s scan speed, 21 W laser 
power. Additional tensile test specimens were fabricated using 

Fig. 2. Schematic of the process used to produce PBF/LB-P parts (PA12-Fe3O4@CNF) from PA12 coated with Fe3O4 nanoparticles hybridized with hollow carbon 
nanofibers (Fe3O4@CNF) by three-step: i) hybridization of nanoparticles with carbon nanofibers, ii) coating of PA12 microparticles with Fe3O4@CNF (PA12/ 
Fe3O4@CNF) and iii) PBF/LB-P of a manufactured part in the desired design (i. e. cylinder). Green dots refer to TiO2. 
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2000 mm/s scan speed (all other parameters the same) and 25 W laser 
power (all other parameters the same). SQUID tests specimens were 
designed as cylinders, 4 mm diameter by 10 mm height, built in three 
orientations with alignment of the long symmetry axis along the X, Y and 
the Z axes of the build chamber. 

Functional Magnetic Characterization of laser sintered parts. 
Commercial Quantum Desing MPMS-XL5 Superconducting Quantum 

Interference Device (SQUID) magnetometer was employed to measure 
the magnetic measurements of Fe3O4 nanoparticles, Fe3O4@CNF hybrid 
and PA12-Fe3O4@CNF sintered parts. A plastic capsule with a negligible 
diamagnetic contribution was used for carefully measuring Fe3O4 NP 
and Fe3O4@CNF samples, while specimens of PA12-Fe3O4@CNF were 
cylinder shaped with diameter of 6 mm and height of 10 mm. Variable- 
temperature (2–300 K, with 0.5 T and 0.1 T applied field) and field 
dependent (0–5 T, at 2 and 300 K) magnetisation measurements, and 
alternating current (AC) measurements (at different frequencies 
(1–997 Hz) of a 3.5 Oe oscillating field between 15 and 50 K) were 
carried out. The observed time dependence on temperature for the in- 
phase χ´signal for Fe3O4NP, Fe3O4@CNF and PA12-Fe3O4@CNF was 
analysed on the basis of a noninteracting system (i.e. Arrhenius law) and 
interacting systems (i.e. Vogel-Fulcher law). For nanoparticles the 
values for the time constant τ0 are between 10− 9 and 10− 13 s. 

2.7. Characterisation of laser sintered parts 

The morphology of the nanocomposites was studied by scanning 
electron microscopy (SEM) on a ZEISS FESEM ULTRA Plus with EDX. 
DSC measurements were carried out using a TA Instruments Q200 
system. 

2.8. Mechanical testing of laser sintered parts 

Tensile testing was performed according to BS EN ISO 527 on an 
Instron Universal 5985 machine equipped with a 5 kN load cell and an 
Imetrum video gauge extensometer, at an uniaxial pulling speed 

10 mm min− 1. Notched Izod impact tests were completed on an Avery 
machine as an average value from 5 specimens prepared according to 
the BS EN ISO 180 standard. 

2.9. Confocal Raman spectroscopy 

High spatial resolution Raman scattering imaging was performed 
using a commercial confocal Raman microscope, WITec alpha300 RA. 
The microscope has an ultra-high throughput spectrometer with 
1800 g/mm grating and a back-illuminated electron-multiplied CCD 
camera detector. An XY(Z) piezo stage controls the movement of the 
sample in a few nm precision. A laser excitation wavelength of 532 nm 
was utilized in this work. No sample preparation was required for the 
analysis of the laser sintered composite. 

3. Results and discussion 

3.1. Preparation of Fe3O4 nanoparticles hybridized with hollow carbon 
nanofibers (Fe3O4@CNFs) 

Preformed magnetite (Fe3O4) nanoparticles were synthesized using a 
standard protocol in which Fe(acac)3 is thermally decomposed in high 
boiling organic solvent, being the morphology selectively controlled by 
the presence of surfactants (i.e. oleic acid and oleylamine) [27]. 
Magnetite (Fe3O4) crystal, which has an inverse spinel structure with 
alternating octahedral and tetrahedral layers, shows interesting mag
netic and electrical properties because of transfer of electrons between 
Fe2+ and Fe3+ ions present in octahedral sites [28]. 

