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The properties of bonded magnetic materials (RE-M-B /polymer magnetic composites) depend not only
on the magnetic properties of powder, but also on the parameters of the consolidation process and the
type of binder. Increasing the binder content in RE-M-B /polymer composites could be very beneficial
from the corrosion resistance point of view, which, unfortunately, is not conducive to the magnetic pro-
perties improvement. Therefore, a compromise between both trends is necessary to obtain a material
with adequate corrosion resistance with an acceptable decrease in magnetic properties. In the paper the
results of research under NdpFe77CosB / biotolerant-polymer composites with different binder content
have been presented. The research has been carried out on Nd2Fe77CosB / biotolerant-polymer compo-
sites with 20 and 10 wt. % of binder. Due to the possibility of using the magnetic material in restorative
medicine, as a binder the bio-tolerable polymeric material has been used (acrylate). All results has been
compared to previously determined measurements for composite with a binder content about 3 % wt.. It
has been found that the content of 10 % wt. bio-tolerable polymeric material in the magnetic composite
is the most favorable (optimal) - the binder material is evenly distributed throughout the composite vo-

lume.
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1 Introduction

The RE-M-B magnetic materials (where RE - rare
earth element, M - transition metal) have a number of
indisputable advantages, which makes them a very
promising material for designers, and the scope of
their applications is constantly growing. These mate-
rials are unrivaled in terms of BHmax value, high rema-
nence value and the fact that the volume of material
needed to create a specific magnetic field strength is
much smaller than that of other materials [1-4]. The
applicability of RE-M-B magnetic materials depends
not only on the magnetic properties, but also on their
mechanical and thermal properties as well as chemical
resistance to the destructive effects of the usage envi-
ronment. Although, according to estimates, Nd-Fe-B
sintered magnets account for 90 % of the magnet mar-
ket, but the attractiveness of bonded magnets incre-
ases with the simplification of their technology [5].
The essential part of the technological process of the
bonded magnetic materials producing consists of sim-
ple plastics processing operations - which can be done
by small entrprises [5, 6]. Bonded magnets are usually

obtained from high-density powders obtained in the
process of rapid cooling from the liquid state (melt
spinning), HDDR, spraying the liquid phase (spray
atomizing) and by grinding alloys or pure elements.
But the surface oxidation is a serious obstacle in the
process of obtaining RE-M-B powders. Powders have
a much higher degree of oxidation than their solid
counterparts [3, 4, 7].

The high content of the active rare earth element
makes the surface of powder particles easily covered
with oxidation products in the presence of insignifi-
cant amounts of oxygen and moisture. The presence
of oxide phases on the powder particles surface is a
significant limitation in the consolidation process.
First, the presence of oxides and hydrated metal oxi-
des on the powder particles surface reduces the adhe-
sion of the binder material to the metallic surface,
which consequently leads to a decrease in the consis-
tency of the finished RE-M-B magnetic composites.
Secondly, the oxidation of metals included in the mag-
netic alloy causes degradation of the ferromagnetic
phase (which is responsible for the unique magnetic
properties of RE-M-B materials) and in turn leads to
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a drastic deterioration in magnetic properties [8]. Ac-
cording to the literature review [9, 10], the research
under the possibility of protecting magnetic powder
particles based on RE-M-B alloy against the negative
effects of the atmosphere are carried out. The coating
methods are becoming increasingly popular and two
methods are used for this purpose: the encapsulation
and biencapsulation method [10-13].

Another problem in the use of materials containing
rare earth elements is their high susceptibility to corro-
sion - especially sintered materials, which in environ-
ments with reduced pH are strongly degraded [14]. In
this case, also bonded magnetic materials based on
RE-M-B powder (RE-M-B/polymer magnetic com-
posites) are irreplaceable, because in aggressive sub-
stances they show greater durability than their coun-
terparts [15]. The RE-M-B/polymer magnetic compo-
sites also owe their corrosion resistance to the isola-
tion of powder particles with polymeric binder mate-
rial. Therefore, the binding material, apart from its ba-
sic function, is a protective material - it isolates indivi-
dual powder particles and reduces the penetration of
aggressive corrosive media into the interior of the ma-
terial. Therefore, increasing the binder content in bon-
ded RE-M-B composites is desirable from the corro-
sion resistance viewpoint, but it is not desirable be-
cause of the magnetic properties. In order to increase
the magnetic properties of RE-M-B bonded materials,
the binder content should rather be limited. It is ne-
cessary to search for a compromise between both
trends, to obtain a material with adequate corrosion
resistance and acceptable magnetic properties.

