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Abstract: In this work, the solidification microstructure and phase transitions of Dy-Tb-Fe alloy
samples were studied by using scanning electron microscopy with energy dispersive spectroscopy
(SEM-EDS), X-ray diffraction (XRD) and differential thermal analysis (DTA). No stable ternary
compound was detected in the present experiments. The phase transformation temperatures of
eight Dy-Tb-Fe alloy samples were measured. Based on the experimental results determined in
this work and reported in the literature, the phase equilibria of the Dy-Tb-Fe system was calculated
using the CALPHAD method. The calculated vertical sections are consistent with the experimental
results determined in this work and reported in the literature. Furthermore, in combination with the
experimental solidification microstructure, the solidification behavior of Dy-Tb-Fe alloy samples was
analyzed through the thermodynamic calculation with the Gulliver—Scheil non-equilibrium model.
The simulated results agree well with the experimental results. This indicates that the reasonable
thermodynamic parameters of the Dy-Tb-Fe system were finally obtained.

Keywords: Dy-Tb-Fe; solidification microstructure; phase transition; thermodynamic calculation

1. Introduction

Nd-Fe-B permanent magnets with excellent magnetic properties have been widely
used in various industrial fields such as wind turbines, electric vehicles, and aerospace [1-5].
With the increase in the operation temperature, the magnetic properties (e.g., coercivity
and remanence) of Nd-Fe-B permanent magnets decrease [6-9]. In order to ensure the
sufficient coercivity of Nd-Fe-B permanent magnets at the operation temperature, the
addition of heavy rare earth elements (Dy, Tb, etc.) to Nd-Fe-B permanent magnets to
partially substitute Nd is an effective method because the magnetocrystalline anisotropy
fields of Dy,Fe14B and Tb,yFe 4B are much higher than that of Nd;Fe4B, which would
result in the great improvement of the coercivity for the permanent magnets [10-12]. To
reduce the content of heavy rare earth metals Dy and Tb in Nd-Fe-B permanent magnets,
the grain boundary diffusion process (GBDP) was developed recently [13]. During the
GBDP, first, Dy and Tb can diffuse along the grain boundary phase into the interior of the
magnet; then, the partial Nd on the surface of Nd,Fe14B grains is replaced by Dy and Tb to
form a core-shell microstructure containing Nd;Fe14B and (Dy, Tb), Fe14B. The substitution
of Nd by Dy and Tb dilutes the ferromagnetism of the grain boundary phase and further
weakens the coupling between neighboring grains, which enhances the coercivity of the
magnets after the grain boundary diffusion process [14,15]. In order to gain a deeper
understanding of the grain boundary diffusion process, the thermodynamics and kinetics
of Nd-Fe-B permanent magnets containing Tb and Dy elements are fundamental to enhance
the overall performance of Nd-Fe-B magnets [16]. In particular, the solidification process
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of Nd-Fe-B-based alloys is significantly important to control microstructure and improve
magnetic properties of Nd-Fe-B permanent magnets [17]. Solidification is a process in
which the liquid phase decreases gradually and the solid phase is formed by peritectic,
eutectic and other reactions during the cooling process until the liquid phase disappears
completely [18]. Using thermodynamic calculations, the Scheil-Gulliver model can be
employed to simulate the non-equilibrium solidification process of as-cast alloys [19]. In
our previous work, the RE-Fe (RE = Pr, Nd, Sm, Gd, Dy, Tb, Ho, Tm, Lu, Y) [20-24],
RE-B (RE = La, Ce, Pr, Nd, Sm, Gd, Dy, Tb, Ho, Tm, Lu, Y) [25-27], and RE;-RE; binary
systems [28] were calculated, and then thermodynamic calculations of the RE;-RE;-Fe (e.g.,
La-Ce-Fe and Ce-Nd-Fe [29], La-Pr-Fe and Ce-Pr-Fe [30]) ternary systems and the Nd-Fe-B
ternary system [31] were performed. Furthermore, the development of a thermodynamic
database of Nd-Dy-Tb-Fe-B magnets is in progress in our group.

