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Corrosion resistance of Nd-Fe—B magnets
with PVD protecting coatings modified
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The combination of PVD and pulsed plasma treatment has been applied to Nd-Fe-B
based magnets to provide enhanced corrosion resistance. The corrosion behavior of plasma
treated Nd—Fe-B sintered magnets with FegyB,, film in naturally aerated sodium sulphate
solutions have been studied. The corrosion behavior was estimated using electrochemical
methods. It has been established that the sample corrosion resistance is influenced consid-
erably by pre-treatment preceding the plasma treatment or FegyB,, deposition.

Kombunanmuss PVD TexHONOrMM M HMIYJbBCHONW IJIAa3MEHHOII 00pPabOTKM MCIIOJIH30BaHA
IJIsi TIOBBIMIEHUS KOPPO3MOHHOM croiikocTu maruuToB Nd—Fe—-B. HayueHo KopposmoHHOE
nosesieane marauToB Nd—Fe-B, mokpeiTeix mmenkoit FegyB,, mocie muasmennoii o6paboTku,
B YCJIOBUAX IIPUPOJHON aspalii B BOJHBIX PACTBOPAX CyJb(arTa HATPUS HUBKON KOHI[EHTpA-
nun. OIEeHKY KOPPO3MOHHOTO MOBEJEHUS MAaTEPUAJIOB IPOBOLUIN JIEKTPOXUMUUECKUMU Me-
TOZAMU. YCTAHOBJIEHO, UYTO HA KOPPO3MOHHYI0 CTOMKOCTH OOpPa3[0B 3HAUUTEJHBHO BJIUIET
npeaBapuTebHag o0paboTKa MCXOJHOUM ITOBEPXHOCTU, BHIMOJHEHHAS A0 MpoBemeHWs obGpa-

60TKHM IJIasMOl MJIM o HaHeceHM IIeHKH (eppobGopa Feg B,g.

The increasing use of rare-earth magnets
in the micromagnetic devices (so called
MAGMAS devices) makes ever tougher re-
quirements to the magnet size, thus restrict-
ing somewhat the use of conventional meth-
ods for corrosion protecting of Nd—Fe—B rare-
earth magnets. Because of low corrosion
resistance, Nd—Fe-B magnets need corrosion
control methods to improve their viability
and to provide the use thereof as a construc-
tion material. Attempts were made to im-
prove corrosion resistance of these magnets
using metal and organic coatings [1-4] or
alloying the initial materials [56—8]. While
typical thickness of organic coatings can vary
from 20 to 80 pum, this value for metallic
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coatings is restricted down to 7-19 um for
aluminum coatings and 10-30 pm for Ni
and Zn ones. The phosphate conversion coat-
ing method was proposed, but the technol-
ogy turned out to be too complicated for
large-scale production [9].

Neodymium, being a basic component of
rare-earth Nd—-Fe-B magnets, is very reac-
tive alloy element. Its fraction can vary be-
tween 30 and 36 wt. % which makes mag-
nets highly susceptible to corrosion and cor-
rosion attacks result in the of magnetic
properties. At first, the corrosion attack re-
sults in degradation of magnetic properties
(magnetic flux) and then to the partial or
full failure of magnets.
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It was shown previously that treatment
of structural steels with high-intensity
plasma flows (energy density 5—50 J/cm?),
generated by pulsed plasma accelerators, re-
sults in hardening of the surfaces and in-
creasing the wear resistance [10-12]. Such
surface modification is realized due to com-
bination of the following physical processes:
high speed cooling-quenching (107—
108 K/s), structural-phase transformation
in solid state, decay of solid solutions, melt-
ing, and diffusion of the plasma stream
atoms into the material. As a result of
these processes, a solid layer with increased
hardness and excellent adhesion is formed
on the sample surface. That is why one of
the alternatives is expected to be plasma
treatment of easily amorphizing coatings.
The ferroboron coating FeggB,y can be one
of the potential candidates, which was
proved in the laser treatment applications
[15]. According to SEM and X-ray analyses,
an amorphous layer was easily formed on
the surface of ferroboron coated alloys after
laser treatment. The modified layer micro-
hardness reached its highest wvalue of
17000 MPa at the depth of 20 pm under-
neath the surface. Moreover, a satisfactory
adhesion of amorphous layers to the sub-
strate was observed under bending and com-
pression loadings. Thus, the high-speed
crystallization under pulsed plasma treat-
ment in near-surface region, causing the
formation of amorphous or finely dispersed
structure of strengthened phases, will de-
fine the high performance of near-surface
layer [10].

The experiments were carried out using a
pulsed plasma accelerator (PPA). The PPA
device consists of coaxial set of electrodes
with anode of 14 cm diameter and cathode

of 5 cm diameter and vacuum chamber of
120 em length and 100 ecm diameter. The
power supply system is a capacitor bank
with stored energy of 60 kJ (at 35 kV). The
discharge current amplitude is 400 kA, the
plasma stream duration 8-6 ps. The pulsed
plasma  accelerator generates plasma
streams with ion energy up to 2 keV,
plasma density 2:1014 cm™3, average spe-
cific power 10 MW /cm? and plasma energy
density in the range of 5 to 40 J/cm2. Ni-
trogen, helium, hydrogen, and other gases
can be used as working media. The plasma
treatment conditions were chosen by vari-
ation of both accelerator discharge voltage
and the target surface distance from the
PPA output.

