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Abstract Since the end of 1980s, NdFeB-based hard
magnetic alloys have been the materials with the highest
available magnetic performance. NdFeB-based magnets
are produced either by liquid-phase sintering or by melt
spinning. In the present investigation, NdFeB alloys
quenched after annealing in the semi-liquid state are used
to study the wetting of Nd,Fe 4B grain boundaries by a
Nd-rich liquid phase. It is shown that a transition from
partial wetting to complete wetting occurs with increasing
temperature. The results are compared with the data in the
literature for NdFeB-based alloys processed by liquid-
phase sintering. The relation between wetting properties
and magnetic performance of these alloys is also discussed.
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Introduction

For a liquid droplet on a solid substrate, two situations are
possible. If the liquid spreads on the surface, then this is a
case of full (or complete) wetting. The contact angle 6
between the liquid and the solid is zero. If the liquid droplet
forms a finite contact angle, then wetting is partial (or
incomplete). Cahn [1] and Ebner and Saam [2] first showed
that the (reversible) transition from partial to complete
wetting can take place with increasing temperature and that
this transition is a true surface-phase transformation.
Reviews on wetting-phase transitions can be found in
[3-7]. Cahn’s theory was originally developed for multi-
component systems presenting a critical transformation
(miscibility gap). However, by analogy, Cahn’s theory can
also be applied to the phenomenon of grain boundary wetting.

The transition from partial to complete wetting can be
observed within grain boundaries (GBs) if the GB energy
oge becomes higher than 20g; where ogp is the solid—
liquid energy (Fig. 1). The first results, showing that GBs
can be wetted perfectly by a liquid alloy, were obtained
for the Zn-Sn, Zn-Sn-Pb and Ag-Pb systems using
polycrystalline solids [8, 9]. Later, the original experi-
mental data were reconsidered applying, by analogy,
Cahn’s point-of-view to the GB wetting phenomenon
[10]. Subsequently, numerous results, obtained also using
polycrystalline solids, have indicated the occurrence of
GB wetting-phase transformations, particularly for the
Zn-Sn, Al-Cd, Al-In, Al-Pb [11 and references therein]
and W-Ni, W—Cu, W-Fe, Mo-Ni, Mo—Cu, Mo-Fe sys-
tems [12 and references therein]. Accurate measurements
of the temperature dependence of the GB/liquid alloy
contact angle and of the temperature of complete wetting
(noted T,) have been made using individual GBs in
specially grown bicrystals for the Cu-In [13], Al-Sn [14],
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Fig. 1 Diagram of a polycrystalline solid with grain boundaries
a partially wetted and b completely wetted by a liquid phase (black).
When the grain boundary energy ogg becomes higher than 2ag; (g5
being the solid-liquid interfacial energy), the contact angle 6 becomes
Zero

Zn-Sn [15], Al-Zn [16], Sn-Bi [17], In-Sn [18], Zn-Sn
and Zn-In [19] systems. The second-phase wetting the
GBs can also be a crystalline solid, as in the Zn—Al [20],
Al-Zn [21], Al-Mg [22] and Co—Cu [23] alloys, or even
an amorphous phase [24-27]. All these surfaces and GB
wetting-phase transformations are of the first order (dis-
continuous), which means that the first temperature
derivative of surface (or GB) energy is discontinuous at
T,. However, wetting transitions of a higher order are
also possible. In this case, the first temperature derivative
of surface (or GB) energy varies continuously around T,
but second temperature derivative presents a break.
Continuous wetting-phase transitions were theoretically
predicted in [28-30] and for a long time had remained a
topic of very intensive theoretical investigations [31-34]
(see also the review [7]). Experimentally, a continuous
wetting-phase transition was first observed for liquids
only in 1996 [35, 36]. Later, continuous wetting-phase
transitions were observed for liquid/liquid systems of
technological importance for oil recovery, consisting of
alkanes in contact with methanol, water or brine [37-41].
For GBs, a continuous wetting-phase transition was
observed for the first time in the Zn—Al system [16].
Cahn’s generic phase diagram also predicted that the
tie-line of the wetting transition in the two-phase region
continues in the single-phase (solid solution) area as a
prewetting line [1]. Between the prewetting line and the
solidus line, the surface contains a thin (only a few nm)
liquid-like layer of a phase which is not stable as a bulk
phase. Experimental evidence for such prewetting (or
premelting) layers was also found for GBs in metallic
systems Fe-Si—Zn [42-45], Cu-Bi [46-48], Al-Zn [49]
and W-Ni [50, 51] and in ceramics Al,O3 [52-56], Y,0s3-
doped AIN [57], La-doped SrTiOj3 [58], Bi,O5-doped ZnO
[59, 60] and Ca-doped SizN, [61]. Prewetting was also
observed for interphase boundaries [62—68]. Wetting- and
prewetting (premelting)-phase transformations drastically
change GB properties such as diffusivity [43—46], mobility

[69], ductility [46, 70], segregation [46—48] and electrical
conductivity [71].