It is important to synthesize iron oxide nanoparticles with a specific 
phase composition, as well as a narrow size distribution, as these pa
rameters determine their magnetic behaviour [19,29]. In the case of 
Fe3O4 NP, size is greatly relevant, for example they show ferromagnetic 
behaviour at large sizes (i. e. higher than 20 nm), while at smaller sizes 
(lower than 20 nm) they exhibit superparamagnetic properties [30]. 

The hydrothermal method employed in this study, which is based on 

Fig. 3. Structural characterization of preformed Fe3O4 nanoparticles. (a) TEM image of spherical Fe3O4 NPs with a size distribution of 4.3 ± 1.1 nm (Fig. S1), (b) 
High-resolution TEM image where the interplanar spacing (d = 0.316 nm) of the particle in b shows a good agreement with that of the Fe3O4 200 plane. Interplanar 
spacing (c) is calculated as d = L/(N-1) being L the total length (i.e. 3.789 nm) and N the number of layers (i.e. 13). (d) XRD pattern, (e) Raman and (f) IR spectrum of 
preformed Fe3O4 NP. Scale bars are 5 (a) and 2 (b) nm. 
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the thermal decomposition of an organometallic precursor (iron (III) 
acetylacetonate) in the presence of surfactants, is known to be very 
effective on selectively controlling the composition and morphology of 
nanoparticles, which are key factors for addressing magnetic applica
tions [31]. Both the average size and the size distribution of the pseu
dospherical (anisotropic) nanoparticles closely depend on nucleation 
rate and growth. These can be controlled by selecting the reaction 
temperature and the surfactants concentration [32]. Thus, by using this 
methodology we produced free-standing monodispersed pseudospher
ical nanoparticles with control of their composition and size, and 
therefore their magnetic properties. Another advantage of this method is 
that the resulting free-standing nanoparticles are not only hydrophobic 
(i. e. because of the hydrophobic capping layer), but also very small (<

10 nm), which is very beneficial for their encapsulation within the 
hollow carbon nanofibers, as well as improving the interaction with the 
hydrophobic carbon surface [26,33]. Although easier synthetic methods 
(i. e. precipitation method from aqueous systems) may be employed, key 
important parameters for magnetic applications such as the size, shape 
or phase composition are often difficult to control [34]. Moreover, the 
synthesis of nanoparticles covered by a hydrophobic capping layer (such 
as the one reported in our study) using this precipitation method usually 
would require a subsequent second step for the surface modification, 
employing amphiphilic surfactants [35,36]. 

Confirmation of the chemical composition and structure of the pre
formed magnetite nanoparticles (Fe3O4) was obtained by several tech
niques such as high-resolution transmission electron microscopy 

Fig. 4. Structural characterization of 
Fe3O4 nanoparticles in tubular carbon 
nanofibers (Fe3O4@CNF). (a-b) TEM 
micrographs of Fe3O4@CNF hybrid. (c) 
TGA of preformed nanoparticles (Fe3O4 
NP), pristine hollow carbon nanofibers 
(CNF) and hybrid material 
(Fe3O4@CNF) at 5 ◦C/min in air. (d) 
Raman spectrum of hybrid material 
confirming peaks of Fe3O4 located at 
318–431 and 691 cm− 1. Scale bars are 
50 (a) and 20 (b) nm. (a, inset) 
Fe3O4@CNF close to a neodymium 
magnet of 0.1 strength.   

