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Abstract

Permanent Rare Earth magnets are becoming more and more important in efficient motors and generators
with high energy density. Among them NdFeB magnets are the most employed, with NdFeB having higher
remanence, high coercivity and energy product. Nevertheless,their poor corrosion resistance makes them
susceptible to degradation of the magnetic properties. One possible solution is the development of
innovative polymeric composite magnetic materials. The preparation of NdFeB powders filled polymeric matrix
(PEEK), with a double goal of protecting the magnetic alloy is proposed, thus preventing it from corrosion,
and to realize a new material that can be shaped in the form of filaments. This material was used as
feedstock in the 3D printing process to produce high performance magnets with customized and optimized
design. The PEEK-NdFeB filaments were produced with three percentages of filler amount(i.e. 25, 50 and 75
wt%). PEEK neat filaments were produced as reference. The influence of the filler on the main
thermomechanical properties of the resulting composites, as well as its effect onthe 3D printing process were
evaluated by means of different investigation techniques (DSC, DMTA, XRD, tensile testing). The magnetic
properties exhibited by Fused Filament Fabrication (FFF) printed parts confirmed the feasibility of employing
such a combination of an innovative manufacturing technique and high-performance PEEK-NdFeB
compounds.

The characterization carried out on both neat and composite filaments evidenced that the presence of the
filler slightly decreased the thermal stability, increased the elastic modulus while decreasing ductility and
maximum tensile strength. By means of DSC analysis, it was confirmed that the crystallinity is influenced by
the presence of the filler. Magnetic measurement performed on the 3D printed parts demonstrate that
interesting magnetic properties were achieved, confirming the feasibility of the magnetic 3D printed
composite with PEEK.
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Introduction

Rare-earth based Nd-Fe-B permanent magnets have
consistently gained a large commercial importance for
applications where the need of achieving high mag-
netic performance associated with low volume and
weight is a key driver. Permanent magnets (PMs) are
currently used in several space mechanism and equip-
ment (e.g. actuators, motors, drive systems and their
sensors, control and electronic components). NdFeB
magnets are commonly employed in the fully dense
sintered form, due to their superior magnetic proper-
ties, as they show high (BH)n.. On the other hand,
sintered NdFeB are difficult to shape in complicated
geometries, due to their brittleness. NdFeB magnets
must be machined (with limitations) to their final
form as they are not suitable for near net shape pro-
cessing, with a noticeable waste of material and re-
striction in the achievable final shapes. Moreover,
they exhibit poor corrosion resistance and, therefore,
need to be protected. Currently there are different ap-
proaches to prevent corrosion issues of PMs, that are
based on either the improvement of the intrinsic
properties of the bulk material (i.e. modifying the
alloy) [1-3], the use of coatings [4-9] to provide en-
vironmental shielding, or the use of binders or poly-
meric matrixes to embed NdFeB powders [8-10]. In
the latter case, both thermosets and thermoplastic
polymeric matrices have been proposed in the litera-
ture, such as epoxy resin [11-13], polyamide (PA)
[14] [15], or polyphenylene sulphide (PPS) [16].

Although polymer bonded magnets are not compar-
able with sintered magnets in terms of magnetic per-
formance, they can be shaped and miniaturized, thus
reducing weight and volume. Anisotropic NdFeB
composite magnets were proven to achieve BH,, of
17 MGOe, (thus being suitable to replace some sin-
tered magnets) together with low electrical conductiv-
ity, which limits eddy current losses and increases
their performance [8]. The introduction of additive
manufacturing (AM), also known as 3D printing, al-
lows the introduction of thermoplastic magnetic com-
posites via Fused Filament Fabrication (FFF) [17, 18].
This is particularly interesting in view of space pro-
grams that look towards long-term missions in deep
space, where the practical need for self-sustainability
arises [19, 20].

Extrusion-based AM, such as fused filament fabrica-
tion (FFF), of magnetic composites has been previ-
ously proposed in the literature [15, 21-23] being the
natural evolution of the standard extrusion techniques
already established for bonded magnets. In order to
achieve good magnetic properties of the printed mag-
net, a high percentage of the magnetic filler is
needed, that results in an increased viscosity of the
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composite filaments, which in turn decreases the
printability and accuracy [24-29]. In highly-filled iso-
tropic near-net-shape NdFeB bonded nylon magnets
(65% vol),which were printed by the Big Area Addi-
tive Manufacturing (BAAM) technique [22, 30], a
large 3.1 mm nozzle was used in order to overcome
the poor flowability of the highly filled composite fila-
ments. This large diameter nozzle (nearly 8 times lar-
ger than a standard 0.4 mm FFF nozzle) does ensure
printability, but also limits the use of this technique
to low accuracy and part resolution, due to the in-
trinsic impossibility of rendering small features and
tolerances.

In research performed by Li at al [31].,, PA12+70
vol% NdFeB was printed using a nozzle of 7.6 mm in
diameter. As expected, the resulting part possessed
higher magnetic properties compared to 65vol%
BAAMor injection moulding parts. However the
PA12 + 70 vol% NdFeB had lower mechanical proper-
ties [22].