GB wetting phenomena play an important role in liquid-
phase sintering of metals and ceramics [72, 73], in pro-
cessing of metal matrix composites by semi-solid routes
[74], in thixotropic casting [75], in liquid metal heat-
exchangers used in nuclear technology [76], etc. An
important alloy processed mainly by liquid-phase sintering
is the Nd-Fe-B alloy. Nd-Fe-B-sintered magnets have
been developed over the last 25 years for advanced appli-
cations due to their excellent magnetic properties [77]. In
Nd-Fe-B-sintered magnets, the ferromagnetic Nd,Fe 4B
matrix phase is basically surrounded by a Nd-rich inter-
granular phase [78]. The degree of separation of ferro-
magnetic Nd,Fe 4B grains by the paramagnetic layer of the
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Fig. 2 a Liquidus projection close to the Fe-corner of the Fe-Nd-B
phase diagram [79]. Open circles mark the Fe,B, Nd,Fe;; and
Fe 4Nd,B (¢) binary and ternary compounds. The composition of the
investigated alloy is shown by the solid square. E; is the ternary
eutectic point L = yFe 4 Fe4Nd,B + Fe;Nd,Bg at 1,090 °C. es is
the eutectic point L = Fe4,Nd,B + Fe;Nd,B¢ (1) at 1,095 °C. eq is
the eutectic point L = yFe + Fe,B at 1,177 °C. U, is the transfor-
mation L 4+ Fe,B = yFe + Fe;Nd,B¢ (7). Uy, is the transformation
L + yFe = Nd,Fe|; 4+ Fe4uNd,B. p, 1is the peritectic point
L + FeB = Fe,B at 1,407 °C. ps is the peritectic point L + yFe =
Fe 4Nd,B at 1,407 °C. pg is the peritectic point L + yFe = Fe7Nd,
at 1,185 °C. ry is the remelting point 0Fe = L + yFe at 1,392 °C. r;
is the remelting point 0Fe = L + yFe at 1,381 °C. b The 80 at.% Fe
section of the Fe-Nd-B phase diagram [80, 81]. The composition of
the investigated alloy and annealing temperatures are shown by solid
squares
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Fig. 3 SEM micrographs of a Fe-12.3at.%Nd-7.6at.%B alloy
annealed at a 900 °C, b 1,000 °C and ¢ 1,100 °C, 2 h. The Fe4;Nd,B
(¢ phase) grains (matrix) appear dark-grey. The Nd-rich hcp phase

Nd-rich phase is critically important for their superior
magnetic performance. The NdFeB-based permanent
magnets are able to store large amounts of magnetic
energy. Their product (BqHg)max is up to 512 kJ/m?®, where
By is the remnant induction (the magnetic induction that
remains in a magnetic material after removal of an applied
saturating magnetic field), and Hy is the demagnetizing
force. Therefore, it is very important to investigate accu-
rately the wetting of Nd,Fe 4B GBs by the Nd-rich liquid
phase. This was the aim of the present study.

@ Springer

between Fe4Nd,B grains appears light-grey. Pores (artefact of
sample preparation) appear black. Fine particles of Nd,Fe;Bg
(n-phase) between Fe4Nd,B grains appear white

Experimental

The Fe—12.3at.%Nd-7.6at.%B alloy was investigated. This
composition is close to that of the most important magnetic
compound Fe4,Nd,B in the Fe-Nd-B system (Fig. 2)
[79-81]. The alloy was prepared from high-purity com-
ponents (5 N Fe, 4 N Nd and 4 N B) by vacuum induction
melting. Two-mm-thick slices were cut from ¢ 10-mm
cylindrical Fe-Nd-B ingots and sealed inside evacuated
silica ampoules with a residual pressure of approximately
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Fig. 4 Temperature dependence for the fraction of Fe;4;Nd,B GBs
completely wetted by the Nd-rich phase (large full squares, thick
line). Tys = 690 £ 10 °C and Tyr= 1,150 £ 10 °C are, respec-
tively, the temperatures of the beginning and end of the GB wetting-
phase transition of Fe;4Nd,B GBs by the Nd-rich liquid phase. The
large filled squares represent the results obtained in this study. The
small symbols are the results obtained by analysing the data from
the literature for liquid-state sintering samples. For each symbol, the
reference to the original study is also given