Due to the technical application of magnetic com-
posites, the most commonly used binding materials
include thermo- and chemically-setting epoxy ot poly-
ester resins. However, the presence of toxic resins ex-
cludes the use of RE-M-B / polymer magnetic mate-
rials from use in restorative medicine - which is a po-
tential area of application for magnetic materials. The
possibility of using RE-M-B / polymer bonded com-
posites in restorative medicine, as magnetic retention
systems, or epithelial abutments, results in the search
for new binder materials for this group of magnetic
composites [16, 17].

In medical applications, there is no need to use
magnets with the highest magnetic properties, so bon-
ded materials with slightly worse properties are suffi-
cient here. However, it must be biotolerable/biotole-
rant and resistant to degradation in the body's fluids.

The main goal of the research presented in this
work is to evaluate the microstructure homogeneity of
magnetic composites based on quantitative analysis of
metallographic images. The presented research are the
basic method of initial (though destructive) quality
control of new magnetic materials. Regardless of the
type of industry, quality control as well as qualitative

and quantitative analyzes are the basis for implemen-
ting changes in technological processes - hence the
great emphasis on the implementation of various me-
thods of analysis and assessment [18—20)].

2 Experimental

The material for the research presented in this
work was a group of magnetic composites whose main
purpose is the use of dental prosthetics (or in restora-
tive medicine). The discussed group of magnetic com-
posites is based on high coercive magnetic powder
based on Nd- (Fe,Co)-B alloy, which is consolidated
with polymeric materials for biomedical applications
(biotolerant-polymer - a group of acrylates). In the re-
search commercial magnetic powder (Magneguench)
with the chemical formula Ndi2Fe77CosBs has been
used (subscripts represent the atomic percentage)
(Fig.1). This powder is characterized by an irregular
shape - the shape of the plaque, lamellas or flakes.
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Fig.1SEM image of Ndi2Fez;CosBg magnetic powder -
magnification X 500 / X 1.00k

Lack of proportions in the spatial dimensions of
powder particles can contribute to significant frag-
mentation and powders crushing during the manu-
facturing process of magnetic composites - mixing /
homogenization of powder compositions, initial mol-
ding, pressing.Commercial powder is also characteri-
zed by diverse fragmentation (according to sieve ana-
lysis, the patticle size in the range of 0 + 250 pm). The
particle size of the powder effect on the magnetic in-
teractions, therefore it is crucial to select such a
fraction that will not reduce the magnetic properties
of the material. According to the literature, a smaller
particle size of powder (25 + 75 um) contributes to the
demagnetization process of the material. Whereas, the
larger fraction, the better the magnetic properties [10,
21-23]. Due to the fact that the technology for the
production of the tested magnetic composites
(Ndi2Fe77CosB / biotolerant-polymer) is to be used in
practice in prosthetic laboratories, therefore ready-
made mixtures of thermosetting acrylate masses have
been used for consolidation (table 1).
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Three powders compositions have been selected
for the tests. It has been assumed that the increase in
binder content could cause a decrease in magnetic
properties and an increase in corrosion resistance.
Therefore, in order to provide a compromise between

Tab. 1 Characteristics of thermosetting acrylic polymer

these trends, the content 10 and 20 % wt. of biotole-
rant-polymer were used - the samples have been mar-
ked accordingly: sample 2 and sample 3. The reference
sample contains abaut 3 % wt. of binder (it is the
lowest possible binder content [29]) and has been mar-
ked as sample 2.

COMPOSITION

Polymer binder, of which the main component is PMMA

APPLICATION

Material used to prepare prosthetic restorations (or denture repair)

POLYMERIZATION PROCESS

Material obtained in the process of low temperature polymerization

Process temperature: = 40 ° C
Polymerization time: 25 min.

The main goal of the research presented in this
work is to evaluate the microstructure homogeneity of
magnetic (Ndi2Fe77CosB / biotolerant polymer) com-
posites. For this purpose, microscopic images of the
structure have been taken. Based on the obtained di-
gital images for samples 1, 2 and 3, a quantitative ana-
lysis has been performed using the MeTilo program.

3 Results and discussion

In Figures 2 a, c, e real images of magnetic compo-
site structures have been presented. The images of
Ndi2Fe77CosB  /  biotolerant-polymer composites
structures were the basis for further quantitative ana-
lysis. For the needs of quantitative analysis, binary
images were also generated (Fig 2 b, d, f).