Huber et al. [15] demonstrated the use of standard
FFF technology to print nylon with spherical NdFeB
particles. The printed parts showed no process-
induced anisotropy, suggesting that the layer-wise
building process does not affect the magnetic orienta-
tion of the spherical particles. However, the FFF
printed parts showed an average reduction of 20% of
the magnetic remanence compared to samples pre-
pared via injection moulding.

Recently Petersdorff et al. [23] investigated the FFF
production of polyoxymethylene (with 7.34% wt.
NdFeB) and PA12 (with 24.46% wt. NdFeB) based
magnetic compounds to print a blood rotary pump
impeller. A small magnetic remanence was measured,
which was attributed mainly to the presence of voids
and porosity, whilst intrinsic coercivity showed no de-
pendence on porosity or filler content. On the other
hand, the limited flowability of the material that
caused the porosity, is also the main factor why a lar-
ger nozzle was used, which is the reason for the
lower resolution, compared to usual FFF parts. It was

Table 1 Sample type and nomenclature

Sample Type Filler Type  Filler amount (%owt)
PEEK_neat Filament - 0

PEEK_neat_3D 3D Printed - 0

PEEK_25NdFeB Filament NdFeB 25
PEEK_25NdFeB_3D 3D Printed ~ NdFeB 25

PEEK_50NdFeB Filament NdFeB 50
PEEK_50NdFeB_3D 3D Printed ~ NdFeB 50
PEEK_75NdFeB Filament NdFeB 75
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also noted by the same research group that poor layer
adhesion was observed.

Ethylene-ethyl acrylate (EEA), a transparent thermo-
plastic copolymer with exceptional low-temperature
flexibility and impact resistance, was used as the
matrix of 3D printed NdFeB- and SrFeO-based mag-
nets [32]. The results showed good remanence, even
though difficulties in the extrusion/printing process
were reported.

PEEK was identified as the preferred polymeric candi-
date being widely used in space applications because of its
compliance with the very restrictive requirements such as:
high thermal stability, low outgassing, low flammability
and high radiation resistance [33-35]. PEEK is a semicrys-
talline organic polymer thermoplastic in the polyarylether-
ketone (PAEK) family, used in engineering applications. It
exhibits highly stable chemical structure, high mechanical
and thermal properties. The Young’s modulus is 3.6 GPa
and its tensile strength 90 to 100 MPa. PEEK has a glass
transition temperature of around 143°C and melting
temperature of 343°C and an onset of decomposition
temperature between 575 and 580°C [36-39], which
makes it, one of the most thermally stable thermoplastic
polymer, due to the stability of the aromatic backbone
comprising the bulk of the monomer unit [40, 41].

Recently PEEK has been used to produce 3D printed
parts obtaining mechanical performance similar to that
reported for PEEK processed by traditional injection
moulding [42, 43]. In some cases thought the ultimate
strength of 3D printed PEEK samples decrease to about
half of the traditional injection moulding PEEK and in
other cases they showed mechanical properties accord-
ing to the polymer data sheet value, depending on print-
ing conditions and orientation [39]. In particular, it was
pointed out that the thermal conditions seem to be the
crucial point in FFF printing of PEEK, as they have a
strong influence on crystallinity, residual stresses and,
thus, mechanical properties [44].

Despite the fact that promising results have been doc-
umented in the literature, none of the intended applica-
tions were directed towards space. Most of the polymers
used until now are not thought to be compatible with
the environment found in space. PA, for instance, has a
limited use in the space domain, due to its hygroscopic-
ity that can cause potential cross contamination, due to
outgassing [45]. Based on the current state of the art,
there is therefore a need for a high-performance
thermoplastic-based bonded permanent magnet for
space applications [10]. This development is the focus of
the work reported in this article.

In this research NdFeB loaded PEEK filaments (at 25, 50
and 70%wt loading) were produced and FFF printed for
the first time. A wide characterization was performed on
both filaments and printed parts to assess the resulting
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properties, in terms of thermal and mechanical perform-
ance and in terms of functional magnetic properties.

Materials and methods

PEEK 450P (Victrex plc, UK) with molecular weight
115.00 g/mol was used as polymeric matrix. NdFeB pow-
ders (Newland Magnetics Europe, France, Grade ZRK-A)
in form of flakes with average thickness of 35 um, were
used as magnetic filler. In terms of magnetic characteris-
tics, the powder shows remanence (B,) in the range 0.74—
080T and coercivity (Hg) of 440-496 kA/m, after
magnetization [46]. The as-received powder was not mag-
netized, to allow for composite preparation.

A sieve was used to remove particles with size larger
than 150 um, aiming to reduce the risk of nozzle clog-
ging during the printing.

Matrix and filler were premixed using a planetary
mixer (Thinky ARE-250) and successively extruded in
1.75 £ 0.05 mm diameter filaments, using a single-screw
extruder (FILABOT, USA),screw speed 25rpm -
temperature 340 °C. PEEK neat filaments were extruded
as well, as reference. All produced filaments were suc-
cessively 3D printed with an INDMATEC GmbH FFF
printer to produce 5 tensile test specimens, according to
ASTM D638-TypeV, and 3 cylindrical sample (diameter
@21 mm, height 5mm). CAD files were imported to
SIMPLIFY 3D software (SIMPLIFY 3D, USA), to slice
and set the printing parameters.