4 x 10™* Pa at room temperature. Samples were annealed
at temperatures of 700, 800, 900, 950, 1000 and 1100 °C
for 2 h and then quenched in water. The accuracy of the
annealing temperature was +2 °C. After quenching, sam-
ples were embedded in ‘Technovit’ resin and then
mechanically ground and polished, using 1 pm diamond
paste in the last polishing step, for metallographic study.
After etching, samples were examined by light microscopy
and scanning electron microscopy (SEM). SEM investi-
gations were carried out in a Tescan Vega TS5130 MM
microscope equipped using the INCA Energy 350 energy
dispersive spectrometer produced by Oxford Instruments.
Light microscopy was performed using a Neophot-32 light
microscope equipped with 10-Mpix Canon Digital Rebel
XT camera. A quantitative analysis of the wetting transi-
tion was performed by adopting the following criterion: a
Fe4Nd,B GB was considered to be completely wetted only
when a film of Nd-rich liquid had filled the whole GB
(Figs. 1b, 3c); if this film appeared to be interrupted, then
the GB was considered to be partially wetted (Figs. 1a, 3a,
b). At least 300 GBs were analysed at each temperature.
Typical micrographs obtained by SEM are shown in Fig. 3.

Results and discussion

SEM micrographs of the Fe—12.3at.%Nd-7.6at.%B alloy
annealed at 900, 1000 and 1100 °C are shown in Fig. 3.
The Fe 4Nd,B (¢-phase) grains (matrix) appear dark-grey.
The Nd-rich hep phase between Fe 4,Nd,B grains appears
light-grey. Pores (artefact of sample preparation) appear

black. Fine particles of Nd,Fe;Bg (y#-phase) between
Fe 4,Nd,B grains appear white. In Fig. 3a, b both com-
pletely and partially wetted Fe,4,Nd,B GBs are visible. The
elongated areas of the Nd-rich phase form chains along the
partially wetted Fe4,Nd,B GBs (Fig. 3a, b). A majority of
Fe4,Nd,B GBs are completely wetted by the Nd-rich
phase. In this case, the Nd-rich phase forms a continuous
network separating the Fe4Nd,B grains. At annealing
temperatures of 700, 800, 900, 950, 1000 and 1100 °C, the
Fe—12.3at.%Nd-7.6at.%B alloy studied consists of three
phases (see phase diagram in Fig. 2) [79-81]. The major
part of the alloy volume is occupied by Fe4Nd,B
(¢ phase) grains. The remaining volume is an intergranular
Nd-rich liquid phase containing particles of the Nd,Fe;Bg
(1) solid phase clearly visible in Fig. 3c where these par-
ticles appear as finely dispersed white precipitates.

Figure 4 shows the temperature dependence for the
fraction of Fe4,Nd,B GBs completely wetted by the
Nd-rich phase (large full squares, thick line). At 700 °C,
only about 10 % of Fe 4,Nd,B GBs are completely wetted.
By extrapolating the solid line towards O %, the starting
temperature of the GB wetting-phase transition is estimated
to be T,s =690 = 10 °C. At 1,100 °C, about 90 % of
Fe4Nd,B GBs are completely wetted. By extrapolating the
solid line towards 100 %, the finishing temperature 7 of
the GB wetting-phase transition is estimated to be
Twe = 1,150 £ 10 °C. Therefore, above this temperature,
all the Fe 4,Nd,B GBs are perfectly wetted by the Nd-rich
liquid alloy.

At each temperature above Ty = 690 £ 10 °C, both
completely and partially wetted GBs exist. Most probably
this difference is due to the variations in specific enthalpy
(excess energy per unit area) of different Fe;4,Nd,B GBs.
For example, it was noted earlier that low-energy GBs
(such as twin GBs) cannot be completely wetted by a
second solid phase and contain only chains of solid parti-
cles instead of a continuous second phase layer [19]. The
increase in the amount of completely wetted GBs with
increasing temperature can be explained by the fact that
GBs with different energies also have different tempera-
tures of wetting transition 7. For example, GBs with
higher energy have a lower Ty, [12, 13].

