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3D gel-printing (3DGP) opens new possibilities to process complex-shaped Sr ferrite parts for magnetic appli-
cations. In this study, a novel 3DGP process based on the hydroxyethyl methacrylate gelation system was em-
ployed to prepare complex-shaped Sr ferrite samples. To obtain highly loaded pseudo-plastic slurries, the Sr
ferrite powder was modified by 1 wt% silane coupling agent and 2.5 vol% polymer Silok7050S was introduced
into the ceramic slurry as a dispersant. In the printed samples, good dimensional accuracy and surface quality

were achieved with a relatively low surface roughness of 5 um. After sintering, the Sr ferrite ceramics exhibited
good surface quality and the surface roughness was 3.2 pm. A homogeneous microstructure was observed. The
bending strength for the sintered samples with the relative density of 97% was 83 MPa. In addition, the cor-
responding coercivity, remanence, and maximum magnetic energy product values were 271.2kA/m, 0.383 T,

and 26.34 kJ/m®, respectively.

1. Introduction

Sr ferrite was developed in the 1950s by the scientists at Philips
Laboratories [1,2]. Due to its distinct magnetic properties, such as
high Curie temperature, magnetization, permeability, and coercivity,
along with excellent chemical stability, corrosion resistivity, and low
production cost [3-5], it has been widely used in industrial appli-
cations, such as rotors in brushless DC electric motors [6]. Nowa-
days, the trend for downsizing electronic devices with complex
shapes has led to the demand for promising technology to obtain the
desirable Sr ferrite parts [7,8]. Recently, the application of powder
injection molding (PIM) has been reported for fabricating complex-
shaped sintered Sr ferrite ceramics [9]. PIM is of interest since it
offers the potential for the production of complex-shaped parts [10].
Nevertheless, there are still some drawbacks to PIM, such as specific
tooling requirements for injection molding [11].

Additive manufacturing (AM) has received much attention be-
cause of the flexible manufacturing ability to translate the complex-
shaped geometries directly into 3D objects [12,13]. Its main bene-
fits include freedom of design, mass customization, waste mini-
mization and the ability to manufacture complex structures
[14,15]. Typical AM technologies include three-dimensional
printing (3DP) [16], selective laser melting (SLM) [17], selective
laser sintering (SLS) [18], stereolithography (SLA) [19], fused de-
position molding (FDM) [20], electron beam melting (EBM) [21],
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and direct inkjet printing (DIP) [22]. Owing to the unique fabri-
cation method, AM is well-suited to fabricate complex-shaped parts.
To date, the majority of the additive manufacturing efforts have
been carried out to print fiber-reinforced composites [23], re-
chargeable micro-batteries [24], structural metals [25], and high-
temperature ceramics [26]. Nevertheless, AM printing of Sr ferrite
ceramics is still in its infancy.

Generally, 3DP, SLA, and DIP were employed to produce ceramic
parts. However, relatively low solid loading of the ceramic slurry of
typically less than 40 vol% was the main obstacle for the AM printing
process [27]. Very recently, 3D gel-printing (3DGP) based on gel-
casting was proposed for producing complex-shaped parts with highly
loaded printing slurry [28]. Gel-casting is an attractive near-net-
shaped colloidal forming technique with the high solid loading of
suspensions, including harsh crosslinking polymers or curing agents
[29,30]. With the combination of gel-casting and 3D printing, 3DGP is
a promising method to enable miniaturization of complex-shaped Sr
ferrite parts.

Therefore, it is of interest to employ 3DGP to fabricate Sr ferrite
ceramics. To date, no related reports have been presented regarding
this topic. In this paper, a highly loaded pseudo-plastic printing
slurry was prepared to print Sr ferrite ceramics. The slurry pre-
paration, 3D printing, and sintering of 3DGP Sr ferrite ceramics were
investigated.
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Fig. 1. SEM images of raw Sr ferrite powders: (a) low and (b) high magnification.