All specimens were printed horizontally on the build-
ing platform, with a raster angle of +45°/—45° in alter-
nate layers and 100% infill. Building platform
temperature was set atl00°C while nozzle temperature
was set at 400 °C. Table 1 summarizes all produced fila-
ments and 3D printed samples.

PEEK neat and PEEK_25NdFeB were printed with
nozzle diameter 0.4 mm while the PEEK_50NdFeB fila-
ments required the use of a nozzle with a larger diam-
eter (ie. 0.8 mm) due to the very high melt viscosity of
the composite.

Top layer
Nid layer

Bottom layer

Fig. 1 Layer scheme: red line refers to bottom layer in contact with

the building platform, the green line refers to the middle layer at

the centre of the sample, the grey line refers to the top surface layer
J




Pigliaru et al. Functional Composite Materials (2020) 1:4

Page 4 of 17

- ‘:' «,‘»;_ b %
Fig. 2 SEM image of the ZRK-A powders before sieving

NdFeB powder were characterized prior to use via
scanning electron microscope and X-Ray diffraction.
SEM inspection was performed with a Zeiss Leo 1530
VP SEM with a Shottky field emission source. EDX
analysis was performed with and Oxford instruments
Xmax80 silicon drift detector and the analysis soft-
ware INCA.

X-Ray diffraction (XRD, Philips X'Pert, Cu Ka=
1.524, 2's per step, 0.02°scan step size, 20 from 5° to
90°, powder sample holder) in terms of microstruc-
ture, chemical composition and phase analysis to ex-
clude the presence of oxides and corrosion products
prior to processing.

Melt Flow index tests (MP 1200 M Melt Flow Indexer,
Tinius Olsens temperature T =400 °C; m = 2,16 kg) were
performed on all premixed composite powders, as well

as on as-purchased peek powder, according to ASTM
D1238-13, prior to filament extrusion.

Density measurements of filaments and 3D printed cy-
lindrical samples were performed according to ASTM
D792 by means of a pycnometer (Analytical balance Sar-
torius™). Mean density values, coming from at least 3
measurements for each specimen, were compared with
theoretical density given by the rule of mixture reported
in Eq. 1:

Peomp = /0VolpeEKppprx + JoVOIPEEK PNaren (1)
Wherepcomp, Preek and pndres are the densities of, re-

spectively, the composite, the neat peek and the mag-
netic powder as taken from data sheet, while %vol is
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volume fraction. In the case of the presence of voids,
porosity was considered as a second filler, and the equa-
tion implemented accordingly.

Microsections of a 3D printed cylindrical sample
with 50%NdFeB particles (PEEK_50NdFeB_3D) was
performed and inspected with Leica Optical Micro-
scope MEF4AM (Leica Microsystems, The Netherlands)
microscope to verify the presence of porosity and
filler amount in the produced parts. The sample for
Magnetic characterization was mounted in resin and
grinded manually. Image analysis and porosities calcu-
lation were performed with Clemex Vision PE soft-
ware. A total of 19 images were analyzed and the
average values of the porosities calculated.

Thermal analysis on both produced filaments and 3D
printed cylindrical samples, was carried out by means of
DSC (Mettler Toledo, US) model SDTA/822e, 10 mg,
temperature range — 50 °C /+ 400 °C, heating scan10 °C/
min, in nitrogen) to assess the effects, if any, of the 3D
Printing process on the physical properties such as ther-
mal stability, degree of crystallinity, melting and
crystallization temperature.

The following equation was used to calculate the de-
gree of crystallinity from DSC [47]:

AH

(2)

where AH,, and AH, are the enthalpy of fusion at melt-
ing point as measured from DSC by the area under the
endothermic peak, and the enthalpy of crystallization as
measured by the area under the exothermic
crystallization peak, respectively. AHy is the enthalpy of
fusion of fully crystalline PEEK, which was taken equal

112
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S
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R
=
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100
T T T T T T T T
0 100 200 300 400 500 600 700
Temperature
Fig. 4 TGA of NdFeB powder
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Table 2 MFI comparison

Composition MFI (g/10 min) Standard Deviation
Mean value

PEEK 4 0.5

PEEK_25NdFeB 20 0.2

PEEK_50NdFeB 16 0.1

PEEK_75NdFeB 1.1 0.2

to 130]/g [48]; and wy is the weight percentage of the
filler in the compound.

The DSC analysis of 3D printed parts was carried out
on three different layers of the samples (bottom, middle
and top layer, as sketched in Fig. 1, to assess the quality
of the printing process in terms of homogeneity and
crystalline structure.

DMA analysis was conducted using a DMA SDTA/
86le unit, (Mettler Toledo, US). The measurements
were performed in tensile mode, temperature range —
100 °C/270 °C, cooling and heating rates of 5 °C/min, fre-
quency 1Hz, dynamic force 10N, and displacement
amplitude 50 pm.