In this work, the solidification microstructure and phase transitions of Dy-Tb-Fe as-cast
alloy samples were investigated experimentally, and then phase equilibria of this ternary
system was calculated using the CALPHAD method. Finally, the solidification behaviors of
Dy-Tb-Fe as-cast alloy samples were investigated using the Scheil-Gulliver non-equilibrium
model. It could demonstrate a solid foundation for the microstructure design of high-
performance Nd-Fe-B permanent magnet materials with Dy and Tb elements.

2. Literature Information
2.1. Binary Systems

The thermodynamic database of Dy-Fe and Tb-Fe systems in the high-temperature
range (above 800 K) was established by Landin et al. [32], but the contribution of magnetism
to the Gibbs energy and experimental heat capacity of all intermetallic compounds were
not taken into account. Rong et al. [22] optimized the Dy-Fe and Tb-Fe systems using the
CALPHAD method considering the magnetic contribution and experimental heat capacity
of the intermetallic compounds. The calculation results including phase relationship and
thermodynamic properties are in good agreement with the experimental results. Recently,
Ye et al. [24] re-conducted thermodynamic calculations for Dy-Fe and Tb-Fe systems to
achieve compatibility with the RE-Fe thermodynamic database. The results of the Dy-Fe
and Tb-Fe systems optimized by Ye et al. [24] were used in the present calculation of the
Dy-Tb-Fe system.

The Dy-Tb phase diagram was not calculated in the reported literature up to now.
Gschneidner et al. [33,34] reported that Dy and Tb are completely miscible and measured
lattice parameters of the Dy-Tb alloys in the systematic review of lanthanide binary systems.
According to the reported data [33,34], the Dy-Tb phase diagram was drawn by Moffatt [35]
considering the continuous solid solution phases formed from (3-Dy, 3-Tb, a-Dy and o-Tb
phases due to their same crystal structures [36]. Therefore, all the phases including liquid
phase, bce (3-Dy, 3-Tb) and hep (x-Dy, a-Tb) in the Dy-Tb system were described by using
the ideal solution model. Figure 1 shows the calculated Dy-Tb phase diagram in this work.
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Figure 1. The calculated Dy-Tb binary phase diagram in this work.

2.2. Ternary System

The Dy 73Tbg 27-Fe vertical section of the Dy-Tb-Fe system was measured by West-
wood et al. [37] with DTA, X-ray diffraction and metallography. Landin et al. [32] directly
extrapolated the Dy-Tb-Fe system based on the experimental results of Westwood et al.
and Abell et al. [38], including the Dy 73Tbg 27-Fe vertical section and liquidus projection.
Although the values of the calculated Dy 73Tbg »7-Fe vertical section are consistent with
the experimental data [37], Ye et al. [24] have recently reassessed the calculations of the
Dy-Fe and Tb-Fe systems. Therefore, thermodynamic calculations for the Dy-Tb-Fe system
are still necessary.

3. Experimental Procedure

Eight Dy-Tb-Fe alloy samples with compositions of xp, : x7, = 1: 1 were prepared
from bulk Dy, Tb and Fe (99.99% purity, China New Metal Material Technology Company,
Ltd., Beijing, China). Each alloy sample (about 4 g) was melted 3-5 times in a vacuum arc
melting furnace filled with argon gas to ensure uniform composition. The alloy samples
were cooled in a copper crucible with cooling water, and thus the solidification process of
the alloy samples was non-equilibrium due to the fast cooling rate.

The as-cast alloy samples were prepared by standard metallographic procedure. The
morphology and phase composition of the alloy samples were measured by scanning elec-
tron microscope with energy dispersive spectroscopy (SEM-EDS, FEI 450G, FEI Company,
Hillsboro, OR, USA). The compositions of each phase in the alloy samples were measured
four times by EDS, and the standard deviations of the measured composition data were
determined. After the alloy sample was ground into powder in anhydrous ethanol, the
phase structures of the formed phases in the alloy samples were analyzed by X-ray powder
diffraction (XRD, PLXcel 3D, Cu K radiation). The phase transition temperatures of
the alloy samples were measured by differential thermal analysis (DTA, TA Instruments
SDT/Q-600) using high-purity Al,O3 crucibles in a flowing argon atmosphere. Considering
that rare earth metals are prone to oxidation, a heating/cooling rate of 20 K/min was used
in DTA measurement.
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4. Thermodynamic Calculation
4.1. Solution Phases

