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Abstract: The effects of melt overheating degree on the undercooling degree and resultant solidification structures of
NdyFegs_, Ti4C,B, (x=10, 12) glass-forming alloys were studied by differential thermal analysis combining with solidification
structure analysis. The results indicate that the undercooling degree of NdoFegs_, Ti,C,B, (x=10, 12) alloys significantly increases with
the rise of melt overheating degree, and two overheating degree thresholds corresponding to the drastic increase of the mean
undercooling degree are found for each of the alloys. The existence of two turning points of the mean undercooling degrees can be
linked to the structure transitions inside the overheated melts, which result in the evident increase of volume fraction of amorphous

phase in the solidified structures.
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1 Introduction

Recently, bulk Nd;-oFe,.Bio-15 nanocomposite
permanent magnets which mainly contain Nd,Fe 4B,
Fe;B and a-Fe nanocrystallines prepared by copper mold
suction casting and subsequent annealing have attracted
considerable research interests due to their enhanced
coercivity arising from larger volume fraction of hard
magnetic phase Nd,Fe ;B of the alloys than that of
typical Fe;B/Nd,Fe;sB type nanocomposites which
generally contain 3%—4% Nd and 19%—21% B (mole
fraction). Thus, their application prospect in sensors and
micro motors is wide. The reported researches were
focused on improving the glass-forming ability (GFA)
and magnetic properties of the alloys by adding small
amount of elements, such as Ti, Nb, Zr, Cr, C, Ga and
Co [1-9]. Among these element investigations, the Ti
and C co-substitution in Nd;-jogFep,Bio-15 alloys leads to
a unique advantage of enhancing both the remanence and
the coercivity of the alloys, resulting from the effectively
refined nanocrystallines caused by the precipitation of
TiC at the grain boundary [2,5]. However, the diameters
or thicknesses of the bulk Nd;_joFep,Bio-15 magnets
reported were ranged in 0.7-1.5 mm (usually just

0.7-1 mm), due to the GFA limited by their low B
content as well as the sub-rapidly cooling rate (usually
10*-10° K/s) provided by copper mold suction casting.

It is known that the GFA of an alloy correlates with
the ability of its melt to deep undercooling. Previous
studies indicated that the melt overheating treatment is
an effective method for some glass-forming alloys to
significantly improve their undercooling degree and thus
their GFA [10—14]. In particular, SHENG et al [10]
reported that the volume fraction of the amorphous phase
in Nd,Fe 4B/a-Fe type Ndy sFegZr;B¢ s ribbon increased
with increasing its melt overheating temperature.
However, the relationship between the melt overheating
and the resulting undercooling is far from being
understood. The experimental results in Refs. [15-20]
showed that the dependence of undercooling degree on
the melt overheating degree in some metallic melts is
nonlinear and discontinuous due to the structure
transitions of overheating melts, which is different from
the prediction of the theoretical linear relationship
between them based on the assumption of the existence
of microcavities either on the container or on the surface
of impurity particles inside a melt. TONG and SHI [17]
demonstrated that the dependence of the degree of
undercooling on the level of melt overheating in the Bi
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melt can be either abrupt or continuous, depending on
the duration of melt overheating time. MUKHERJEE
et al [18] found the overheating temperature thresholds
for  Zry 5Ti;38Cu1psNipgBesys,  Zrs;Cuys 4Nijz6Al10Nbs
and Zrs, sCuy7.9Ni46Al;Tis, and that the cooling level in
each of the alloy melts would be drastically increased by
overheating  above  their  respective  threshold
temperatures. CHEN et al [19] presented that when the
overheating degree of Sb—4.6%Bi alloy was in the range
of 150—-170 K, the undercooling degree increased
dramatically by about 20 K. The research reported by
WANG et al [20] showed that the undercooling of
Cog;B,; alloy was greatly affected by the overheating
temperature and a turning point of mean undercooling
existed when the overheating temperature exceeded a
threshold value. However, up to now, only a few alloy
systems that exhibit distinctive overheating effect are
found, and there is still no reported research involving
the melt overheating treatment of Nd;_joFep,B1o-15 based
alloys which may be a possible way to increase their
undercooling degree and thus enhance their GFA with
other factors remaining unchanged. In this work, by
using differential thermal analysis (DTA) we investigated
the dependence of the undercooling degree (A7) on the
overheating degree (AT +) in the NdoFegs_, Ti4C,B, (x=10,
12) melts for their particularities of containing lower B
content comparing with other Nd;_oFey,Bio-1s based
alloys, and two AT' thresholds of the melts
corresponding to the drastic increase of the mean AT~
for the alloys were found, which indeed resulted in the
significant increase of the volume fraction of amorphous
phase in the solidified alloys, which was confirmed by
the variation of the crystallization enthalpies in the DSC
curves of the alloy samples.