TGA was carried out on NdFeB powder and 3D
printed cylindrical samples using a TGA SDTA/851e
thermobalance (Mettler Toledo, US). Samples were
heated at 5°C/min from ambient temperature to
720 °C, under nitrogen atmospheres, with a gas purge
rate of 70 ml/min in both cases.

Tensile tests of filaments were performed by means
of universal testing machine (Lloyd LRX, equipped
with 500N load cell at 5 mm/min, up to rupture, 10
specimens were tested for each type of sample).
Tensile tests of 3D Printed samples were performed
according to ASTM D638-10 (Type V micro-tensile
specimens, length =63.5mm, width=9.53mm and
thickness = 3 mm, with a Zwick/RoellZ100 testing ma-
chine, equipped with laser extensometer, at 1 mm/
min. Fracture surface of filaments and 3D printed
tensile sample was investigated after gold coating (25
mA, 1x10-4bar,120s) by means of scanning elec-
tron microscopy to investigate the distribution of the

Table 3 Summary of the main results of DSC analysis on
filaments

First heating Cooling Second heating

Tgl Xml Tml Tc X Tgll Xpll Tl

0 G O 9 G O G O
PEEK 144 315 342 298 372 143 377 342

PEEK_25NdFeB 143 316 342 298 357 142 357 342
PEEK_50NdFeB 143 308 340 287 346 141 325 340
PEEK_75NdFeB 142 239 341 281 288 141 286 340
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fillers within the polymeric matrix and the adhesion
between filler and matrix.. The analysis was per-
formed with a Zeiss Evo 60 SEM at 20kV using a
nominal working distance of 15mm for optimal
image quality. The SEM was fitted with an Oxford
Instruments XMaxn 80 Silicon Drift Detector. The
analysis has been done using Inca Suite V5.0
software.

Magnetic analysis apparatus consisted of an MagMi-
cromag magnetizer and an AMH-500 BH-Tracer hyster-
esis graph for hard magnets, (LaboratorioElettrofisico,
Italy). All 3D Printed samples were first externally mag-
netized in the MagMicromagat 3000 V, which generates
a field of over 3 T in the air gap within the magnetizing
coil.

The hysteresigraph performs closed-circuit measure-
ments in which the material is in the form of a block
or cylinder with uniform cross section and parallel
faces, and it is clamped between the poles of an elec-
tromagnet so that it forms part of the closed mag-
netic circuit [49]. The field in the electromagnet is
swept, and B (or M) and H are recorded on a com-
puter. The measurements were conducted at room
temperature on 3D printed cylinder samples, sweeping
the external field (H) from 1000 kA/m to - 1000 kA/
m and using an LJA-26 coil. Each measure has been

repeated three times for each specimen. At least 3
3D printed specimen of each composition were
measured.

The value of Br for the magnetic powder according
to the datasheet is 748 mT [46]. The expected Br
values have been calculated based on Eq. and Eq. de-
rived from the results reported by Zhang et al. [50]
and Goll et al. [51]. As reported in Eq. 3, Br has a
linear dependence to the effective volumetric fraction
of the magnet that concurs to the magnetic
properties. (BH). in turn, has a quadratic behavior
with Br (and with the particles content) according to
Eq. 4. The estimation of void content was also neces-
sary in order to calculate the expected Br.

Br = Vf(l_vvoid)Br,powder (3)
2
(BH) mmc.hondedo< [Vf(l_VVDid)Br,powder] (4)
Results and discussion
Raw materials characterization

As received NdFEB powders were analysed with SEM/
EDX (Fig. 2) and XRD (Fig. 3). SEM images show the

Table 5 Summary of the main results of TGA analysis on
filaments in nitrogen

Temperature 2% Temperature 10% Residual weight

Table 4 PEEK_NdFeB filaments: DMTA results mass loss (°C) mass loss (°C) at 700 °C (%)
Storage Modulus [GPa] Max Tan & [7] Nitrogen

PEEK 33+£03 152 £ 08 PEEK 567 £2 582 +4 547 £ 1.8

PEEK_25NdFeB 38+05 153+ 20 PEEK_25NdFeB 555 + 2 567 +4 711 £1

PEEK_50NdFeB 6+04 157 £ 1.1 PEEK_50NdFeB 560 + 3 576 £2 846+ 09

PEEK_75NdFeB 65+ 05 159+13 PEEK_75NdFeB 559 + 1 - 952 £ 0.1
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characteristic shape of the melt-spun powders, which are
very irregular. The powder size distribution was found
to be, in accordance to the datasheet, between 75 and
300 um measured by SEM analysis.

The XRD results Fig. 3 of the as received powder
shows the presence of Nd,Fe;4B. This phase is known
[52, 53] to have the highest magnetic properties. The
presence of soft magnetic phases, i.e. Fe and Fe3B, was
also revealed from XRD analysis and might have an in-
fluence on the magnetic polarization saturation (and fi-
nally also the remanence) of the final produced
materials.