The solution phase ¢ including liquid, fcc, bec and hep is described by using the
substitutional solution model. The molar Gibbs energy of the solution phase ¢ can be
expressed as follows:

Gh= Y x°%P+RT Y  xilnx;+ "8Gl +“G, 1)
i=Dy,Tb,Fe i=Dy,Tb,Fe

Gy = nymj;OJL%y,n (xpy—2x1p) + XDy XF ej;()]Lgy,Fe(ny_xFe)] ,

o ; 0 2)
+XTpXFe ‘ZOJLTb,Fe(be_xFe) + XDy X1pXFe Ly, 1y e
]:
"8G = RTIn(Bo + 1)g(7), ®3)
¢ 079 170 2,9
Lpy th,ee = *Dy LDy 1o,pe T X160 LDy 1300 + XFe" LDy 18 Fer 4)

where x; is the mole fraction of element i (i = Dy, Tb, Fe) and OGfo means the molar Gibbs
energy of phase ¢ for element i (i = Dy, Tb, Fe); these values refer to the SGTE database [39].
R is the gas constant and T is the absolute temperature (Kelvin). "G}, is the magnetic
contribution to Gibbs energy of the magnetic phase. In Equation (3), 7 = T/ TS ,and T? is
the Curie temperature of the phase ¢. B is the Bohr magnetrons. ]thp)yrp , and/ L%}, o are
the interaction parameters and are taken from the Dy-Fe and Tb-Fe systems evaluated by
Ye et al. [24], respectively. OLgy,Tb,F » L and ngy,Tb,F . are the ternary interaction
parameters to be evaluated.

%
Dy, Tb,Fe

4.2. Intermetallic Compounds

In the Dy-Tb-Fe system, a continuous solid solution is formed because of the same
crystal structure of DyFe; and TbFe, [40-42]. Similarly, DyFe3; and TbFe3, DygFey; and
TbeFeys3, DyyFey and TbyFej7 also form a continuous solid solution in the Dy-Tb-Fe
system. Therefore, these intermetallic compounds are modeled by (Dy, Tb)g 3333Feg 66667,
(Dy, Tb)o.25Feg.75, (Dy, Tb)o.2069Fe0.7931 and (Dy, Tb)o.1053Feq 8947, which are named REFe;,
REFe3, REgFey; and RE,Fe;j7 (RE = Dy, Tb). Their molar Gibbs energies can be expressed as

REF REF REF
G = Yp, Giulie+ Yy, Grype + 0.3333RT (Yp, InYp, + YpInYp,)

: REF REF ®)
+ Ypy Yri/ Ly, tisre (XDy—x10) + "8Gy 2,
it REFe:
]LDy,TzzFe = A1+ BT, (6)
REFe, REFe REFe
G = Y, GRol + Yy, Ghppe + 0.25RT (Yp, InYp, + Yy InYy,) -
i REF. j REF
+ Yp, Yo/ Ly tire (XDy—X10) + "8G,
it REFe,
TLpy, e = A2+ BaT, (8)
RE4F REgF REgF
GREsFen _ vy, GREsFen |y GREgFm 0.2069RT(YDylnYDy + YTblnYTb) o
i REGF j RE4F
+ Yp, Yry/ L, e (Xpy—x1p) + "8Gy 2,
]‘LREsFeza = A3+ B3T, (10)

Dy, Tb:Fe
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G71721E2Fe17 — YDyGREzFen 4 YTbGREzFeﬁ + 0'1053RT(YDylnYDy + YThlnYTb)

Dy:Fe Tbh:Fe (11)
i1 RE2Feq7 j mag ~RExFeq7
+ Yp, Y1/ Lp, e (XDy—X10) + "8Gy /
jy RExFer;
LDy,Tb:Fe = Ay + B4T, (12)
. . it REFey iy REFey REP€3 / REF€3 / RE6F€23 i RE6F€23 i RE2F€17 1 RE2P617
in which/ Lpy.re Lpype s’ Lpype TLpype s’ Lpyire” Lypre =07 Lpyire and /Ly, 5, " are

interaction parameters taken from the Dy-Fe and Tb-Fe systems assessed by Ye et al. [24].

jLREFEZ jLREF83 jLREéFeZ?? al’ld jLRE2F€17

Dy,To:Fer’ LDy, b:Fer LDy, Th:Fe Dy, Th:Fe aT€ the interaction parameters to be optimized.