Fig. 5. SEM images of (a) PA12, (b) PA12/CNF and (c) PA12/Fe3O4@CNF.  
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(HRTEM), X-ray diffraction (XRD), Raman spectroscopy and infrared 
spectroscopy (Fig. 3). Morphology and size of the as-synthesized prod
ucts is shown in a low magnification TEM image (Fig. 3a). The estimated 
average size of those particles was 4.3 ± 1.1 nm, as shown in Supporting 
Information (Fig. S1), while high-resolution TEM (Fig. 3b) shows the D- 
spacing of 0.316 nm, corresponding to (200) plane (Fig. 3c). A typical 
XRD pattern of the product is shown in Fig. 3d where all the peaks can be 
indexed as face centered cubic Fe3O4 (JCPDS, No. 19–0629). High purity 
of the as-synthesized Fe3O4 nanoparticles is confirmed by the absence of 
other diffraction peaks than those related to Fe3O4. Broad peaks suggest 
that the as-synthesized nanoparticles have a reduced crystallinity, being 
in agreement with the small size observed in TEM (Fig. 3a). Raman 
spectra in the wavelength range of 200–1000 cm− 1 were dominated by 
three peaks located at 318, 517, and 671 cm− 1 (Fig. 3e), respectively, 
which are assigned to Eg, T2 g, and A1 g modes of Fe3O4. IR spectrum 
(Fig. 3 f) shows the stretching Fe-O band of Fe3O4 at 586 cm− 1 (arrow) 
while other peaks are assigned to the nanoparticle capping layer (i. e. 
oleylamine and oleic acid) [37]. 

Preformed nanoparticles were subsequently hybridized with hollow 
carbon nanofibers (CNF; Fig. S2) as shown in Fig. 2, leading to 
Fe3O4@CNF in which around 85% of the nanoparticles were success
fully encapsulated (Fig. 4a-b). Note that the hybridization of CNF with 
Fe3O4 NP produces a black material which is attracted by an external 
magnetic field (Fig. 4a, inset). Thermogravimetric analysis exhibits at 
high temperature (i.e. 1000 ◦C) that Fe3O4 @CNF hybrid composite 
contains 10% iron oxide loading when compared to pristine CNF 
(Fig. 4c, black). Weight loss around 250 ◦C is assigned to the decom
position of the surfactant covering the nanoparticles. More importantly, 
both the morphology (i.e. average size, Fig. S3) and chemical compo
sition of the nanoparticles were retained after the hybridization with 
hollow carbon nanofibers, as confirmed by powder XRD (Fig. S4), 
Raman (Fig. 4d) and IR (Fig. S5). 

3.2. Preparation of PA12/Fe3O4@CNF laser sintering powder 

Successful coating of individual polyamide 12 (PA12) powder par
ticles with 0.1 wt% CNF or 0.1 wt% Fe3O4@CNF is indicated by the 
presence of fibers on the surface of the nanocomposites when examined 
by SEM, which is not present on the uncoated particles (Fig. 5). EDX 
confirms the presence of Fe in PA12/Fe3O4 @CNF (Fig. S6). It is pre
sumed that the Ti detected on the PA12/CNF sample results from tita
nium dioxide particles, commonly added to PA12 to reduce yellowing 
when exposed to thermal stress.[25] Furthermore, SEM confirms the 
coating process did not affect the particle size or shape of the original 
PA12 powder. This is an important consideration in PBF/LB-P since 
powder morphology can affect the processability of PBF/LB-P materials 
and resulting part properties [7]. The particle coating method employed 
in this work was specifically chosen in order to maintain the 
near-spherical particle shape of commercially available PA12 which is 
successfully used in PBF/LB-P. 

Ideally, materials for laser sintering have a narrow melting range and 
no overlap between melting and recrystallization peaks [38]. For both 
the uncoated and coated powders, a prominent melting and crystal
lisation peak is observed by DSC (Fig. 6) with clear separation between 
the two. The melting temperature is similar for the PA12 and PA12/CNF 
powders. However, the crystallization temperature decreases from PA12 
(156.5 ◦C) to PA12/CNF (155.5 ◦C) to PA12/Fe3O4@CNF (154.4 ◦C). In 
previous studies into PBF/LB-P polymer nanocomposites, most have 
reported an increase in crystallization temperature, presumed to be due 
to increased heterogeneous nucleation [6,8,39]. However, a few have 
reported a decrease in crystallization temperature; these have been 
nanofillers with a plate-like structure and it has been proposed that this 
is due to a barrier effect where nanofillers hinder the diffusion of 
polymer molecules and thus reduce the growth of crystals [40–42]. In 
this study, it is not clear why the crystallization temperature has 
decreased and will be the subject of future investigations. Nevertheless, 

Fig. 6. DSC of (a) PA12, (b) PA12/CNF and (c) PA12/Fe3O4 @CNF powders. (d) Comparing the 3rd cycle of each material, a similar melting temperature is observed, 
but the crystallization temperature decreases from PA12 (156.5 ◦C) to PA12/CNF (155.5 ◦C) to PA12/Fe3O4@CNF (154.4 ◦C). 
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the increase in gap between melting and crystallization temperatures is 
advantageous in laser sintering since it is generally found to increase the 
processing window. 