From the TGA (Fig. 4) the mass gain shows a fairly
sharp increase at approximately 580 °C, followed by a
further increase at 620°C which sums up to around
11+£2%. This is in good agreement with similar data
found in the literature [13]. This double peaked behavior
can be attributed to the formation of various oxides
while the oxidative attack proceeds from the Nd-rich
grain boundary phase through Nd,Fe 4B grains. It is ex-
pected, according to literature [52, 53], that the corro-
sion products are mostly oxides, such as Fe (II) (FeO)
and Fe (III) (Fe,O3), Nd>,O3 and a-Fe,Os;. However ac-
cording to [4, 54], absorption are also expected due to
the formation of other corrosion products, and their
possible interaction with humidity.

According to TGA results, the powder can be consid-
ered stable against oxidation, both during filament prep-
aration and FFF printing, as the processing temperature
in both cases does not exceed 450°C, which is well
below 580 °C, above which TGA starts to record weight
variation. Moreover, during the FFF printing, the mag-
netic filler is expected to be protected by the polymeric
matrix.

In view of filament manufacturing through extru-
sion and successive FFF printing of the magnetic
composites, the melt flow Index (MFI) was measured
at 400 °C. As it is well known from literature [55, 56]
The MFI parameter is related to the viscosity of the
material under test and the lower, the higher the vis-
cosity of the polymer. Therefore, as it is possible to
observe from the results reported in Table 2 reveal,
the decrease of MFI at increasing filler amount can
be associated to an increase of the viscosity (not mea-
sured). This could lead to some difficulties in the
printing process.

Filaments characterization

Thermal characterization of extruded filaments was
assessed by means of non-isothermal DSC analysis in
nitrogen atmosphere, and the results are shown in
Table 3 (error are within sensitivity of the
instrument).
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Table 6 Expected and measured density and weight
percentages for all prepared filaments

Nominal filler ~ Nominal Measured density Porosity

content density

wt%  vol%  g/cm3  g/cm3 [%]
PEEK_Neat - - 1.300 1.294 (+0.025) 05
PEEK_25NdFeB 25 537 1633 1.623 (+0.038) 06
PEEK_50NdFeB 50 1456 2212 2.172 (£ 0.021) 1.8
PEEK_75NdFeB 75 33.82 3427 2.935 (£ 0.039) 143

The second melting (X,II) and cooling cycle (X,)
evidenced the influence of filler on crystallinity, as it
decreases with increasing filler content. This can be
due to particles that may impede the development of
the polymeric chains as an ordered structure. During
the second heating, crystallinity maintains the same
trend at increasing amounts of filler, but it is gener-
ally higher than in the first heating, where the ther-
mal history of the material reveals that the cooling
after the filament extrusion was probably too fast,
thus not allowing the polymeric chains to form the
crystal phase.

Results from DMTA analysis are reported in Fig. 5.
The storage modulus at room temperature and the glass
transition temperature (taken as the maximum of tan §
curve from DMTA) of the composite filaments are
higher than that of neat PEEK filaments (Table 4). Such
effects have been observed in other polymer systems
filled with finely dispersed materials [57]. The storage
modulus (E’), in particular, evidences a marked increase
above 50% wt loading.

TGA results (Table 5) indicate that the presence of the
filler in the filaments changes the onset of thermal deg-
radation with respect to the PEEK NEAT, which is most
probably due to the thermal conductivity of the NdFeB
particles. The residual mass of the PEEK NEAT fila-
ments recorded at the end of the test (Table 5) can be
related to the presence of a carbonaceous char as result
of polymer decomposition. In PEEK degradation, as re-
ported in the literature [58], the first decomposition step
is associated to the scission of both ether bonds and

Table 7 Values of tensile strength, elastic modulus and
elongation at break for all compositions (3 confidence intervals
in brackets)

Elastic modulus (GPa) Tensile strength  Elongation at

(Mpa) break (%)
PEEK_neat 3.0 (x0.2) 89 (£5) 52
PEEK_25NdFeB 3.2 (+0.2) 80 (+5) 5(*2)
PEEK_50NdFeB 4.2 (+0.5) 75 (£3) 4 (£1)
PEEK_75NdFeB 4.3 (+0.8) 51 (£8) 2 (£1)
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100 pm’

Fig. 6 Fracture surfaces of PEEK_25NdFeB (left) and PEEK_50NdFeB (right)

200 pm

carbonyl bonds in the ketone group. The second step
consists of a rapid and significant mass loss, which oc-
curs just below 600 °C, resulting in the volatilization of
around 45% of the polymer mass.

The residual mass of NdFeB filled samples was
higher than that of the nominal filler content, due to
the presence of the residual mass of PEEK. It can be
concluded that TGA measurements cannot provide a
reliable estimation of filler content in the filaments,
and hence density measurements have been per-
formed showing that the measured values are in
agreement with the theoretical ones, calculated by the
rule of mixture of Eq. 1. The estimated filler content
in the filaments, as calculated from the density mea-
surements (Table 6) was found to be slightly lower
than expected, particularly in highly loaded samples.
This is most probably due to the presence of

porosity.