P 3"{*’ %”‘Z sy
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Fig. 5 Microstructure images for the Nd2Fe;7CosB / bioto-
lerant-polymer composites. lmage obtained with the use of an
optical microscope (a, ¢, ¢), digital images after binarization

(b, &, )): a, b) sample 1 - magnetic powder consollidated with 3

% wt. of biotolerant polymer; ¢, d) sample 2 - magnetic powder

consollidated with 10 %o wt. of biotolerant polymer; e, f)
sample 3 - magnetic powder consollidated with 20 % wt. of bi-
otolerant polymer

On binary images the areas corresponding to the
occurrence of magnetic powder have been marked in
grey, while the areas of occurrence of both the binder
as well as voids and pores (which are characteristic for
this type of materials) are marked in black. The cha-
racteristic values for the observed composite structu-
res are given in Table 2.

Quantitative analysis using the standard (surface)
method showed the volume fraction of the binder in
the tested composites. According to the assumption,
the smallest share (%) of binder is demonstrated for
sample 1 (3 % wt. of biotolerant polymer), and the lar-
gest for sample 3 (20 % wt. of biotolerant polymer).
In sample 1 (3 % wt. of biotolerant polymer, the mag-
netic powder particles are in close contact.

Based on the values presented in Table 2 and bi-
nary images of the structure (Fig. 2) obtained for
sample 2 (10 % wt. of biotolerant polymer), it can be
concluded that the distribution of magnetic powder
particles and areas of binder occurrence is even in the
structure of this composite.

Tab. 2 Results of a quantitative analysis for the Ndj2Fez,CosB [ biotolerant polymer magnetic composite - analysis using the MeTilo

program for the entire area of the structure (Fig 2)

Ndi2Fe77CosB / biotolerant polymer

area share area share . .
Sample . . . . distanceof binder
of magnetic material of binder material lomerates®. mm
(grey area), % (black area), % agglomerates’,

1

3 % mas. biotolerant polymer 81.60 1840 0.05-0.30
2

10 % biotolerant polymer 73.70 26.30 0.10-0.30

3 51.40 48.60 0.30 - 0.80

20 % biotolerant polymer

* distance of the nearest objects

However, for sample 3 (20 % wt. of biotolerant
polymer) large binder agglomerates can be observed,
distributed throughout the material volume. Probably
already at the stage of preparing the powder composi-
tion (magnetic powders and biotolerant-polymer com-
ponents), the lower content of metal powder did not
allow for sufficient binder dispersion in the entire vo-
lume. Variable distribution of adjacent agglomerates

of binder allows to conclude about their uneven dis-
tribution in sample 3. Such distribution of the binder
reduces the durability of the material, because the
action of adhesive forces is limited to small areas.

The average percentage of magnetic powder par-
ticles in the volume of the composite has been deter-
mined based the large area of composites metallo-
graphic images - representative results of the analysis
are presented in Figure 3.

58.57 % 45,70 %

lw

Flg 3 Qﬂmz‘zmz‘we analysis of magnetic powder particles occurrencein the material in the exammed area 0f the Ndy2Fez7CosB /
biotolerant-polymer composites
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To determine the distribution of powder particles
in the polymer matrix, the entire metallographic image
was divided into 25 square-shaped areas. Quantitative
analysis using a standard (surface) method for desig-
nated areas in the microstructure image enabled the
presentation of diversity in the distribution of powder
particles and binder in the composite. The values gi-
ven in Figure 3 correspond to the percentage of the
surface occupied by the metallic powder (bright area).
The obtained results indicate that the distribution of
powder particles in the material is the most homoge-
neous for sample 2 (10 % wt. of biotolerant polymer).

The presented analysis shows that the amount of
binder used significantly affects the distribution of
powder particles in the Ndi2Fes7CosB / biotolerant-
polymer composite. In sample 1, the binder is distri-
buted fragmentarily and unevenly, and its content is
not sufficient to fill all spaces between the particles.
The distribution of powder particles and binder in
sample 2 is the most advantageous, the distances
between the particles of magnetic powder are small,
and the spaces between them are evenly filled with
binder. In contrast, sample 3 contains large binder
agglomerates distributed throughout the volume of
material. Thus, the content of 10 % binder in the tes-
ted material ensures the highest homogeneity of the
Ndi2Fe77CosB / biotolerant-polymer composite.