3.3. PBF/LB-P of polymer nanocomposite powders 

PBF/LB-P was successfully achieved with all three samples powders 
(i. e. PA12, PA12/CNF and PA12/Fe3O4@CNF, Fig. 7). The presence of 
CNF and Fe3O4@CNF did not affect powder spreadability nor did it 
appear to cause any significant reduction in the processing window of 
PA12. Similar processing parameters were used successfully for all 
materials. Whilst establishing a complete process window for each ma
terial was out of the scope of this work, the nanocomposites were able to 
be processed reliably in all combinations between 21 and 25 W laser 
power and 2000–2500 mm/sec. scan speed, which are commonly used 
parameters for PA2200. Furthermore, the addition of CNF did not 
negatively affect the mechanical properties of the PBF/LB-P parts, in fact 
the PA12-CNF nanocomposites recorded a slightly higher UTS (~8%) 
and tensile modulus (~5%) (Fig. S7). The increase in modulus (+5%) 
was not to the same degree as observed in previous work using CNT [8] 
(+ 48%), which could be related to CNF having a wider diameter than 
CNT; however, CNF are around 3% the cost of CNT and are thus 

demonstrated as a promising alternative where additional functionality 
is required but increased mechanical properties are not as important. 

The ability to process the nanocomposite using a range of processing 
parameters, including those used for commercial PA12, is highly sig
nificant since the material is thus less sensitive to machine variances and 
can be processed using standard parameters without the need for time- 
consuming parameter searches. 

3.4. Characterization of laser sintered parts 

Raman punctual spectra shows the presence of polyamide by the 
band located at 1643 cm− 1 associated to the C––O stretching band of an 
amide group (Fig. S8). Moreover, the presence of CNF is confirmed by 
the peak located at 1590 cm− 1 (G) which is a result of the vibration of 
sp2-bonded carbon in a 2-dimensional hexagonal lattice [43]. Confocal 
Raman microscopy can be further applied in area mapping mode to 
provide molecular fingerprints (Raman spectrum) at every pixel with a 
high lateral resolution (~300 nm) [44]. Hence, it is confirmed that 
Fe3O4@CNF (Fig. S9a, blue) are distributed along the surface of PA12 
(Fig. S9a, red) within an area of 20 × 20 µm2. Note that Fe3O4 nano
particles are not observed in the Raman spectrum due to the low loading 
(10% in the CNF) and their small size. In contrast, large TiO2 

Fig. 7. Structural characterization of PBF/LB-P materials. (a) PA12 (white) and PA12-Fe3O4@CNF (dark grey) powders, and (b) PA12-CNF. Images of the fracture of 
(c) PA12 and (d) PA12-CNF. SEM of fracture surface of (e) PA12 and (f) PA12-CNF, produced at 2500 mm/sec and 21 W, showing good consolidation of both 
materials. Note the presence of strands (example circled), presumed to be CNF, in the PA12-CNF sample (7 f); (g) PA12-Fe3O4@CNF (0.1%wt) cylinder, produced by 
PBF/LB-P (h) schematic representation, (i) stack of 5 Raman sections (500 nm z-steps) and (j) representative Raman spectra of PA12-Fe3O4@CNF (0.1%wt) with 
Fe3O4@CNF (blue), PA12 (red) and TiO2 (green). Scale bar of (i) 4 µm. 
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nanoparticles, which are added to commercial polyamide powders to 
reduce their susceptibility to yellowing when exposed to thermal stress 
during PBF/LB-P, were detected (Fig. S9a, green) [45]. Volumetric 
Z-stack of XY-images, depicted in Fig. S9b-f, were collected within the 
same area 20 × 20 µm2 as Raman can penetrate through the sample, 
providing information not only from the superficial distribution (general 
mapping as shown above) but also the interface [46]. As expected, 
Fe3O4@CNF are mostly located on the surface of the PA12 nanoparticles 
as no signal is detected in the most interior layers (Fig. S9f). 