As the addition of filler is increased, the Modulus
of elasticity (E) also shows an increase (Table 7). This
is expected, as the filler is much stiffer than the poly-
meric matrix, particularly from 50%wt, according to
DMTA results. Consequently, the elongation at break
decreases with increasing amount of particles, as the
presence of the particles hinder the chain elongation
in the direction of the applied load. Also, the inter-
face between the particles and the matrix is not as
strong as the intermolecular bonding in the matrix.
Accordingly, the SEM micrographs (Fig. 6 and Fig. 7)
of the fracture surfaces of the filaments after tensile
tests evidenced some degree of ductility in PEEK
25NdFeBsample, while the 50% loaded sample shows
a more brittle fracture. Tensile strength decreases
with increasing particle content. The particles do not
act as a reinforcement to the matrix, mostly due to
the limited adhesion to the matrix (SEM micrograph

Fig. 7 Higher Magnification (150x) (left) and PEEK_50NdFeB (350x)(right) fracture surface details
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PEEK.25NdFeB

Fig. 8 3D printed samples: magnetic sample PEEK NdFeB 25 (left) magnetic sample PEEK NdFeB 50 (centre), tensile test sample PEEK NdFeB25

PEEK.25NdFeB

of Fig. 7) and to their micrometric dimension. The
particles, in some cases, act as defects providing stress
concentration around their sharp edges, where most
of the cracks are originated (see Fig. 7). Additionally,
debonding of the matrix from the particles results in
the formation of voids, allowing more crack propaga-
tion (Fig. 7).

As discussed previously, a limited matrix/filler inter-
facial adhesion was observed in the SEM micrographs.
Matrix/filler adhesion could be improved nevertheless,
the use of coupling agents, that were proven to be ef-
fective in other systems (as silane [59-61], stearic
acid [62] and polysulfones [63]) shall be assessed for
these materials, due to the high temperature of the

PEEK_neat 3D

PEEK 25NdFeB_3D

PEEK 50NdFeB_3D

-100 -80 -60 -40 -20 0

PEEK_25NdFeB 3D printed parts ¢ PEEK_50NdFeB 3D printed parts

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 °C (c)

Fig. 9 DSC first heating curves for bottom (red line), middle (green line) and top (black line) layer of 3D printed parts a neat PEEK b
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extrusion and printing process and to the high chem-
ical reactivity of the metallic powders.

Characterization of the 3D printed parts

FFF printing of neat PEEK and PEEK_25NdFeB occurred
without any issues, while the PEEK_50NdFeBfilaments
required the use of a nozzle with a larger diameter of
0.8 mm. This was expected, as its MFI was very low, in-
dicating that the melt viscosity of the composite is high.
Moreover, in this latter case, it was possible to print only
the samples for the magnetic characterization, not the
dogbone specimens (Fig. 8). At the present stage, the
FFF printing of PEEK_75NdFeB_3D was not successful,
as the filament were very stiff and practically no adhe-
sion among the layers was achieved.

An extensive thermal characterization was per-
formed on the 3D printed samples in order to assess
the effects of the printing process on the material
properties.

The DSC curves for all three layers are reported for:
PEEK neat (Fig. 9a), PEEK_25NdFeB (Fig. 9b) and
PEEK_50NdFeB (Fig. 9c), while the relevant values are
reported respectively in Table 8, Table 9 and Table 10.
In all cases, it is interesting to observe that the DSC
curves of the bottom layer are different to those of
the upper layers, as in the former case the presence

of a distinct cold crystallization peak (blue arrows in
Fig. 9a,b,c) was recorded, that is related to the pres-
ence of a non-equilibrium amorphous phase. This
amorphous fraction is usually due to a rapid cooling
that impedes the polymeric chains to allocate properly
in the crystal structure. Rapid cooling, on the other
hand, is related to the presence of a high thermal
gradient between the nozzle and the plate. This leads
to the conclusion that a higher temperature of the
plate could be beneficial, allowing for a more suitable
rate of polymer solidification. On the other hand, the
limited crystallinity of the bottom layer turns into less
shrinkage with beneficial effect on the adhesion to
the building platform.

Moreover, the peaks of cold crystallization were found
to be more pronounced in magnetic samples, with a
consequence on crystallinity. In fact, the crystallinity of
the first layer is as low as 21 +1% for PEEK_neat, de-
creases to 12 + 1% for PEEK_25NdFeB and has its mini-
mum of 8 +0.5% for PEEK 50NdFeB samples. If
compared to the other layers, the first layers show a lack
of crystallinity of 28 +1.5%, 60 +1% and 75 +2%, re-
spectively. This is most probably linked to the thermal
conductivity of the composites, that is expected to in-
crease with increasing filler amount, and which renders
the heat conduction between the deposited filaments

Table 11 Expected values after apparent density measurement of the printed parts

Nominal density

Measured density Void content

(g/cm®) (g/cm’) (vol%)
PEEK_ Neat_3D 1.294 -
PEEK_25NdFeB_3D 1.633 138 +0.005 14.8
PEEK_50NdFeB_3D 2212 1.76 £0.010 188
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particles (green)
A\

Fig. 11 Image (one of the 19) taken from at X 200 original magnification of the microsection of the PEEK_50NdFeB_3D (left) and result of the
rieaboration with the Clemex Technologies Inc. software highlighting the presence of porosities (blue), PEEK matrix (red) and magnetic

and the printing bed more efficient, promoting some
quenching.