2 Experimental

Alloy ingots with nominal composition of
NdoFegs—, TisC,B, (x=10, 12) were prepared by arc
melting mixtures of 99.99% Nd, 99.5% Fe, Ti, C and
Fe—20%B (mass fraction) intermediate alloy in a high
purity argon atmosphere. The button-shaped ingots were
re-melted six times to ensure good homogeneity.

DTA is a powerful tool for investigating the
relationship between the AT " and the AT~ because it is
able to provide not only the most accurate temperature
control, but also an accurate control of the rates of melt
cooling and heating. However, a major difficulty existing
in the DTA test for Nd—Fe—B alloys is that the alloys are
easy to be oxidized. Hence, a set of vacuum system was
established firstly in a NETZSCH DSC 404F1 difference
scanning calorimeter. DTA curves of the alloys were
measured by this difference scanning calorimeter which

was pre-evacuated to 1x1072 Pa and refilled with a
continuous flow of highly purified argon to prevent the
alloys from oxidation, and a faster heating/cooling rate,
40 K/min, was employed in DTA test to prevent the high
temperature melts from evaporation. Each of the alloys
was heated up to a series of overheating temperature (7)
(1503, 1523, 1543, 1563, 1583, 1603, 1623 and 1643 K)
and then cooled down. The liquidus temperature (71) was
determined by the end temperature (extrapolated finish)
of the final endothermic peak on the heating curve, the
solidus temperature (7s) was determined by the point of
the beginning of the differential record deviation from
the baseline (extrapolated onset) on the heating curve,
and the nucleation temperature (7y) was
determined by the initial temperature (extrapolated
onset) of the first exothermic peak on the cooling curve
by using NETZSCH-Proteus software that the instrument
came with.

The phase structures of the samples were
investigated using D8 Focus X-ray diffraction (XRD)
with Cu K, radiation, and the microscopic morphologies
of the samples were observed using Quanta250 FEG
scanning electron microscope (SEM). The micro area
composition was measured by energy dispersive
spectrometer (EDS) attached in the SEM. The
crystallizing temperatures and the crystallization
enthalpies of the samples were determined using a
NETZSCH DSC 404F1.

initial

3 Results and discussion

3.1 Determination of characteristic temperatures by

DTA

Figures 1 and 2 show the DTA heating curves of the
NdoFegs— Ti;CoB, (x=10, 12) alloys which were
respectively heated up to a series of 7" (1503, 1523, 1543,
1563, 1583, 1603, 1623 and 1643 K). The measured
liquidus temperature 77 ,, and solidus temperature 75, on
each heating curve of the alloy with eight different 7" are
slightly different due to experimental error. The 71, and
Tsm as well as their arithmetic average 71 and Ts are
listed in Table 1.

Figures 3 and 4 show the DTA cooling curves of the
NdoFegs— Ti;CoB, (x=10, 12) alloys which were
respectively heated up to a series of 7% (1503, 1523,
1543, 1563, 1583, 1603, 1623 and 1643 K) and then
cooled down. The measured initial nucleation
temperatures 7y on each cooling curves of the alloys are
listed in Table 1. It can be seen that with the increase of
the 7" of melts from 1503 to 1643 K, the Ty of the alloy
melts gradually decreases.