2. Experimental procedure
2.1. Slurry preparation

Commercial Sr ferrite powder (China Grirem Advanced Materials
Co., Ltd) with a mean particle size of 1 um was used as raw material.
Fig. 1 shows the morphology and the particle size distribution of Sr
ferrite powders. First, the Sr ferrite powders were treated with silane
coupling agent KH560 (AR, Sinopharm Chemical Reagent Co., Ltd) to
improve the surface activity of powders. Second, hydroxyethyl metha-
crylate monomer (HEMA, AR, Sinopharm Chemical Reagent Co., Ltd)
and N, N’-methylenebisacrylamide as crosslinker (MBAM, AR, Sino-
pharm Chemical Reagent Co., Ltd) were added into deionized water.
Then, polymer Silok7050S (AR, Guangzhou Siloky Chemical Reagent
Co., Ltd) was added as a dispersant into the mixture to produce a
premixed solution. Finally, to obtain the printing slurry, modified Sr
ferrite powder was added into the premixed solution and mixed in a
planetary centrifugal mixer at atmospheric pressure for 30 min Table 1
lists the composition of the raw materials.

2.2. 3D printing

Fig. 2 shows the schematic diagram of the 3DGP method for printing
Sr ferrite parts. At the start of printing, 3D models were designed and
sliced into the printing code. Second, the printing slurry was loaded
into a plastic syringe barrel with a nozzle. A solution with N, N, N’, N’-
tetramethylethylenediamine (TEMED, AR, Sinopharm Chemical Re-
agent Co., Ltd) as a catalyst and ammonium persulphate (APS, AR, Si-
nopharm Chemical Reagent Co., Ltd) as an initiator was delivered to the
screw extruder along with the slurry to adjust the gelation time. Then,
the nozzle continuously printed Sr ferrite parts at a speed of 20 mm/s.
The stage motion was controlled by the computer system. After the
3DGP process, the printed green samples were dried in a vacuum oven

Table 1
Composition of the raw materials.

Raw materials Content (vol%)

Sr ferrite powder 50
HEMA 9.1
MBAM 0.76
Silok7050S 0.25
TEMED 0.4
APS 0.32
Water Bal.
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at 50 °C for 8 h. The dried green samples were treated at 500 °C for 1 h
and then sintered at 1300 °C for 2 h with a heating rate of 4 °C/min in a
tube furnace under an argon atmosphere. Subsequently, the sintered
samples were performed furnace cooling to room temperature.

2.3. Tests and characterization

The viscosity of the Sr ferrite slurry was tested by a rotational
viscometer (Brookfield LYDV-S). The density of the sintered magnets
was determined by the Archimedes’ type measurements. Five samples
for each processing condition were tested to confirm reproducibility.
The room temperature magnetic properties were measured by a mag-
netic measurement device (NIM-200C). The transverse rupture strength
(TRS) of the sintered samples was tested by the three-point bending
using an electronic universal testing machine (Instron CMT 4305). The
surface roughness and morphology of the printed and sintered magnets
were measured by a confocal laser scanning microscope (CLSM,
OLYMPUS LEXT OLS4100). Microstructure and fracture surfaces were
characterized by field emission scanning electron microscopy (FESEM,
Supra55).

3. Results and discussion
3.1. Sr ferrite slurry preparation

Low viscosity with high solid loading is the main parameter for the
printing slurry. Fig. 3 shows the viscosity of printing slurry without
dispersant as a function of solid loading. Sr ferrite powders were dis-
persed in the solution, which consisted of HEMA, MBAM, and deionized
water. As shown in Fig. 3, the slurry viscosity increased with the solid
loading. When the solid loading reached 50 vol%, the corresponding
slurry viscosity was about 13.5 Pas, which was much higher than the
ideal viscosity value for printing. To obtain printed green samples with
high quality, the viscosity should be lower than 3Pas. It was often
difficult to obtain a highly loaded slurry with low viscosity, especially
for fine Sr ferrite powders.

