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Abstract. The crystallization behaviour of Fe74Dy¢Bog and Fe79Dy (B2 amorphous alloys was
carefully investigated by differential scanning calorimetry, Mdssbauer spectrometry and x-ray
diffraction up to 800 °C. Calorimetric studies were performed in limited temperature ranges that
were progressively extended. For Fe74Dy¢Bog, after partial crystallization into the tetragonal Fe; B
compound, the remaining amorphous part segregates into two amorphous ‘phases’, respectively
enriched and impoverished in dysprosium. Tetragonal Fe3B further transforms into orthorhombic
Fe3B. Metastable Dy;Feg;B14 compound then forms from the Dy-impoverished amorphous
fraction, and subsequent crystallization of the Dy, . Fe4B4 phase occurs in the Dy-enriched fraction.
Finally, Dy;Fes;B14 decomposes into bec iron, Dy, Fe4B4 and iron borides. The nature of
the first crystallization product suggests the existence of local environments of t-Fe3B type for
this Dy concentration. The crystallization process of Fe70DyoB2o strongly differs from that of
Fe74DygB2o. Segregation phenomena occur in the amorphous state prior to any crystallization.
If the nature of the first crystallization product is assumed to be correlated with short-range
order in the amorphous state, our results suggest that the local environments differ from those
of Fe74Dy¢Boo, as they probably involve dysprosium atoms. This behaviour would agree with a
previous Mossbauer study performed on the as-quenched amorphous alloys, providing evidence for
a structural modification of the iron environments in the rare earth concentration range 8-9 at.%.

1. Introduction

In the last decade, quite numerous magnetic studies were dedicated to ternary amorphous
systems containing transition metal (TM), rare earth (R) and metalloid elements (Me),
particularly with compositions such as TMgy_RMeyg [1]. As the distribution of local easy
magnetization axes over the various atomic sites results from the combination of topological
disorder, which induces a distribution of atomic environments, and spin—orbit coupling, the
understanding of the random magnetic anisotropy properties of these materials requires a
precise knowledge of their local structural features. We recently investigated the Mdssbauer
behaviour of melt-spun Fegy_, R, B,y amorphous ribbons (x < 16 at.%; R = Dy, Ho, Nd) as
a function of the concentration and the nature of the rare earth [2-4]. We provided evidence
for a drastic discontinuity in the variation of the mean hyperfine parameters with the rare earth
concentration, occurring around x = 8-9 at.% whatever the nature of the rare earth atom.
We attributed this discontinuity to a strong modification in local order around Fe atoms in this
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composition range. However, further investigation was necessary to identify precisely the type
of local order below and beyond the critical concentration x..

Among the various ways to characterize amorphous materials, the study of their
crystallization processes revealed itself successful in determining pre-existing structural
features of the amorphous state as shown for amorphous Feo9_, B, alloys (12 < x < 25 at.%)
[5-7]. Thisindirectapproach goes on the assumption of a correlation between short-range order
in the amorphous state and the nature of the first crystallization products. In Fego_,B, alloys
(x = 20, 25 at.%), the first crystallization product was identified as tetragonal Fe;B (t-Fe;B)
[5-9]. Following this idea, we undertook a comparative crystallization study of our alloys
on both sides of the critical concentration x, established by Mossbauer experiments. In the
present paper, we report on the investigation of the crystallization process for two amorphous
alloys, with rare earth concentration lying below (Fe;4DyB2o) and beyond (Fe;oDy,,B2o) the
critical concentration x..

2. Experiment

Ingots of nominal composition Fe;4DysBoy and FezoDy, By were prepared by induction
melting from elements of purity higher than 99.9% (99.99% in the case of iron). Melting
was performed under an inert atmosphere of argon to prevent the oxidation of dysprosium. In
order to limit the preferential rare earth evaporation generally observed during melting [10],
the ingot was prepared in two stages. The first one consisted in the elaboration of an Fe—B alloy
with a composition close to the deep eutectic in the binary phase diagram (melting point about
1250 °C). Ribbons were then obtained from the ingot by the usual melt-spinning technique,
under an argon flow. The ejection of the melt alloy was performed on a copper wheel with
tangential velocity of 35 m s~!, under a helium pressure of 4 x 10* Pa. The composition of the
ribbons was determined by electron probe microanalysis. The measured dysprosium contents
were 5.4 at.% and 9.5 at.% respectively, slightly lower than the nominal concentration. For
simplicity, the alloys will be referred to by their nominal composition in the following.

Thermal treatments were performed under an inert atmosphere of argon by differential
scanning calorimetry (SETARAM DSC 111 apparatus), with a constant heating rate of
5°C min~! and further with a mean cooling rate of 25°C min~! to room temperature. For
these treatments, ribbons were crushed to powder and sieved to a particle size between 25 and
40 pm. The materials were characterized at room temperature by x-ray diffraction (XRD)
using Co (Kea) radiation, and 57Fe transmission Mossbauer spectrometry (MS), before and
after various thermal treatments. MS experiments were carried out with a source of >’Co in
a rhodium matrix. The spectra were computer fitted with a least-squares technique [11]. For
amorphous spectra, we used the histogram method relative to discrete distributions of single
crystals [12], constraining the linewidth I" of each elementary sextet to be the same. The
asymmetry of amorphous spectra was accounted for by a linear correlation between isomer
shifts IS and hyperfine fields B,r. The mean values of isomer shift (IS) are given relative to
«-Fe at room temperature.