The values of melt overheating degree AT" (AT =
T'—T;) and its undercooling degree AT (AT =T1—Tyx)
corresponding to the varied 7" are also listed in Table 1.
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Table 1 Solidus temperature, liquidus temperature, nucleation temperature, melt overheating degree and nucleation undercooling

degree of NdgFegs—, Ti4C,B, (x=10, 12) alloys with various melt overheating temperatures determined from DTA curves

x/% T*/K Tsw/K Ts/K TLw/K T/K WK AT*/K AT /K
1503 1353.4 1498.5 1375.6 1.4 126.0

1523 1353.8 1498.3 1373.0 21.4 128.6

1543 1353.7 1499.9 1349.2 414 152.4

1563 1347.5 1502.4 1350.9 61.4 150.7

10 1583 1347.1 13321 1504.7 13016 1349.8 81.4 151.8
1603 1352.1 1503.5 1337.5 101.4 164.1

1623 1354.6 1503.9 1334.6 121.4 167.0

1643 13542 1501.9 1335.3 141.4 166.3

1503 13543 1495.9 1377.0 7.6 118.4

1523 1355.7 1496.0 1376.0 27.6 119.4

1543 1354.1 1495.2 1332.5 47.6 162.9

1563 1347.6 1495.7 1328.4 67.6 167.0

12 1583 13535 13333 1495.5 14934 1327.7 87.6 167.7
1603 1352.5 1496.2 1315.7 107.6 179.7

1623 1353.4 1494.6 1317.4 127.6 178.0

1643 1355.5 1493.8 1318.3 147.6 177.1
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The results indicate that the AT values of NdyFegs_, Tis-
C,B, (x=10, 12) alloys have reached 126.0 and 118.4 K
alloys with x=10 and 12 respectively when their T just
reaches 1503 K which are very close to their liquidus
temperatures. The XRD patterns of the precursor ingots
and the samples after DTA with their 7" of 1503 K are
shown in Fig. 5. Some sharp crystalline diffraction peaks
corresponding to Nd,Fe 4B, Fe;B, a-Fe, Nd, ;Fe,B, and
TiC respectively can be seen in all the patterns, and the
average grain sizes of all the crystalline phases,
estimated from each of XRD patterns based on the
Scherrer’s formula, are 56 and 54 nm when x=10 and 12
respectively for the alloys before DTA, and are 57 and
55 nm when x=10 and 12 respectively for the alloys after
DTA, indicating that the solidification structures of the
samples before and after DTA are all mainly composed
of non-equilibrium nanocrystallines. Therefore, the
studied NdyFegs ,Ti4C,B, (x=10, 12) alloys exhibit a
highly = undercooling  tendency and  stronger
nanocrystalline forming ability, implying that the alloys
may have the strong dependence of the AT~ of the melts

on their AT" like other amorphous alloys reported in
Refs. [11,14].

3.2 Dependence of
overheating degree
Figure 6 shows the measured results of dependence
of the AT on AT" in NdoFegs  TisC,B, (x=10, 12) melts.
It is obvious that with raising the AT of the melts, the
resultant AT increases significantly by about 40 and
60 K, respectively when x=10 and 12. It is worthy to
note that there exist two AT thresholds that respectively
correspond to the two mean AT~ turning points during
the overheating process of the melts. For the alloy with
x=10, the mean AT~ is about 127 K when the AT is
below about 30 K, while the mean AT drastically
increases to about 151 K when the AT " surpasses its first
threshold value of 41.4 K; and then the mean AT
drastically increases again to about 166 K when the AT
surpasses its second threshold value of 101.4 K. For the
alloy with x=12, the mean A7 is about 119 K when the
AT is below about 30 K, while the mean AT~ drastically

undercooling degree on
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increases to about 165 K when the AT surpasses its first
threshold value of 47.6 K; and then the mean AT
drastically increases again to about 178 K when the AT
surpasses its second threshold value of 107.6 K. It can be
seen that the AT " of the NdyFess ,TisC,B, (x=10, 12)
melts has strong and distinct impact on their
undercooling behavior, and the relationships between the
AT and AT " in these two melts are so alike.