To reduce the slurry viscosity, different dispersants were introduced
into the slurry. Normally, ammonium citrate (AC) is used as a typical
dispersant in gelatin systems. However, for the Sr ferrite slurry, there
were no notable changes in the viscosity with AC addition. First, the
viscosity significantly decreased and then increased with the
Silok7050S dispersant content, as shown in Fig. 4(a). The optimal
content of Silok7050S was 0.25 vol%. With the 0.25vol% Silok7050S
addition, the viscosity decreased from 13.5Pas to 7.3Pas. At this
point, a high coverage of particles without bridging was achieved and
the stable dispersion of powders in the slurry was supported by high
electrostatic repulsive interactions. At relatively low Silok7050S



F. Yang et al.

Sr ferrite powder

Premixed solution Sr ferrite slurry

Ceramics International 44 (2018) 22370-22377

Screw extruder

Catalyst and initiator

Computer control system

Fig. 2. Schematic diagram of the 3DGP process for printing Sr ferrite parts.
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Fig. 3. The viscosity of printing slurry without dispersant as a function of solid
loading.

content, since some particles were not covered with the polymer, they
were in direct contact with other particles and formed aggregates, in-
creasing the slurry viscosity. With excess dispersant addition, polymer
bridge formed between primary particles, resulting in the acceleration
of powder aggregation and viscosity increase [31].

Similarly, silane coupling agent was employed to modify the Sr ferrite
powder. First, Sr ferrite powders were mixed with various amounts of
silane (0, 0.5, 1.0, 1.5, 2 wt%). Second, a solution of deionized water and
alcohol at a volume ratio of 1:1 was added into the mixed powders, just
enough to immerse the powder. Then, the suspension was mixed in a
planetary centrifugal mixer for 24 h. After drying, the modified Sr ferrite
powders were obtained with a silane coating. The viscosity change with
silane coating is shown in Fig. 4(b). The viscosity decreased first and then
increased with the silane content. Furthermore, 1 wt% was considered
the best silane content. The alkoxy groups (OCHj3) of the silane were
transformed into silanol (Si-OH) during the hydrolysis in the aqueous
media, as shown in reaction (1) [32]. Thereafter, the Si-OH was coated
on the surface of Sr ferrite powder (reaction (2)), which was beneficial to
improve the powder surface activity, resulting in enhanced slurry
fluidity. The coupling agent enhanced the consistency of the inorganic
powders and the polymer and the dispersion of inorganic powders in the

polymer.
CH,OCHCH, 0 (CH,);Si (OCH;s);+3H,0 — CH,OCHCH, O (CH,);Si (OH);
+3CH;0H @

Si — OH+@(Sr ferrite particle) -~ @ — Si — OH 2

—e— Dispersant-Silok7050S
—a— Dispersant-Ammonium citrate
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Fig. 4. The viscosity of 50 vol% Sr ferrite slurry as a function of (a) dispersant,
and (b) silane content.

Consequently, modified Sr ferrite powder coated with 1 wt% silane
was added into the premixed solution. Fig. 5 shows the viscosity of
50 vol% Sr ferrite slurry with 1 wt% silane as a function of dispersant
content. The viscosity decreased to 1.96 Pas with the 0.25vol% Si-
1ok7050S addition, which was much lower than 3Pas. Slurry with
pseudoplastic behavior is highly desirable for controlling the forming
shape. The rheological curve of the slurry is shown in Fig. 6. The
viscosity decreased with the shear rate and reached a stable state at the
shear rate above 200 s~ . The slurry shows a shear-shinning behavior,
indicating that it is suitable for the 3DGP printing.
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Table 2
With 1 wt.% Silane addition Printing parameters for the printed Sr ferrite parts.
Printing parameter Value
? Layer height 0.2mm
& Nozzle diameter 0.5 mm
2 Printer speed 20 mm/s
£ Fill density 95%
irn) Extrusion rate 1.5 cm®/min
z Bed temp. 25°C
5
s
o
>y
<
, , ) , 3.2. Printing of the slurry