The PVD deposition of ferroboron
FeggBog (Wt. %) coatings was carried out
utilizing planar ECR plasma source [14].
The sputtered 5 pm thick amorphous
FeggBog films with high adherence were
formed on the surface of Nd—Fe-B sintered
magnets. The initial Nd-Fe-B magnet sam-
ples were subjected to various pre-treatment
procedures as shown in . Some sam-
ples were PVD coated with FeggB,y and then
plasma treated in various conditions (sam-
ples 3, 4, 7). Long plasma exposures at one
and two-stage modes were applied to the
initial surfaces of samples 5 and 6. Samples
4, 5, 6, and 7 were sealed with FeggByg
coating after plasma irradiation. The micro-
structure of treated surfaces and cross-sec-
tions of samples were examined using a
MMR-4 optical microscope.

The corrosion behavior of the magnets
(see Table 1) was measured under complete
immersion of samples in the naturally aer-
ated sodium sulphate solutions. The elec-
trodes were polarized using a PI-50-1 poten-

Table 1. Characteristics of the treated Nd-Fe—B magnets

15t protective Plasma treatment conditions 21d protective
Sample | Pre-treatment coating coating
procedure ECR source Energy density, | Number of pulses ECR source
J/cm?

1 Polished - - - -

2 — — — — —

3 - FegoBag 20 5 -

4 Polished FegoBag 25 5 FegoBag

5 Oxidized - 21 20 FegoBag

6 Polished - 30 5 FegoBag

21 20
7 - FegoBag 25 15 FegoBag
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Fig. 1. Polarization curves for the samples (see designations in Table 1).

tiostat and PR-8 programmer in the control-
led potential conditions using a three-elec-
trode scheme. The three-electrode cell ar-
rangement was used for the electrochemical
measurements, with platinum needle-like
electrode as the auxiliary one and a remote
saturated silver chloride half-cell with po-
tential of 0.201 V as the reference elec-
trode. The reference electrode was con-
nected with the cell via electrolytic switch.
The corrosion process was evaluated by po-
larization resistance Rp, which is equal to
(AE/AI).

Table 2 shows the corrosion charac-
teristics of various samples in 1 % sodium
sulphate solution. The results were obtained
from the polarization data for the set of
experiments with samples according to
Table 1. The corrosion potential is scaled to
standard hydrogen electrode. Fig. 1 pre-
sents examples of polarization curves for
the untreated and plasma processed samples
(see designation in Table 1). For the pre-
sented samples, the polarization curves are
shifted. The corrosion current (I,) as meas-

ured using Tafel constants and corrosion
potential (E.,,) are shifted significantly.
The highest and lowest I, were observed for
polished untreated sample and oxidized
sample with FegyB,y coating, respectively.

The polarization data show that the sam-
ple polishing results in a decreased corro-
sion resistance. For example, the unpolished
sample 2 demonstrates an inhibition of both
anodic and cathodic corrosion reactions as
compared to the polished sample 1. More-
over, the inhibition of cathodic corrosion
reaction near the corrosion potential is
higher ((dE/dI); = 3941) than for anodic re-
action ((dE/dl), = 2901). The wvalues of
Tafel constants for cathodic (b;) and anodic
(b,) reactions for samples 1 and 2 point to
the presence of a protective film of corro-
sion products on the sample surface which
prevents oxygen supply and provides a bar-
rier for depolarizer. Corrosion currents and
corrosion coefficients are a strong evidence
therefor (see Table 2).

Morphology of the polished sample 1
after corrosion test is presented in Fig. 2a.
The examination of polished and unpolished

Table 2. The corrosion characteristics of various samples (see Table 1) in 1 % sodium sulphate

solution
No. E.;r V Rp, Om Tafel constant, V [corr.104, kh, mm/year
b, b, A/dm
1 -0.528 2574 0.073 0.046 10.4 0.121
2 -0.494 3421 0.065 0.051 7.2 0.085
3 -0.538 3341 0.065 0.065 7.8 0.090
4 -0.468 4184 0.061 0.068 6.8 0.079
5 -0.497 4497 0.058 0.063 5.2 0.060
6 -0.524 4281 0.059 0.055 5.9 0.069
7 -0.530 2169 0.071 0.051 7.8 0.090
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Fig. 2. Surface of the Nd—Fe-B magnets after corrosion tests: (a) polished surface; (b) oxidized
Nd-Fe-B magnets treated with helium plasma 21 J/cm? for 20 pulses coated with FeggByg film.

samples after anodic polarization allows to
conclude that surfaces of both samples were
coated with the corrosion spots. However,
the polished sample 1 shows a higher level
of failure with spots spread homogeneously
over the surface, while the unpolished sam-
ple 2 is coated with oxides of red-brown
color. It is supposed that the rough surface
with large and reactive surface area gener-
ated by plasma treatment of oxidized sur-
face or previously deposited ferroboron
coating can result in continuous porous
layer which could eventually increase the
binding strength between the final fer-
roboron coating layer and the modified sub-
strate.