As reported in Refs. [14,21-23], the atomic bonds
in solid crystals are only partially broken during melting,
and some short-range order atomic clusters
corresponding to crystal structures can exist and remain
in overheated melt within a wide range of temperatures
above the liquidus temperature. These atomic clusters
can act as the intrinsic growth nuclei during the melt
cooling; however, they can be minified, reduced or even
vanished by elevating the melt overheating temperature,
leading to the of undercooling. For
NdyFegs—, TisCoB, (x=10, 12) alloys, as we can see from
the XRD results in Fig. 5(a), Nd,Fe4,B, Fe;B, a-Fe,
Nd, ;Fe4B,4 and TiC nanocrystalines exist in the precursor
ingots. Therefore, at least five kinds of atomic clusters

variation

with various compositions exist in the overheated melts,
whereas each kind of atomic clusters starts to dissolve at
specific overheating temperatures. In particular, among
crystals in the precursor ingots refractory compound TiC
can start to melt by the way of self-diffusion at
temperatures of 30-50 °C above liquidus [23,24].
Consequently, its corresponding atomic clusters in the
melts will begin to dissolve at higher overheating
temperature than those of other crystals in the melts.
Specifically, it can be conjectured that when the AT "of a
melt reaches higher than 40 K (see Fig. 6), some kinds of
clusters can be dissolved in a large amount, leading to
the first AT~ turning point; and then when the AT " of
this melt reaches higher than 100 K, the rest of clusters
that might mainly be composed of corresponding atomic
clusters of TiC can be dissolved in a large amount,
leading to the second AT~ turning point. These results
demonstrate that in an overheated melt consisting of
three components or more, structure transition can occur
more than once, which is different from Bi melt and
Co—B melt in which only once structure transition was
found [17,20].
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3.3 Melt structure transition and glass forming ability

To get an evidence of the structure variations in the
overheating melts of NdoFegs—, Ti;C,B, (x=10, 12) alloys,
the solidified structures of the samples after DTA with
T" reaching 1523, 1543 and 1643 K, respectively were
analyzed, and the typical SEM images (backscattered
mode) of samples are shown in Figs. 7 and 8. It can be
seen in these micrographs that many dark gray dendrite
regions are embedded in the light gray featureless matrix.
EDX (attached to SEM) analyses display that the light
gray featureless matrix (Spectrum 1) contains 12.15%
Nd and 64.86% Fe (mole fraction) when x=10 and 8.66%
Nd and 70.66% Fe (mole fraction) when x=12, which are
very close to the nominal composition of the precursor
ingots; and the dark gray dendrite regions (Spectrum 2)
contain 0.41% Nd and 77.52% Fe when x=10, and no Nd

Fig. 7 SEM (backscattered mode) images of solidified
NdgFe;sTiyC,By alloy after DTA at different overheating
temperatures: (a) 77 =1523 K (AT~ =21.4 K, AT~ =128.6 K);
(b) T7=1543 K (AT"=41.4 K, AT =152.4 K); (c) T™=1643 K
(AT =141.4K, AT =166.3 K)

Fig. 8 SEM (backscattered mode) images of solidified
NdoFe;Ti4C,By, alloy after DTA with different overheating
temperatures: (a) 7' =1523 K (AT =27.6 K, AT =119.4 K);
(b) T"=1543 K (AT =47.6 K, AT =162.9 K); (c) T"=1643 K
(AT"=147.6 K, AT =177.1 K)