i 1 i

0 0.1 0.2 0.3

Silok7050S content (vol.%) The slurry was extruded from the nozzle under the application of air
pressure. Thereinto, the extrusion rate, printing speed, layer height and
nozzle diameter are the key factors for the printing quality. Although
the high printing speed can significantly improve manufacturing effi-
ciency, it is required to be matched with the extrusion rate. As shown in
Fig. 7(a), discontinuous printing trajectory was observed in the printed
sample with existing bulges and pits. The extrusion rate of 1 cm®/min
—=u—50 vol.% Solid loading was relatively low. When the extrusion rate was increased to 2 cm?®/
min, low dimensional accuracy and poor surface quality were observed
in the printed sample. Printed lines overlapped and even collapsed, as
shown in Fig. 7(c). The printing slurry cannot solidify in time to
maintain the designed shape. The optimal extrusion rate for the Sr
ferrite ceramic slurry was 1.5 cm®/min. The printed sample had good
dimensional accuracy and surface quality, as shown in Fig. 7(b).
Meanwhile, the printing speed and layer height also have the same

R \.\. effects on the printing quality. The optimal printing parameters for the

Fig. 5. The viscosity of 50 vol% Sr ferrite slurry with 1 wt% silane addition as a
function of dispersant content.

w
T

Apparent Viscosity (Pa-s)
- N
)

3DGP Sr ferrite samples printed with high accuracy are listed in
Table 2.

ol 1 = A rectangular block as an example was printed by the 3DGP process,

0 200 400 600 800 1000 as shown in Fig. 8(a). The printed lines were observed, while there were

Shear rate (s no defects or deformation on the surface, as shown in Fig. 8(b), which

Fig. 6. The viscosity of 50 vol% Sr ferrite slurry as a function of the shear rate. illustrated that the ceramic slurry was suitable for printing. The printed

lines can be obviously observed. The width between the adjacent two

printed lines was 0.53 mm, which is close to the nozzle diameter. The

top surface was homogenous. The surface roughness of the printed

sample was about 5 um, as shown in Fig. 8(c). After extrusion and de-

position on the print platform, the shape of the printed slurry lines

changed from cylindrical to elliptic cylindrical because of the slurry

weight and rheological behavior, and the slurry spread out to fill the
spaces between the printed lines before gelation.

The gelation process based on the HEMA monomer free radical
polymerization generally consisted of three elementary reactions-chain
initiations, chain propagation and chain termination [33]. First, the
initiator (APS) decomposed to generate free radicals, as shown in re-
action (3). Then, monomer radicals were generated by the additional
reaction of HEMA and free radicals, following reaction (4). After that,
the monomer radicals continuously combined HEMA monomer to
generate chain-free radicals. Monomer radicals can polymerize with

Fig. 7. Green samples printed by 3DGP with the extrusion rate of: (a) 1cm?/ each other to form chané structures of macromolecules, as shown in

min, (b) 1.5 cm®/min, and (c) 2 cm®/min. . .
’ ’ reaction (5), where R is )L o
o/\/

of free radicals, chains stopped growing. Stable chains of polymer
molecules were formed to bind Se ferrite particles together.

\I\.
| —E—p.

n- Last, due to the loss of activity

0 o) o
.l I N
NHs*0—S—0—0—5—0" — > 2 NHAO SO

I | NH ©o

o) o) O

3.
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Accordingly, the bending strength of the 3DGP green samples was improved after sintering, which was consistent with the results shown
about 18 * 0.8 MPa. Fig. 9 shows the fracture morphology of the in Fig. 11. Clear and obvious printing lines can be observed on the top
printed sample. After gelation, fine Sr ferrite particles were closely surface of the sintered sample, without defects or pores. The printing
bound under the action of the organic binder. The interfaces between trajectory can be visible from the cross-section of the sample in
the printed layers and lines cannot be observed. In addition, Sr ferrite Fig. 11(b). Overall, the sintered sample had a homogeneous micro-
particles were uniformly distributed in the printed sample. structure.