5. Results and Discussion

The microstructure and phase transitions of eight Dy-Tb-Fe as-cast alloy samples were
determined in this work. The phase compositions and phase transition temperatures of the
alloy samples measured by EDS, XRD and DTA are shown in Table 1.

Table 1. Phase compositions and identified phases of Dy-Tb-Fe alloy samples.

. - % Identified
Nominal SEM-EDS Results (at.”) Phases by EDS Phase Solidification Process
Composition (at.%) Dy Tb Fe and X%,{D Transitions (K)
i 4677 +02 4774406  549+04 hep (Dy, Tb) L — hep (Dy, Tb)
WDyosTbosFers 176850 06 1391402 6821204  (Dy T Fe, (00010571435 1y 0 (Dy, Tb) + (Dy, Th) Fe;
] 1751+07 1546+03  67.03 0.6 (Dy, Tb) Fe,
2#DyzsThsFeso 4064+02 5209401 727402 hep (Dy, To) 1121/ 1131,1459 L — (Dy, Tb) Fe
3 Dy Thor Fe 1733 +07 1596+0.1  66.71+ 0.8 (Dy, Tb) Fe, 1490 L = hep (Dy, Tb) + (Dy, Tb) Fe
Y20 £520€60 3729404 5531+ 0.8 740 £ 1.0 hep (Dy, Tb)
] 1145406 11.81+£05 7674406 (Dy, Tb) Fes
4#-Dy15TbisFero 1457 £01 1795401 6748 +£0.1 (Dy, Tb) Fe, 1494, 1501 L — (Dy, Tb) Fe;
N 1034+£03 1291402  7675+0.1 (Dy, Tb) Fes 14751505 L — (Dy, Tb) Fe; + (Dy, Tb) Fes
YI35IP15YE7s 4307 £03  1741+03 6952+ 0.6 (Dy, Tb) Fe, ’
396+03 637405  89.67+£04  (Dy, Tb), Feyy
6#-Dy1,Tby,Fezs 9.05+01 1173403 7922403  (Dy, Tb)s Feps 1482, 1495, 1555
1101 +£02 1295403  76.04 404 (Dy, Tb) Fes L — (Dy, Tb)g Fexs
354401 616405  9030+£04  (Dy, Tb), Feyy L= (Dy, Tb) Fe; + (Dy, Tb)s Fezs
7#DyisTbiosPery 914401  1148+02 7938402  (Dy, Tb)s Feys 1497, 1562
1010402 1333402 7657 +04 (Dy, Tb) Fes
$#-Dys ThoFess 354+01 518403 9128404  (Dy, Tb), Feyy 1523, 1560 L — (Dy, Tb), Fey

1021401 1187+04 7792405 (Dy, Tb)s Feys L— (Dy, Tb), Fey7 + (Dy, Tb)s Feos

5.1. Solidification Microstructure

Figure 2 contains the BSE micrograph and XRD patterns of Dy4; 5Tbyg, sFeqs alloy
sample. In Figure 2a, the microstructure of this sample shows the formation of two
phases, and the composition of the gray phase was measured by EDS to be 17.88 at.% Dy,
13.91 at.% Tb and 68.21 at.% Fe, while that of the light gray phase was determined to be
46.77 at.% Dy, 47.74 at.% Tb and 5.49 at.% Fe. According to the results determined by EDS
in Table 1, the gray phase and the light gray phase were identified to be (Dy, Tb) Fe, and hcp
(Dy, Tb), respectively, which was same as those of the XRD patterns in Figure 2b. Moreover,
there is a large amount of the hcp (Dy, Tb) phase in Figure 2b, and the background of the
diffraction pattern is too high and the spectral peak is not smooth, which is the result of the
internal stress or preferred orientation generated during the preparation of metal powders.
In addition, the microstructure characteristics of the Dy, 5Tb4y 5Feq5 alloy sample indicate
that the light gray hcp (Dy, Tb) phase was formed first from the liquid phase during the
solidification process.
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Figure 2. (a) Back-scattered electron (BSE) micrograph and (b) XRD patterns of Dy, 5Tbg s5Feis

as-cast alloy sample.