In addition to our results (large filled squares), Fig. 4
shows the data from the literature obtained by analysing
published micrographs of NdFeB-based alloys. Only
micrographs containing at least 100 grains were used for
this analysis. The main differences between our samples
and those in the literature are the processing method and
the purity of the alloys. Our samples were processed by
quenching semi-liquid alloys obtained from high-purity
Nd, Fe and B. The final microstructure consists of large
grains (up to ~500 pm). The data from the literature are
for samples processed by liquid-phase sintering of powders
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Table 1 Composition and heat treatment of alloys processed by liquid-phase sintering selected from the literature for calculating the amount of

wetted grain boundaries

Composition (subscripts in at.%) Liquid-phase First post- Second post- References
sintering sintering sintering
temperature annealing annealing
Ts and duration temperature temperature 7,
T, and duration and duration
Pr4FegoBg, PrisFes9 9BgNbg 1, PrisFess.9CosBegNbg 1, 1,100 °C, 2 h 600 °C, 1 h [82]
Pri4Fe71 9CogBeNby 3, PrisFego 90C010BsNbg 1,
Pr4Fes7.0C012B6Nbg 3, PrisFess 9Co16BsNby 3
Nd;, gFe798B7.4 1,080 °C, 1 h 600 °C, 1 h [83]
1,120°C, 1 h
Nd;s5.5Dy; oFe727Co3 0BgsAl; o 780 °C (SHS) 1,000 °C, 1 h [84]
Nd;5.5Dy; oFe7,.7Co30Bg.sAl; o 1,120 °C, 1 h 600 °C, 1 h [84]
Nd,4Feq0CosB;Ga; 780 °C, 0.5 h 850 °C, 0.5 h [85]
(NdDy);4(FeCoAl)goBg 1,050 °C [86]
1,080 °C
Nd4.54Fe74,C04.9Bg 36 1,090 °C, 1 h 900 °C, 1 h 500-650 °C, 1 h [87]
Feg; 11(NdDy)12.99Bs.9 1,065 °C, 3 h 900 °C, 2 h 600 °C, 3 h [78]
Fego.85(NdDy) 2.99B5s 75Al.24Gag 1 Zr 07 1,105 °C, 3 h 900 °C, 2 h 600 °C, 3 h [78]
(Pr, Nd) 4 gFe;37Bes + Aljoo—Cu, (x = 15, 35, 45) 1,100 °C, 2 h 890 °C, 3 h 480 °C, 2 h [88]
Fegg 43Nd)g 2Dy, 0Alg 1Nbg 2Gag 11Bo.os + 0, 0.2, 0.3 1,090 °C, 2 h 890 °C, 2 h 500 °C, 3 h [89]
or 0.5 wt% (CugnZngg)
Fe7g 7(Pr, Nd)148B6 s 1,090 °C, 2 h 890 °C, 2 h 550 °C, 3 h [90]
Fesg.7(Pr, Nd)148Bss + 0.6 wt% AlgsCus
Fegp.o0Nd;3.79(AlGaNbZr)g 48Bs 53 1,090 °C, 2 h 900 °C, 2 h 560 °C, 3 h [91]
Fe7o.57Nd;3.70(AlGaNbZr)g 48Bs. 16
Fe,¢Pr¢Bg 1,060 °C, 1 h [92]
Fe;6Pri¢Bg 1,060 °C, 1 h 1,000 °C, 24 h [92]
Fe7g,Nd;5 sPry 3B 3Alp 6Cug 995°C, 1 h 800 °C, 1 h 600 °C, 1 h + 540 °C, 1 h [93]
Fe;5,Nd 5 5Prp 3Bg 3Alp ¢Cug g 945 °C, 1 h 800 °C, 1 h 600 °C, 1 h + 540 °C, 1 h  [93]
(Fesg 64N d29 3DY0.5Tbo 2Alp 1G2g.11Nbo. 1 Zro,1B0.95) 100 1,105 °C, 2 h 900 °C, 2 h 510°C,3h [94]
Cu (x =0, 0.05, 0.1 and 0.2)
Fe;7Nd;sDy; »,AlpgBg + 0 or 0.1 at.% MgO 1,080 °C, 2 h 900 °C, 2 h 560 °C, 2 h [95]
Fe;;Nd»,B7 + 0.4 at.% MgO or ZnO 1,040-1,100 °C, 2 h 900 °C, 2 h 600 °C, 2 h [96]
Fegp.35Nd29 5Dy, 0B1.1Alp25Gdg g + 0, 0.1, 0.2 or 0.4 at.% 1,120 °C, 2.5 h 510 °C, 3 h [97]
MgO
Fe;sNd;sDy; »,Alj gBg 760, 810 or 850 °C, 1,000 °C, 2 h [98]