However, in the case of sample 3, one of the partial
technological processes - the process of components
mixing (random arrangement of particles) caused the
formation of different sizes of binder agglomerates.
Surface topography studies revealed that the binder
did not fill all the spaces between the magnetic powder
particles, and the isolation of individual magnetic pat-
ticles is is not complete - as it is also presented in the
work [24]. The increase in binder content should
increase the corrosion resistance of the composit but
uneven distribution of the binder and magnetic par-
ticles can lead to increased penetration of the corro-
sive solution deep into the composite structure. The
corrosive analysis will be the subject of subsequent
team studies.

4 Conclusions

Based on quantitative analysis using binarization of
metallographic images of the Ndi2Fe77CosB / biotole-
rant-polymer composite structure the conclusions
have been stated:

1. The binder material content has a positive
effect on the coherence of the
Ndi2Fe77CosB  /  biotolerant-polymer
composite structure.

2. The content of only 3 % wt. of binder is
not sufficient to ensure proper consis-
tency of the Ndi2Fe77CosB / biotolerant-
polymer composite structure.

3. About 20 % wt. binder content does not
appear to meet the quality requirements
for tested magnetic composites - this bin-
der content does not promote homogeni-
sed structure in the entire volume, resul-
ting in large binder agglomerate in the
composite.

4. 10 % binder content is the most favorable
(optimal) for the Ndi2Fe77CosB / biotole-
rant-polymer composite - based on quan-
titative analysis and microstructure obser-
vation, it has been found that the binder
material is evenly distributed throughout
the composite volume.

References

[1] ULEWICZ, R., WYSLOCKA, E. Magnets:
History, the current state and the future, 1680-
16862, METAL 2015 — 24 International Confe-
rence on Metallurgy and Materials, Conference Procee-
dings, Brno, Czech Republic.

[2] DU, X.,GRAEDEL,T. E. (2011). Global Rare
Earth In-Use Stocks in NdFeB Permanent
Magnets. Journal of Industrial Ecology, 15(6), 836—
843. doi:10.1111/}.1530-9290.2011.00362.x.

[3] BROWN,D., MA, B.-M., & CHEN, Z. (2002).
Developments in the processing and properties
of NdFeb-type permanent magnets. Journal of
Magnetism and Magnetic Materials, 248(3), 432—
440. doi:10.1016/S0304-8853(02)00334-7.

[4] MA, B.M., HERCHENROEDER, ]J.W,
SMITH, B., Suda, M., Brown, D.N., Chen, Z.
(2002). Recent development in bonded NdFeB
magnets. Journal of Magnetism and Magnetic Mate-
rials, 239(1-3), 418-423. doi:10.1016/S0304-
8853(01)00609-6.

[5] PARANTHAMAN, M. P., SHAFER, C. S,
ELLIOTT, A. M, SIDDEL, D. H,
MCGUIRE, M. A., SPRINGFIELD, R. M., et
al. (2016). Binder Jetting: A Novel NdFeB Bon-
ded Magnet Fabrication Process. JOM, 68(7),
1978-1982. doi:10.1007/s11837-016-1883-4.

[6] PARANTHAMAN, M. P., SHAFER, C. S,
ELLIOTT, A. M., SIDDEL, D. H,
MCGUIRE, M. A., SPRINGFIELD, R. M., et
al. (2016). Binder Jetting: A Novel NdFeB Bon-
ded Magnet Fabrication Process. JOM, 68(7),
1978-1982. doi:10.1007/s11837-016-1883-4.

[71 MOTTRAM, R. S, WILLIAMS, A.
J., HARRIS, 1. R. (2001). The effects of blen-
ding additions of copper and cobalt to
Nd16Fe76B8 milled powder to produce sinte-
red magnets. Journal of Magnetism and Magnetic

indexced on: http:/ | www.scopus.com

53



June 2020, 1ol. 20, No. 1

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

[11]

[13]

[14]

[16]

Materials, 234(1), 80-89. doi:10.1016/S0304-
8853(01)00067-1.

SKULJ, I, DOUVALIS, A. P., HARRIS, I. R.
(2006). Characterisation of oxidation products
of modified Nd—Fe—B type magnets. Journal of
Alloys  and  Compounds, 407(1-2), 304-313.
doi:10.1016/j.jallcom.2005.06.033.

ZHANG, Y. (1997). Investigation of oxidation
resistance of magnetic power coated with sili-
cone. Journal of Magnetism and Magnetic Materials,
171(3), 305-308. doi:10.1016/S0304-
8853(96)00692-0.

KLIMECKA-TATAR, D., PAWLOWSKA,
G., SOZANSKA, M. (2015). The Effect of
Powder Particle Biencapsulation with Ni-P La-
yer on Local Corrosion of Bonded Nd-(Fe,Co)-
B Magnetic Material. Archives of Metallurgy and
Materials, 60(1), 153-157. doi:10.1515/amm-
2015-0024.