Figure 3 shows the BSE and XRD images of Dyy5TbasFesy and Dy TbygFeg alloy
samples. In Figure 3a,c, Dy;5TbssFesg and DyogTbygFegy alloy samples are composed
of two phases, while their XRD patterns demonstrate the formation of the (Dy, Tb) Fe;
and hcp (Dy, Tb) phase in Figure 3b,d. According to EDS results, there are two phases
present in these two samples, with (Dy, Tb) Fe; in dark gray and hcp (Dy, Tb) in light
gray. It means that the SEM-EDS results of these two samples are consistent with their
XRD results. Meanwhile, the formation of the primary phase (Dy, Tb) Fe, and similar
eutectic microstructure including (Dy, Tb) Fe, and hcp (Dy, Tb) was observed from the BSE
micrographs of these two as-cast alloy samples.
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Figure 3. Back-scattered electron (BSE) micrographs and XRD patterns of Dy,5TbysFesy and

Dy, TbyoFeg) as-cast alloy samples. (a,b) DyysTbasFes, (¢,d) DyagTbygFeq.
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As shown in Figure 4a,c, Dy 5Tb;sFeyy and Dy135Tb;3 5Fe73 alloy samples present the
microstructure of two phases. Based on the composition measurements in Table 1, these
two phases are identified to be (Dy, Tb) Fe, and (Dy, Tb) Fes, which are in good agreement
with the XRD patterns in Figure 4b,d. Similarly, the microstructure characteristics of
Dy15TbisFeyg and Dyq35Tb13 5Feys alloy samples show that the (Dy, Tb) Fe; phase is the
primary phase during this solidification process.

(a) 4# Dy15TbisFero : (b)4# Dy, ;Tb, sFeq,

Intensity(a.u.)

DyFe3-PDF#062-9614

" TR RS
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1 |
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I I I |

(Dy,Tb)Fes
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() S# Dy13.5Tb13.5Fe73 : : - (@)5# Dy,35Tbys sFers
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20 (degree)
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" I
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|
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Figure 4. Back-scattered electron (BSE) micrographs and XRD patterns of Dy;5TbsFeyy and
Dyl3.5Tb13.5F873 as-cast alloy samples. (a,b) Dyl5Tb15F870, (C,d) Dy13_5Tb13.5Fe73.

Figure 5 displays the BSE micrographs and XRD patterns of Dy;,TbjoFezs and
Dy105Tb1g5Ferg alloy samples. In Figure 5a,c, three different phases were formed in
these two samples. As given in Table 1, the experimental results obtained by EDS indicate
that the light gray phase, the gray phase, and the dark black phase are (Dy, Tb) Fe3, (Dy,
Tb)e Feps and (Dy, Tb), Feyy, respectively, which are same as those of the XRD patterns
in Figure 5b,d. The microstructures of Dy, TbisFezs and Dyqg5Tb1gs5Ferg alloy samples
suggest that the (Dy, Tb)sFey3 phase as the primary phase was formed.
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Figure 5. Back-scattered electron (BSE) micrographs and XRD patterns of Dyi,TbipFeys and
Dy10,5Tb10‘5Fe79 as-cast alloy Samples. (a,b) Dylszlee%, (C,d) Dy10.5Tb10,5Fe79.
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Figure 6. (a) Back-scattered electron (BSE) micrographs and (b) XRD patterns of DygTbgFeg, as-cast
alloy sample.

Based on the experimental results of eight Dy-Tb-Fe alloy samples with the composi-
tions of xp, : x7p = 1 : 1 determined by SEM-EDS and XRD, it was noted that the stable
ternary intermetallic compound was not determined in this work. In addition, the EDS
results measured in Table 1 illustrate that the solubilities of Dy in TbFe;, TbFe3, TbgFeys
and Tb,Fe;7 as well as those of Tb in DyFe,, DyFes, Dyg¢Fey3 and Dy, Feyy are different. This
indicates that (Dy, Tb) Fey, (Dy, Tb) Fes, (Dy, Tb)sFey3 and (Dy, Tb), Fe;7 all form continu-
ous solid solution phase in the Dy-Tb-Fe system, which was also reported by Westwood
etal. [37].