The corrosion characteristics of plasma
treated samples can be compared with un-
polished sample 2. Consideration of Tafel
constants demonstrates that inhibition of
cathodic and anodic reactions for samples 3,
4, 5, and 6 is identical. While sample 5
shows a thick layer of corrosion products
(see Fig. 2b), which block its surface and
decreases the corrosion rate, such typical
loose layer being absent on the surface of
the sample 4.

Despite the halved Rp value for sample 7
as compared to that for 6, which points to
lower corrosion resistance of the latter, the
Tafel constants show the less hindrance of
cathodic reactions and, as a result, an in-
creased general corrosion rate. The polish-
ing of the sample 6 prior to plasma treat-
ment promotes an increased corrosion resis-
tance as compared to sample 7 (See Table
2). The corrosion potential of these samples
is more electronegative than the standard
iron potential. This can be attributed to the
formation of neodymium compounds in the
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near-surface layers, despite the presence of
protective ferroboron layer.

The continuous efforts to enhance the
surface properties of the rare-earth magnets
have resulted in the development of various
processing techniques. Utility of high power
plasma modification to transform the easily
amorphizing ferroboron coatings into dura-
ble and hard coating is demonstrated.

Alloys with lack of atomic long-range or-
dering are always of interest for their me-
chanical, chemical, optical, thermal, and
electrical properties. Comparative analysis
of various properties of crystalline and
amorphous alloys shows that the latter have
higher strength, corrosion resistance, duc-
tility and radiation resistance [13, 15]. De-
spite high energy loads under plasma treat-
ment and high-speed quenching of the modi-
fied layer, there is no desirable enhanced
contact between liquid phase and the base of
the sample and a thin layer of absorbed gas
impurities is present, which also exists
under conventional quenching techniques,
resulting in destructive effects. Although
cooling and heating rates of near-surface
layers can be controlled by varying the
plasma parameters, accumulated gases hin-
der amorphization and promote the forma-
tion of inhomogeneous modified layer in-
cluding cracks, which may lead to the weak
binding between the second ferroboron coat-
ing and the plasma modified substrate.

Thus, the corrosion properties of Nd—Fe—-B
magnets with FegyB,y coatings vary depend-
ing on the pre-treatment procedure and
plasma processing conditions. It has been
revealed that polishing of the initial sam-
ples before plasma treatment does not pro-
vide a good binding with ferroboron coat-
ing. The sample surface roughness caused
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by oxidation is among important factors to
enhance the binding strength due to large
and reactive surface area, which could re-
sult in a strong mechanical interlocking and
chemical binding after the second fer-
roboron coating deposition. The plasma
treatment increases the sample polarization
ability that is a kinetic corrosion parameter.
As to that parameter, the samples can be
ranked as follows: 1, 7 <2, 3 <4, 6 <5,
Comparative analysis of the plasma treated
samples under various polarization condi-
tions allows to conclude that plasma treat-
ment of Nd—Fe—-B magnets does not signifi-
cantly influence on their corrosion resis-
tance.
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Kopogziiiai BaacruBocti maruitie Nd—Fe-B 3 3axucaumu
MOKPUTTIMHN HAHECEeHUMH iOHHO-IJIA3MOBUMH METOdaMH
Ta MOAM(PIKOBAHMMM iMIIYJHCHOIO IJIa3MOBOI0 00pPOOKOIO

O.M.Boeda, B.O.Boséda, B.B.Ue6omapes, B./] .Dedopuenko,
I1.€.I'apxywa, JI.B.Onuwenrxo, M.J].Caxnenro,
B.I.Tepewun, O.C.Topmukxa, M.B.Bedw»

Kowm6inamiro PVD TexHoJorii Ta iMIoyJabcHOI MIa3MoBOi 00pOOKM 3aCTOCOBAHO AJIA MHiABU-
mieHHsA Kopositiaoi crifikocti maruitis Nd—Fe—B. Busuanacs Koposiiina moBefgiHKa Martirtis
Nd-Fe-B, moxpurux depobopom FegB,, micrs mmasmosoi 06po6Km, B ymMOBaxX IPHUPOLHOI
aepanii y BOZHMX po3umMHAX cyab(ary HaTpilo HusbKol Koumentpamnii. Ominky xoposiiimoi
HOBeAiHKM MOCIiMKyBaau ejleKTpoxXimMiunmmmm MmerogamMu. BcTaHOBIIEHO, M0 HA KOPO3ilHY
crifikicThr 3pasKiB 3HAUYHO BILIMBAE IIOIEPeaHs OOpPOOKA BUXimHOI HOBepXHi, BHKOHAHA 10
m1a3MoBOI 06po06KH abo 10 HaHeceHHA ILIIBKHU (epobopy FegyB,,.
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