40 MPa, 10 min

at a temperature Ti,. The samples contain additives (see
Table 1) and have small grains (a few micrometres). After
sintering, the samples were annealed for 0.5-3 h at one and
in some cases two temperatures lower than Ti; (Table 1).
The results are given in Fig. 4 along with small symbols
together with the reference to the original study. Figure 4
clearly shows that in most cases, the percentage of com-
pletely wetted Fe 4,Nd,B GBs is lower than in our samples.

In order to obtain NdFeB-based alloys with good hard
magnetic properties, it is critically important for the
Fe 4Nd,B grains to be perfectly separated from each other
by a non-ferromagnetic layer. Figure 3c clearly displays

@ Springer

that in some locations, the Nd,Fe;Bg (1) particles form
‘bridges’ connecting the Fe;4Nd,B grains across the liquid
intergranular Nd-rich layer. According to the data from the
literature, the n-phase is ferromagnetic [99]. Ferromagnetic
bridges of n-phase can detrimentally influence the mag-
netic properties. These ferromagnetic bridges in the para-
magnetic intergranular layers have to be excluded in the
industrial hard magnetic FeNdB-alloys. On the other hand,
to obtain the magnetic separation by a non-magnetic layer,
the thickness of this layer must be greater than the width of
a Bloch wall between magnetic domains (about 5 nm)
[100]. It would appear that the magnetic separation of the
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Fe 4Nd,B grains can be obtained not only by macroscop-
ically thick (a few pm to 100 nm) layers of a wetting phase
but also by thin layers of a prewetting/premelting phase
[42-68]. The presence of such nanometre-thick layers in
the NdFeB-based alloys has been documented on several
occasions [101-107]. The exact thermodynamic conditions
of their formation are still unclear and need to be studied in
the future.

It has been found empirically that the additional short
annealing of liquid-phase sintered alloys slightly below the
eutectic temperature T,, = 665 °C [79] increases the
coercivity of the material [78, 83-99]. It is generally
believed that this is because the additional annealing
improves the magnetic separation of the Fe 4Nd,B grains.
However, below T, no liquid phase is present in the
FeNdB-based alloys. This means that the phase(s) wetting
the Fe;4sNd,B GBs should be solid.

Liquid-phase sintering is not the only method that can
be used to produce NdFeB-based permanent magnets. In
other technologies, the NdFeB-based alloys are quickly
quenched from the liquid phase by melt spinning [105-
107]. The amorphous or amorphous + nanocrystalline
ribbons obtained are pressed together with a binder and
heat treated to obtain the optimum structure and magnetic
properties. Moreover, as a result of severe plastic defor-
mation, the mixture of amorphous and nanocrystalline
phases can also be obtained in the NdFeB-based alloys
[107, 108]. It seems that even after a relatively long
annealing time, the remaining amorphous phase separates
the Fe4Nd,B grains. In this case, the amorphous phase
probably also ‘wets’ the Fe;4;Nd,B GBs like, for example,
in nanograined ferromagnetic ZnO films [23, 24, 27].

Conclusions

1. The Nd-rich liquid phase can wet the Fe;4;Nd,B GBs
either completely or partially.

2. The percentage of completely wetted Fe 4,Nd,B GBs
increases from 10 % (at 700 °C) to almost 100 % (at
1,100 °C). The estimated start and end temperatures of
the GB wetting-phase transition are 7, = 690 £
10 °C and Ty,¢ = 1,150 £ 10 °C, respectively.

3. The Nd-rich liquid phase between Fe 4Nd,B grains
and at three GB junctions contains finely dispersed
particles of the ferromagnetic n-phase (Nd,Fe,;Bg).
These particles can build ferromagnetic bridges
between Fe;4;Nd,B grains within intergranular Nd-rich
layers and, therefore, detrimentally influence the
magnetic properties. These ferromagnetic bridges must
be excluded from industrial hard magnetic FeNdB-
alloys.
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