The results of thermogravimetric analysis (TGA) car-
ried out on filaments and 3D printed samples are re-
ported in Fig. 10 (left), while Fig. 10 (right) reports the
values of onset degradation.

The onset of thermal degradation of all FFF printed
samples appears at lower temperatures compared to
the results of relative filaments, and as such, the ef-
fect becomes more evident with increasing filler con-
tent. This can be attributed to some degree to the
degradation of the PEEK matrix during the printing,
which is clearly accentuated by the presence of the
filler. Literature reports [64] that at temperature as
high as 400°C in air, PEEK can exhibit some degree
of degradation and modifications such as crosslinking.
In this regard, the cleavage of carbonyl or ether
bonds can lead to the formation of relatively unstable
radicals, which can combine between each other,
leading to crosslinking and loss in terms of chains
mobility [22, 30]. This phenomenon can occur during
the printing as the filament sees a temperature of
approximately 400 °C as it passes through the nozzle.

The densities of the printed PEEK_25NdFeB and PEEK _
50NdFeB were found to be 1.38g/cm’and 1.76 g/cm®

respectively. From such measurements, the void content
of the printed parts was estimated, according to Eq. 1, as
the different between the nominal expected density value
and the measured one.

The results are reported in Table 11:

The amount of void content was confirmed by
analysis of microsection (results reported only for
PEEK 50NdFeB, Fig. 11), which revealed a presence
of porosity of 20+ 1(average value among 19 mea-
surements in different part of the sample) as reported
in Fig. 12.

The results of the tensile tests of PEEK neat 3D
and PEEK_25NdFeB_3D printed samples are reported
Table 12. The values of PEEK neat are consistent
with the scientific literature [39] and with those found for
the filaments, highlighting the successful nature of the
printing process. A general decrease in terms of
mechanical properties, with respect to those of rele-
vant filament, is evident for the 25%wt filled sample.
This can be most probably attributed to a partial deg-
radation occurring to the polymer during the printing.
The analysis of the fracture surface of the 3D printed
tensile test specimens after testing shows that good
interlayer adhesion was achieved. However, in the
case of PEEK_25NdFeB, a massive presence of voids

50
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Fig. 12 Image analysis with statistic calculation of the amount of porosities found in the microsection of the PEEK_50NdFeB

20
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Table 12 Values of tensile strength, elastic modulus and
elongation at break for neat PEEK and PEEK_25NdFeB 3D
printed parts

Tensile strength  Elastic modulus  Elongation at

(MPa) (GPa) break (%)
PEEK_3D 78 (+7) 29 (£0.3) 7 (£3)
PEEK_ 60 (+9) 25 (+0.6) 4 (+1)
25NdFeB_3D

in each layer, associated to the loss of magnetic filler, was
observed (Fig. 13). This is due to the no optimal filler/
matrix adhesion, as already observed for the filament.

The magnetic properties of the FFF printed com-
posite materials was assessed. As previously reported
the as-received particles were mixed in vacuum with
the polymeric matrix, extruded and printed in their
non-magnetic state. After printing, the samples were
magnetized at room temperature, results are reported
in Table 13 and in Fig. 14 (hysteresis loops).

Both PEEK _25NdFeB and PEEK _50NdFeB have ad-
equate magnetic properties, despite being slightly
lower than the theoretical value. This difference could
be explained considering that the 3D printed samples
contain a not-negligible presence of porosity, as veri-
fied by density measures and microsection analysis.
The voids, being non-magnetic, act against the effect
of the filler. The expected Br has been calculated ac-
cording to Eq. 3 and two different cases have been
considered:

e Ideal case: based on the assumption that no voids
present in the samples (Vyoiq =0 in Eq. 3). In this
case, the discrepancy among the measured Br and

Page 13 of 17

Table 13 Magnetic properties of the printed samples

HCJ [kA/m] Br [mﬂ (BH)max [J/m ]
PEEK_25NdFeB_3D 413 (£18) 26 (+2) 130 (+4)
PEEK_50NdFeB_3D 167 (£10) 69 (£5) 750 (£13)

the Br expected might be related to different
issues: the amount of filler in the composite is
lower than the nominal filler content, some
degradation of the magnetic powders might have
occurred or the magnetic properties declared in
the datasheet are lower with respect to the real
values. The results for the ideal case are reported
in Table 14

e Real case: voids present in the samples are taken
into account (according to the values calculated
with standard methods, results reported in
Table 11). In this case the discrepancy among the
measured Br and the Br expected is due to the
presence of porosities in the sample. The results
are reported in Table 15

The relative magnetic performance loss appears to
be much lower in the real case (when porosities are
taken into account) with respected to the ideal case
(no voids considered in the calculation). This is due
to the fact that in the first case, not taking into ac-
count the presence of porosities the discrepancy
among the measured B, and the expected values is
quite high. The difference among the Br loss in the
ideal and real case suggested that the loss in magnetic
properties could be also related to some other deg-
radation phenomena, other than the presence of
voids, that might have occurred during the
processing.