Similar analysis protocol was applied to a different PA12 nano
particle within the same PA12-Fe3O4@CNF material processed by PBF/ 
LB-P and reveals similar behavior, suggesting that Fe3O4@CNF is ho
mogeneously distributed on the PBF/LB-P composite (Fig. 7i-j). It is 
worth stressing that Raman measurements were carried out directly on 
the PBF/LB-P material as this technique does not require sample prep
aration (i.e. use of stains) [47] and it is non-destructive (i.e. ultrami
crotomy) [48], gaining molecular information of the real composite. 

A common concern in polymer nanocomposites is agglomeration; 
however, as each individual PA12 particle is coated with a small amount 
of Fe3O4@CNF and only the surface of the particle has been melted by 
the laser, it is reasonable to presume that an evenly structured network 
of nanoparticles is present throughout the PBF/LB-P part. 

3.5. Magnetic investigations of PA12-Fe3O4@CNF (0.1%wt) parts 
produced by PBF/LB-P 

The magnetic properties of PA12-Fe3O4@CNF cylindric parts pro
duced by PBF/LB-P (built in three orientations with alignment of the 
long symmetry axis along the X, Y and the Z axes of the build chamber, 
respectively) were investigated using a commercial SQUID (super
conducting quantum interference device) magnetometer. To ascertain 
any possible effects from PBF/LB-P, the magnetic behavior of the pre
formed Fe3O4 nanoparticles and the Fe3O4@CNF hybrid material in 
direct (DC) and alternating current (AC) mode were first carefully 
analyzed. As shown in Fig. 8a, both Fe3O4 and Fe3O4@CNF exhibited an 
in-phase signal of the AC susceptibility at 1 Hz under zero DC field that is 

associated with the blocking temperature from the superparamagnetic 
to the ferromagnetic transition with decreasing temperature. As recently 
demonstrated by our group [23], the formation of Fe3O4@CNF by hy
bridization of preformed Fe3O4 nanoparticles with CNF reduces signif
icantly the blocking temperature of iron nanoparticles (from 61 to 16 K), 
which is in line with the shift observed in the zero-field-cooled (ZFC) – 
field cooled (FC) measurements (Fig. S10). Such decrease was associated 
to the dispersion of the nanoparticles on the corrugated surfaces of 
carbon nanofibers as no noticeable changes in nanoparticle size visible 
by transmission electron microscopy after hybridization (Figs. 4b and 
S3). [49]. Moreover, it was also observed that the hybridization of Fe3O4 
nanoparticles with CNF modifies their behaviour from interacting 
(Fe3O4, Fig. S11) to non-interacting systems (Fe3O4@CNF, Fig. S12) 
based on the variations observed in the blocking temperature within the 
1–1000 Hz frequency range (Fig. S13− 14) [33,50]. The blocking tem
perature observed for a laser sintered cylinder (X-PA12-Fe3O4@CNF) as 
the peak maximum of the in-phase AC susceptibility signal is slightly 
smaller than the one observed for Fe3O4@CNF (Fig. 8a). This indicates 
that the Fe3O4 nanoparticles in CNF do not aggregate or grow after laser 
sintering, demonstrating the suitability of the methodology employed 
for protecting the magnetic functionality of magnetic nanoparticles. 