5.2. Phase Transition

Figure 7 shows the thermal analysis curve of Dy-Tb-Fe alloy samples in this work.
Based on the thermal analysis results, the transition temperatures of Dy-Tb-Fe alloy samples
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were analyzed, and the results are listed in Table 1. In Figure 7a, the thermal curve of the
Dy 5Tbyy 5Feq5 alloy sample displays three peaks at 1030 K, 1057 K and 1435 K. Combined
with Figure 2a, the peaks at 1030 K and 1057 K are generated due to the formation of the hcp
(Dy, Tb) phase and the (Dy, Tb) Fe; phase, while the third peak at 1435 K is corresponding
to the formation of the hcp (Dy, Tb) phase as the primary phase. The thermal curve of the
Dy25TbasFesg alloy sample in Figure 7b presents three signal peaks at 1121 K, 1131 K and
1459 K, respectively, which correspond to the formation of the (Dy, Tb) Fe; and the hcp (Dy,
Tb) phase. Nevertheless, the thermal curve of the DyyyTbyoFeg alloy sample in Figure 7c
shows only one endothermic peak at 1490 K, corresponding to the formation of (Dy, Tb)
Fe,, although the solidification microstructures of both Dy;5TbssFesg and Dy;oTbygFego
alloy samples contain the (Dy, Tb) Fe; and hcp (Dy, Tb) phases. In Figure 7d,e, the thermal
analysis curves of Dyy5TbysFeyy and Dyq35Tb13 5Fer3 alloy samples indicate two peaks at
1494 /1475 K and 1501/1505 K, corresponding to the formation of (Dy, Tb) Fe, and (Dy, Tb)
Fe;. Similarly, the thermal analysis curve of the Dy;,TbiyFe7s alloy sample in Figure 7f
indicates three signal peaks at 1482 K, 1495 K and 1555 K, corresponding to the formation
of (Dy, Tb) Fe3, (Dy, Tb)¢ Feys and (Dy, Tb), Fej;;. However, two peaks at 1497 K and
1562 K were observed in the DTA results of the Dy 5Tb1g5Fey9 alloy sample in Figure 7g,
although the solidification microstructures of both Dy, Tb1oFezs and Dy 5Tb1g 5Fey9 alloy
samples consist of (Dy, Tb) Fes, (Dy, Tb)g Feys and (Dy, Tb), Feqy. As shown in Figure 7h,
two endothermic peaks at 1523 K and 1560 K were observed in the DygTbgFeg; alloy sample,
which correspond to the formation of (Dy, Tb)s Feys and (Dy, Tb); Fej;. In addition, the
oxidation peaks due to the easy oxidation of Dy-Tb-Fe alloy samples at high temperatures
were also observed in Figure 7fh.

J@ T# Dy 5Thy, sFe ;5 08 T(6) 27 Dy, Th,Feyy

= Endothermic
Heat Flow/uV mg’!

=—Endothermic

4

|
1030 § 1057

T T T T
1000 1200 1400 1600 |0‘00

1200 1400
Temperature (K) Temperature (K)

2.0 -
(©) 3% Dy, ThyFegy (@ 47 Dy,TbFer,

1490}

1494
1501

Heat Flow/uV mg”!

=—Endothermic
<—Endothermic

heating heating

T T T T
1000 1200 1400 1600
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T T T T
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Temperature (K)

(¢) 5% Dy, 5Tb,, sFe,, 1.4 |(D 6# Dy, Tb ,Fes

Endothermic

Heat Flow/uV mg’'

~—Endothermic

heating

T T T T
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T T T T
1000 1200 1400 1600
Temperature (K)

Figure 7. Cont.
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Figure 7. Thermal analysis curves of Dy-Tb-Fe alloy samples measured by DTA at heating rate
(@) Dys25Tby5Feqs, (b) DyasTbosFeso, (¢) DyzTbaoFegy, (d) DyisTbisFezo, (e)

of 20 K/min.
Dy135Tb13 5Fezs, (f) Dy12TbioFeys, (g) Dy1o5Tb1gs5Feyo, (h) DygTbgFeg;.