After sintering at 1300 °C for 2h, the density for the sintered cera-
mics was about 5.34 g/cm?, which is nearly 97% dense compared to the
theoretical density of 5.5g/cm®. In addition, the average bending
strength for the Sr ferrite ceramic was about 83 = 2 MPa. The corre-
sponding fracture morphology is shown in Fig. 12. A typically brittle

3.3. Sintering of the printed sample

Fig. 10 shows the appearance, surface morphology and surface
roughness of the as-sintered block sample prepared by 3DGP. The as-
sintered sample has good surface quality with no observed defects or fracture was observed. Sr ferrite particles were packed uniformly
deformation, indicating that the printed sample uniformly shrank without any large defects and slender polymer chains can be observed
during sintering. The distance between two adjacent lines was 0.42 mm, connecting the particles, which were responsible for the high strength
which is narrower than in the as-printed sample. Meanwhile, the sur- of the green body. The fracture surface of the sintered ceramics ex-
face roughness of the sintered sample decreased to 3.2 um, as shown in hibited a homogenous microstructure, as shown in Fig. 12(b). However,
Fig. 10(c), while the roughness for the as-printed sample was 5 pm. It the sintered ceramics had a relative density of 97%, which indicated
can be inferred that the surface quality of the as-printed sample can be that some micropores still existed even in the sintered sample.

: (C) R;=5 um
400

w

3
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T

w

o

S
T
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Fig. 8. The printed Sr ferrite sample: (a) printed rectangular block, (b) surface morphology, and (c) surface roughness.

Fig. 9. The fracture morphology of the printed Sr ferrite sample: (a) low and (b) high magnification.
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Fig. 10. The sintered Sr ferrite sample: (a) sintered rectangular block, (b) surface morphology, and (c) surface roughness.

Fig. 12. The fracture morphology of the sintered Sr ferrite sample: (a) low and (b) high magnification.

Fig. 13 presents the magnetic properties of the sintered Sr ferrite
sample prepared by 3DGP. The measured coercivity Hj, remanence B,
and maximum magnetic energy product (BH),,.x values were 271.2 kA/
m, 0.383 T, and 26.34 kJ/m>, respectively. The characteristics of the Sr
ferrite powder used were: Hy = 263-295kA/m, Br = 0.405-0.415T,
and (BH)max = 30.3-31.9kJ/m>. Overall, there was basically no de-
gradation in the intrinsic coercivity in the as-sintered samples. How-
ever, there was little degradation in the remanence and maximum
magnetic energy product. This may be related to incomplete densifi-
cation of the sintered sample prepared by 3DGP. Therefore, improving

the sintered density is the main focus of future research.

3.4. Complex-shaped parts

Fig. 14 shows several complex-shaped Sr ferrite ceramics prepared
by the 3DGP process. The printed samples shrank uniformly during
sintering. After sintering, the samples had good dimensional stability
and surface quality, which implied that the 3DGP process can be em-
ployed to prepare near-net-shaped Sr ferrite ceramics. In actual pro-
duction, if the shrinkage coefficient is known, complex shaped parts

22375
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Fig. 13. Demagnetization curve for the as-sintered Sr ferrite magnets.

Fig. 14. The as-sintered Sr ferrite parts prepared by the 3DGP process.

with the desired size can be obtained by 3DGP. Combining the ad-
vantages of gel-casting with the 3D printing formability, 3DGP is an
ideal route for preparing miniature complex-shaped Sr ferrite ceramic
parts. In addition, it also unlocks the potential of complex shape designs
and reduces post-manufacturing costs.

4. Conclusions

In this study, complex-shaped Sr ferrite ceramics were printed by
the 3DGP process. With the modification of the slurry viscosity, highly
loaded pseudo-plastic Sr ferrite slurries of 50 vol% were prepared with
the HEMA-based gelation system. The gelation mechanism was ex-
plored. By optimizing the printing parameters, the printed samples with
good surface quality were obtained. The corresponding surface rough-
ness was 5pum. Meanwhile, the sintered sample also exhibited good
surface quality and the surface roughness was 3.2 um. A homogeneous
microstructure was observed in the sintered samples. The relative
density and average bending strength of the sintered samples were 97%
and 83 MPa, respectively. Besides, a comprehensive magnetic perfor-
mance of the sintered 3DGP sample was obtained (H¢; = 271.2kA/m,
B, = 0.383T, and (BH)max = 26.34 kJ/m>). Therefore, 3DGP is a pro-
mising method to prepare complex-shaped Sr ferrite parts.
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