and 81.28% Fe when x=12, which are similar to the
composition of mixture of Nd,Fe 4B, FesB and a-Fe
shown in the XRD patterns of Fig. 5. According to these
results combining with the reported SEM images
(backscattered mode) of partially amorphous structure in
Refs. [25,26], it is suggested that the light gray
featureless matrix in Figs. 7 and 8 is almost an
amorphous structure, and the dark gray dendrite region is
a nanocrystalline group mainly consisting of Nd,Fe 4B,
Fe;B and a-Fe. Besides, the black acicular regions
(Spectrum 3) in Figs. 7 and 8 contain 49.33% Ti and
48.72% C when x=10 and 48.73% Ti and 50.77% C
when x=12, which are very close to the composition of
TiC shown in the XRD patterns of Fig. 5, suggesting that
the black acicular region is the needle-like TiC
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precipitated from the overheated melt when it begins to
cool according to Refs. [24]. It can be seen obviously
from Figs. 7 and 8 that with the increase of overheating
temperature, the volume fraction of the light gray
amorphous matrix increases remarkably, whereas the
volume fraction of dark gray nanocrystalline group
decreases evidently and its dendrite morphology
characteristic inherited from the alloy melts of the
precursor ingots gradually disappears, indicating that the
alloy melts become more and more homogeneous and
the nucleation barrier becomes higher and higher with
the raise of overheating temperature.

Furthermore, the thermal analysis of the
NdoFe,;Ti,C,B,, alloy after DTA with 7 reaching
1523, 1543 and 1643 K, respectively, was carried out at
heating rate of 20 K/min and the DSC curves are shown
in Fig. 9. Similar to other Nd; oFeyaBio-15 based
alloys [27], all of T, on the DSC curves cannot be
observed clearly. However, the first crystallization
temperatures 7x on the DSC curves, 935.6, 936.3 and
946.0 K for T'=1523, 1543 and 1643 K, respectively,
can be determined accurately. Thus, the corresponding
reduced crystallization temperatures Ty, (7y/7) of 0.6256,
0.6261 and 0.6326 (7;=14954 K from Table 1)
respectively can be obtained, implying that the GFA of
the alloy increases with the increase of the 7" according
to Ref. [28]. Moreover, the total crystallization
enthalpies in each curve in Fig. 9 calculated by
NETZSCH-Proteus software, which reflect the amount
of amorphous phase in the alloy, are 14.13, 16.79 and
63.76 J/g for T"=1523, 1543 and 1643 K, respectively,
fully verifying that the volume fraction of amorphous
phase in the alloy significantly increases with the raise of
melt overheating temperature, which is consistent with
the SEM results. And it is noteworthy that the volume
fraction of amorphous phase in the alloy drastically
increases when the AT" of the melt surpasses its second
threshold value of 107 K. The above results confirm the
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Fig. 9 DSC curves of solidified NdoFe;;TisC,B;, alloy after
DTA at different overheating temperatures

structure transitions in the overheating melts, and exhibit
the enhancement of the GFA of the alloy arising from the
melt overheating.

4 Conclusions

1) The undercooling degree values (A7) of
NdyFess—, Ti,C,B, (x=10, 12) alloy melts were found to be
significantly increased by about 40 and 60 K respectively
when x=10 and 12 with the raise of their melts
overheating degree AT, and the dependence of the AT~
on AT" in the melts was abrupt. The mean AT~ in melts
was found to drastically increase respectively when the
melt AT" surpassed the first threshold value of 41.4 K
and then the second threshold value of 101.4 K for the
melt with x=10; and the first threshold value of 47.6 K
and then the second threshold value of 107.6 K for the
melt with x=12. The existence of the two turning points
of the mean AT in each of the melts can be linked to the
two structure transitions inside the melts caused by
successively dissolving at least five kinds of atomic
clusters corresponding to the solid crystals in precursor
ingots at different overheating temperatures.

2) By raising the melt overheating temperature, the
volume fraction of the amorphous phase in the solidified
structures of the samples after DTA increased remarkably,
whereas the volume fraction of nanocrystalline group
decreased evidently and its dendrite morphology
characteristic inherited from the overheated melts
gradually disappeared, which confirmed the structure
variations of the overheating melts and exhibited the
enhancement of the GFA arising from the melt
overheating.
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