Fig. 13 3D printed PEEK_25NdFeB (right) surface fracture after tensile testing. Detail of layer adhesion
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Fig. 14 Hysteresis loop for PEEK_25NdFeB printed magnet (left) and PEEK_50NdFeB printed magnet (right)

The possibility of a loss in B, due to some degree
of oxidation of the magnetic phase Nd,Fe;4B during
processing might be a possible explanation of the
large discrepancy among the expected remanence
value and the measured one. The phase Nd,Fe;,B ex-
hibits the highest ferromagnetic properties in the ma-
terial, while the oxidation products (mostly Nd and
Fe Oxide) are not proving a contribution in terms of
magnetic properties [5].

Despite the characterization of the as received pow-
der did not reveal the presence of oxidation (XRD re-
sults), and the thermal stability was judged high
enough to prevent degradation during the printing
process (TGA results on as received metallic powder),
EDX map analysis Fig. 15 have been performed on
the particles contained in printed samples revealing
some degree of oxidation. At the particles surface and
on the internal areas the Nd and Fe content was
found to be low and the oxygen content high, sug-
gesting the formation of species coming from oxidation
reaction, that might have occurred among Nd and O and
Fe and O. Such results can explain the reduction of the
magnetic properties found in printed parts for both
PEEK_50NdFeB and PEEK_25NdFeB.

Finally, coercitivity was found to be much lower in
PEEK_50NdFeB printed parts with respect to PEEK_

Table 14 Expected values after apparent density measurement
of the 3D_PEEK_NdFeBsamples (ideal case)

Measured Nominal Filler Magnetic

content properties
(without voids)
Br [mT] vol [%] Brexp [MT] Br loss [%]
3D_PEEK_25NdFeB 26 + 1.5 537 39.74 34.57
3D_PEEK 50NdFeB 69 + 15 1456 11648 40.76

25NdFeB samples that, instead, confirmed the value
of coercitivity expected for the powders (roughly 440
kA/m according to the supplier datasheet). Coercitiv-
ity, though, is not affected by the porosity of the sam-
ples, as it is an intrinsic property of the materials [22,
65]. Therefore, it is believed that a possible explan-
ation for such finding has to be addressed to a differ-
ent degree of filler orientation in the printing
direction that is quite high in the case of PEEK_
25NdFeB, and much more limited in the case of
PEEK_50NdFeB, as the massive presence of filler
amount forced the use of a larger nozzle.

Conclusions

PEEK-NdFeB composite filaments were produced by
means of a single-screw extruder equipped with a mix-
ing head to ensure good mixing between particles and
matrix. The effect of filler quantity was assessed in terms
of mechanical and thermal properties. The printing ac-
tivity was performed to enable the mechanical and mag-
netic properties to be evaluated.

DSC analysis on the printed parts was performed to
evaluate the quality of the print. The first layer was
found to have a lower degree of crystallinity, reported by
the presence of a cold crystallization peak after the glass
transition. When compared to that of the upper layers,

Table 15 Comparison between measured Br and expected
values for the 3D_PEEK_NdFeB samples taking into account the
presence of voids (real case)

Measured  Nominal Porosities  Magnetic
Filler content properties
(with voids)
Br [mT] vol [%] [%] Brexp [MT]  Br loss [%]
3D_PEEK 25NdFeB 26 + 15 537 14.80 33.86 2321
3D_PEEK _50NdFeB 69 + 1.5 14.56 18.80 94.58 27.05
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the first showed a lack of crystallinity of roughly 10, 18
and 22% for the increasing filler content. This is linked
to the higher thermal gradient occurring when printing
the first layers that are in direct contact with the cooler
plate. Moreover, TGA analysis of the prints in compari-
son to the relevant filaments shows a loss in thermal sta-
bility after printing.

Tensile testing of the 3D composite printed parts
showed a lower tensile strength with respect to PEEK
neat value. This was due to the lack of an efficient inter-
face between the matrix and the particles, and to the fact
that the particles contained many irregular edges that
act as initiation sites for cracks.

Finally, magnetic measurement shows energy products
of 130J/m?® for PEEK_25NdFeB and 750 J/m® for PEEK_
50NdFeB demonstrating the feasibility of the magnetic
3D printed composite with PEEK. These values are
slightly lower than the optimal ones (25% and 33%, re-
spectively), but encouragingly, the results are consistent
with what was found in the literature for PA-based addi-
tively manufactured bonded magnets. The presence of a
not negligible amount porosity and, in the case of
PEEK_50NdFeB sample, the lack of filler orientation
were considered the major findings. Therefore, further
optimization of the printing process is required to de-
velop a magnet that will have the optimum performance
for use in space applications.
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