5.3. Thermodynamic Calculation

Based on the experimental data determined in this work and reported by Westwood
et al. [37] as well as previous evaluations of Dy-Fe, Tb-Fe, and Tb-Dy systems, the Dy-Tb-Fe
system was calculated. The thermodynamic parameters of the Dy-Tb-Fe system obtained
are listed in Table 2.

Table 2. Thermodynamic parameters of the Dy-Tb-Fe system.

Phase Thermodynamic Parameters Reference
OLg Ty = —32,524.791 +10.7T [24]
TLg e = 14,150219 — 1.17T [24]
Licuid 2L = 422595 — 8.2T [24]
1qur o Liquid
Li 7 = —20,115512 - 32T [24]
L el — 33325193 — 11.1T [24]
57 Liquid
LFe,TLb, - 6603 —8.1T [24]
0 1qui _ 3
LDy,Tb,Fe = 6000 This work
OLip, = 38,000 [24]
-Fe, 5-Fe, B-Dy, B- ’
bee («-Fe, 8-Fe, 3-Dy, B-Tb) OLlffcefTb — 58,000 [24]
oy fee  _
L, py = 38,000 [24]
0~fecc _ o hep
fec (y-Fe) GDyff Gpy -+ 5000 (24]
Orpfec
Loy = 75,000 [24]
0GH¢ = 0GHP + 5000 [24]
0LP = 100,000 [24]
Fe,D 4
hep (x-Dy, o-Tb) 0+ hep Y
Ly, 7y = 150,000 (24]
Gy "7V = ~12,882 + 3.477T +0.1053°G ) + 0.8947°G [24]
Fey7RE, TE7PY2 — 371, 857PY: — 0.161 [24]
(Fey7Dy2, Fei7Tb) GheTl — 10,343 + 1.668T + 0.1053°G < + 0.89479G 1o’ [24]
TFrTh: — 408, gEer™2 = 0.167 [24]
07 Fei7RE; .
D??Tb:lge = —2000 This work
Gy 2PV = ~15,700 + 3.909T + 0.2069°G 5}’ + 0.7931°G ' [24]
Fe,3RE TPV — 534, g MY — 0.1 [24]
(Fez3Dys, Fex3 The) GEe»TVe = —12,501 + 0.355T + 0.2069°G 1 + 0.79310G %" [24]
TFenTbs — 574, ghenTle — 0,01 [24]
0pFesREs _ o This work

Dy, Tb:Fe —
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Table 2. Cont.

Phase Thermodynamic Parameters Reference
Gp*P = ~15,506 +3.101T + 025G 5! +0.75°G [24]
Fe3RE TFPY — 606, pe="Y = 0.493 [24]
(FeDy, Fe3Tb) GEeTl = 12,008 — 0.277T + 0.25°G1F +0.750G v [24]
TFSTY = 652, pET" = 0.426 [24]

OLII:J?,I;};:H — —3000 This work

Gn?PY = —17,860 — 5.419T — 0.00672T2 +

[24]
3R{105+ Tin[1 - exp(-32) |}
Fe,RE Tr2PY _ 635, 55@2” =0.89 [24]
(Fe; Dy, Fe,Tb) GEeTh — 14,540 — 4.332T — 0.0074T2 +
185 185 [24]
3R{? +Tin [1 - exp(—T)] }
TF2T? = 704, gE2T" = 0.762 [24]
0 LEE;%; £, = —4000 This work

Figure 8 shows the calculated liquidus projection of the Dy-Tb-Fe system. It was found
that no invariant reactions are existent in this ternary system. The calculated liquidus
projection agrees with the experimental results of the primary phase determined in the
experiment. Figure 9 shows the vertical sections of Tbg 50Dy .50-Fe and Tbg 7Dy 73-Fe
calculated based on the experimental data determined in this work and reported by West-
wood et al. [37]. The calculation results differ slightly from the experimental results and are
still accepted within the experimental errors considering the oxidation of Dy-Tb-Fe alloy
samples in the thermal analysis measurements at high temperature.