Magnetic hysteresis loops for Fe3O4 and Fe3O4@CNF were measured 
below (i.e. 2 K) and above (i.e. 300 K) the blocking temperature. As 
shown in Fig. 8b, the hysteresis loop at 2 K confirms that the samples are 
ferromagnetic below the blocking temperature, due to the presence of 
coercivity and remanence (Fig. 8b, inset). In contrast, the lack of coer
civity and remanence observed at 300 K (Fig. S15) indicates that the 
Fe3O4 nanoparticles have superparamagnetic properties above the 
blocking temperature, meaning that Fe3O4 nanoparticles respond to an 
external magnetic field at room temperature but they don’t retain any 
residual magnetism when the external magnetic field is removed [51]. 
As a result of confinement of Fe3O4 in CNF, a slightly lower coercive field 
is observed, whereas no changes on the saturation magnetization values 
at 2 K were noticed. When comparing with the cylindrical 
PA12-Fe3O4@CNF parts built along the X (red), Y (green) and the Z 
(purple) axes of the chamber (Fig. 8c), the cylindric part built along the 

Fig. 8. (a) In-phase AC susceptibility 
versus temperature at 1 Hz of Fe3O4 
(brown), Fe3O4@CNF (blue) and PBF/ 
LB-P PA12-Fe3O4@CNF composite 
along X-axis (red). (b) Magnetic hyster
esis of Fe3O4 (brown) and Fe3O4 @CNF 
(blue) at 2 K. (c) PA12-Fe3O4@CNF 
cylinder parts produced by PBF/LB-P 
(Fig. 7a) built in three orientations 
with alignment of the long symmetry 
axis along the X (red), Y (green) and the 
Z (purple) axes of the build chamber, 
and different views of the XY cross- 
section of the Z-cylinder showing the 
preferential alignment of Fe3O4@CNF, 
and (d) their respective saturation 
magnetization (inset: zoom of the hys
teresis loops at low magnetic fields).   
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Z-axis reaches saturation values of the magnetization faster than the 
other two (X and Y) suggesting that the Fe3O4@CNF hybrids are pref
erentially aligned along the Z-axis after laser sintering (Fig. 8d). Similar 
values for the coercive field are observed along the different directions. 
This result opens up the possibility of manufacturing PBF/LB-P pieces 
showing an easy magnetization direction. 

To the best of our knowledge, there have been no previous studies in 
the development of a magnetic PBF/LB-P composite using Fe3O4@CNF 
hybrids. Bin et al. presented a magnetic laser-sintered composite made of 
Fe3O4 nanoparticles but it was in the absence of carbon nanostructures 
and using a poly-L-lactic acid (PLLA) scaffold [52]. Despite the high iron 
loading (9%), the magnetic composite exhibited a lower saturation 
magnetization (i. e. 6.1 emu/g) at room temperature in comparison to 
our work, which can be related to the agglomeration of nanoparticles. 
Our method has addressed previously encountered issues with control of 
the final morphology and chemical composition of the nanoparticles 
[21,22], and agglomeration [22,52], important parameters that deter
mine magnetic parameters. Our method has also improved the physical 
properties of the sintered composite, recording a slightly higher UTS 
(~8%) and tensile modulus (~5%) (Fig. S7). In previous work looking at 
magnetic PBF/LB-P of magnetic powders, mechanical properties have 
not been reported, and it is therefore speculated that agglomeration may 
have had a negative effect.(Table 1). 

4. Conclusions 

In this work, a quick and easy method for adding functionality to 
commercial PA12 PBF/LB-P powders has been successfully demon
strated. By coating individual powder particles with CNF filled with 
metal oxide particles, a polymer with magnetic properties has been 
produced. This method has successfully allowed the protection of the 
functionality of the magnetic nanoparticles avoiding aggregation and 
nanoparticle growth, which is a challenge within the area. Moreover, the 
observance of the preferred alignment of the Fe3O4@CNF hybrids along 
a direction after PBF/LB-P opens up the possibility of manufacturing 
PBF/LB-P pieces showing an easy magnetization direction. 

With the metal oxide particles being encapsulated within the CNF 
structure, and the CNF having no negative affect on the processing 
window, it is proposed that the method could be adapted for a range of 
other functionalities simply by changing the nanoparticle within the 
CNF structure. This is particularly significant in PBF/LB-P where the cost 
of producing powders in small quantities is expensive, and the process of 
establishing a processing window for each new material is time 
consuming. 
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