TAKEUCHI, S. T., AZAMBUJA, D.
S., COSTA, L. (20006). Cerium conversion layer
for improving the corrosion resistance of phos-
phated NdFeB magnets. Surface and Coatings
Technology, 201(6), 3670-3675.
doi:10.1016/j.surfcoat.2006.08.140.

PAWLOWSKA, G., KLIMECKA-TATAR,
D., MAZIK, A. (2012). The effect of RE-M-B
powder particles isolation on the corrosion rate

of bonded materials in acidified sulphate solu-
tion. Ochrona przed Korogja, (11), 531-533.

KLIMECKA-TATAR, D. (2014). The powde-
red magnets technology improvement by
biencapsulation method and its effect on me-

chanical properties. Manufacturing Technology,
14(1), 30-36.

BALA, H., SZYMURA, S. (1991). An electro-
chemical investigation of dissolution of NdFeB
magnets in acid solution under cathodic pola-
rization.  Corrosion  Science, 32(9), 953-963.
doi:10.1016/0010-938X(91)90015-H.

RADA, M., KARDELKY, S., MAZILU, I,
KIRCHNER, A, GEBERT, A,
GUTFLEISCH, O., et al. (2004). Corrosion
Behavior of Polymer-Bonded NdFeB-Based
Nanocrystalline Magnets. IEEE Transactions on
Magnetics, 40(4), 2864-2866.
doi:10.1109/TMAG.2004.829019.

KAMAKSHI, V., ANEHOSUR, G.
V., NADIGER, R. K. (2013). Magnet retained
cheek plumper to enhance denture esthetics:

case reports. Journal of Indian Prosthodontic Society,
13(3), 378-381. doi:10.1007/s13191-012-0200-
3.

[17] GROVER, M., VAIDYANATHAN, A. K,
VEERAVALLIL P. T. (2014). OHRQoL, mas-
ticatory performance and crestal bone loss with
single-implant, magnet-retained mandibular
overdentures with conventional and shortened
dental arch. Clinical oral implants research, 25(5),
580-586. doi:10.1111/clr.12111.

[18] FABIS-DOMAGALA, ], MOMENI, H.
DOMAGALA, M, FILO, G. (2019). Matrix
Fmea Analysis as a Preventive Method for Qu-
ality Design of Hydraulic Components. Systens
Safety: Human - Technical Facility - Environment,
1(1), 684—691. doi:10.2478/czoto-2019-0087.

[19] MAZUR, M. (2019). Quality Assurance Proces-
ses in Seties Production of Car Elements. Qua-
lity Production Inmprovement - QPI, 1(1), 610-617.
doi:10.2478/cqpi-2019-0082.

[20] DZIUBA, S. T, INGALDI,
M., KADLUBEK, M. (2018). Quality analysis
of the steel bars in chosen metallurgical enter-
prise. MET AL 2018 - 27% International Conference
on Metallurgy and Materials, Conference Proceedings.

[21] THIELSCH, ]J., HINZ, D., SCHULTZ,
L., GUTFLEISCH, O. (2010). Magnetization
reversal in textured NdFeB—Fe composites ob-
served by domain imaging. Journal of Magnetism
and Magnetic Materials, 322(20), 3208-3213.
doi:10.1016/.jmmm.2010.05.064.

[22] RONG, C.-B., POUDYAL, N, LIU, J. P.
(2010).  Size-dependent  spin-reorientation
transition in Nd2Fel4B nanoparticles. Physics
Letters A, 374(38), 3967-3970.
doi:10.1016/j.physleta.2010.07.061.

[23] SU,K.P,,LIU, Z. W., ZENG, D. C., HUO, D.
X, LL L. W., ZHANG, G. Q. (2013). Structure
and size-dependent properties of NdFeB nano-
particles and textured nano-flakes prepared
from nanocrystalline ribbons. Journal of Physics
D:  Applied  Physics, — 46(24),  245003.
doi:10.1088/0022-3727/46/24/245003.

[24] RADOMSKA, K, PAWLOWSKA,
G, KLIMECKA-TATAR, D. (2015). The
Corrosion Processes Effect on Surface Rou-
ghness of Bonded Magnetic Material Based on
Nd-(Te,Co)-B Powder Type. Solid State Pheno-
mena, 227, 39—42. doi:10.4028 /www.scienti-
fic.net/SSP.227.39.

54

indexced on: hitp:/ | www.scopus.com