Primary phase €:1633K 1.1 at. % Tb, 5.4 at.% Dy
A hep(Dy,Tb)

M REFe2
& REFe3
X REcFe23
Vv RE2Fe17

0.0 chc 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fe Mole fraction in liquid Tb Tb

Figure 8. The calculated liquidus projection of the Dy-Tb-Fe system with the experimental results
determined in this work.
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Figure 9. The calculated vertical sections under the different composition conditions with the
experimental data measured in this work and reported by Westwood et al. [37]. (a) xpy, : xpp =1:1,
(b) xpy : x1p = 0.73:0.27.

In order to gain a deeper understanding of the phase transformation of Dy-Tb-Fe alloy
samples during the non-equilibrium solidification process, the thermodynamic parameters
of the Dy-Tb-Fe system obtained in this work were employed to simulate the solidifi-
cation process of the as-cast alloy samples using the Gulliver-Scheil model. Figure 10
displays the solidification process of four alloy samples (Dy4; 5Tbao sFeis, Dy15TbisFe7,
Dy105Tb1o5Fe79, and DygTbgFegy) simulated using the Gulliver—Scheil module. The sim-
ulated solidification path of the Dy4, 5Tbs; 5Feqs5 alloy sample in Figure 10a is as follows:
L — hcp (Dy, Tb) + L — hcp (Dy, Tb) +L + (Dy, Tb) Fe,. The calculated results show that
the solidification structure of the Dy4; 5Tb4, sFe5 alloy sample consists of a hcp (Dy, Tb)
phase and (Dy, Tb) Fe,, which is consistent with the microstructure observation results
shown in Figure 2a. Figure 10b shows the simulated solidification path of the Dy;5Tbys5Fez
alloy sample: L — (Dy, Tb) Fes + L — (Dy, Tb) Fe3 + L + (Dy, Tb) Fey. It indicates that
the microstructure of the Dyy5Tb5Feyq alloy sample consists of (Dy, Tb) Fes and (Dy, Tb)
Fe,. The simulation results are the same as the SEM results shown in Figure 4a. Similarly,
Figure 10c shows the simulated solidification path of the Dy 5Tbos5Fe79 alloy sample:
L — L + (Dy, Tb)¢Feps — L + (Dy, Tb)s Feps + (Dy, Tb) Fes, while the simulated solidification
path of the DygTbgFeg; alloy sample in Figure 10d is as follows: L — L + (Dy, Tb),Fe;; —
L + (Dy, Tb),Feq7 + (Dy, Tb)sFez3, which is consistent with the microstructure observation
results shown in Figures 5c and 6a. This indicates that reliable thermodynamic data of the
Dy-Tb-Fe system was obtained in this work, which can be employed to reproduce well the
solidification processes of Dy-Tb-Fe alloy samples using the Gulliver—Scheil module.
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Figure 10. Calculated Scheil-Gulliver solidification curves of the representative Dy-Tb-Fe as-cast
alloy samples. (a) Dyy25Tbyz 5Fe1s, (b) Dy15TbisFezo, (¢) Dy105Tb1o5Fez9, (d) DygTboFeg,.

6. Conclusions

This work investigates the solidification behavior of the Dy-Tb-Fe system using ex-
perimental measurements and thermodynamic calculations. The conclusions drawn are
as follows:

1. The phase transition temperatures and phase compositions of eight Dy-Tb-Fe alloy
samples were determined. Based on the experimental results determined in this work
and reported in the literature, the thermodynamic calculation of the Dy-Tb-Fe system
was performed using the CALPHAD method. The calculated vertical section and
liquidus projection are consistent with the experimental results.

2. The solidification behaviors of several Dy-Tb-Fe alloy samples were simulated by
using the Gulliver—Scheil non-equilibrium model with the obtained thermodynamic
parameters. The simulation results were compared with the solidification structure of
the experimental samples, and they were in good agreement with the experimental
results. This means that the thermodynamic parameters of the Dy-Tb-Fe system
optimized in this work are reliable and will provide reference for the microstructure
design of high-performance Nd-Dy-Tb-Fe-B magnets.
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