3. Characterization of the materials before thermal treatments

3.1. As-quenched ribbons

As-quenched ribbons were analysed by XRD and MS to characterize their amorphous state.
Mossbauer results are presented elsewhere [3] and this section deals with XRD measurements.
The sample thickness (typically 30 um) allowed a selective XRD study of the two ribbon
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Figure 1. Room temperature XRD patterns of Fe74Dy¢Byg alloy: (A) ribbon wheel side; (B) ribbon
free side; (C) powder; (D) sample holder.

sides, solidified respectively in contact with the copper wheel (wheel side) and in ambient
argon atmosphere (free side).

For Fe74Dy¢Bo, the XRD patterns are typical for amorphous materials, whatever the side
(figure 1(A), (B)). The maximum observed around 26 = 25° is due to the contribution of the
sample holder, as evidenced by its XRD pattern (figure 1(D)). The wheel side pattern exhibits
a large and slightly asymmetrical maximum at 20 = 50° (figure 1(A)), representative of mean
interatomic distances of 0.26 nm mainly corresponding to the Fe—Fe correlations. The position
and width of this main contribution are identical on the free side of the ribbons (figure 1(B)). The
main difference between the two sides lies in the presence of a broad maximum at 26 ~ 35° in
the case of the free side. It corresponds to mean interatomic distances close to the dysprosium
atomic diameter (0.36 nm), and reveals the existence of Dy—Dy correlations. They were
attributed to a rare earth oxide forming tendency as, first, the argon atmosphere may not be
totally oxygen free and, second, the lower quenching rate favours atomic arrangements on the
free side.

The diffraction pattern of FejDy,;(Byo exhibits strong similarities with those of
Fe74Dy(Byg alloy. The mean interatomic distance (0.27 nm in Fe;oDy,,By) is slightly higher
than in Fe74Dy¢B,¢ (0.26 nm), owing to the size effect of dysprosium atoms. As was the case
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for the lower dysprosium concentration, our XRD analyses reveal the existence of Dy-Dy
correlations, especially on the free side of the ribbons.

3.2. Effect of ribbon powdering

The features of the XRD pattern of the powdered alloy (figure 1(C)) are close to those of
the ribbon wheel side (A), confirming that Dy—Dy correlations are mostly localized on the
free side. Although the powdered alloy is essentially amorphous, a sharp line is observed at
20 & 52°, corresponding to a d-spacing of 0.2024 nm. It was attributed to the (110) line of
bee iron (dy19 = 0.202 68 nm, but this crystallization of bcc iron is not detected by Mdssbauer
analysis of the powder (phase detectability threshold (1-2%)). However, for transmission
Moéssbauer spectrometry, we studied the powder particles as a whole, while for XRD, 95% of
the measured intensity is diffracted by a surface layer of about 5 wm in depth (after [13]). The
apparent discrepancy between the results can then be understood if the bce iron crystallites are
mainly localized at the surface of the particles. This suggests that the iron crystallization is
induced by local overheating and/or stresses resulting from the friction between the particles
on powdering. This effect is very weak and does not modify significantly the characteristics of
the remaining amorphous fraction, as shown by XRD and MS. However, such ordered regions
may constitute favourable sites for the precipitation of crystalline phases during the thermal
treatments.

Some crystallization of bcc iron is also observed in Fe;90Dy,(B2o by XRD when the alloy
is powdered.

4. Crystallization of Fe;4Dy¢B.

4.1. Calorimetric investigation

4.1.1. Heating up to 800°C. A sample of powdered Fe;4Dy¢B, alloy was first heated from
room temperature (RT) up to 800 °C and then cooled down to room temperature and heated
again up to 800 °C. The DSC curve recorded on the first heating exhibits three sharp exothermic
peaks with maxima at 622 °C (Py), 658 °C (P;) and 733 °C (P3) respectively (figure 2(a)). P;
and P; are preceded by two wide maxima of weaker intensity at 589 °C (M;) and 697 °C (M,).
Other weak variations are observed at lower temperatures on the curve but their identification
as exo- or endothermic reactions is rather a difficult task owing to the choice of a suitable
baseline for the DSC curve. Usually, one takes as the baseline the DSC curve obtained for the
same sample, during a second identical heating carried out in similar operating conditions
and immediately after the first thermal treatment. However, in such a large temperature
range, important structural transformations occur in the alloy, as it evolves from a metastable
amorphous state to a stable crystalline one. In order to obtain more reliable information about
the calorimetric behaviour of our alloy, we performed successive treatments on a same sample,
in much reduced temperature ranges that were progressively extended and we analysed the
two ‘as-recorded’ DSC curves, without any correction.

4.1.2. Successive treatments. 'Two series of treatments performed on two samples (A and B)
will be detailed as they give complementary results.

The successive treatments performed on sample A, and the corresponding DSC curves, are
detailed in figure 3. The two DSC curves (a) and (b) were obtained when the temperature was
raised up to 350 °C. Curve (b) shows a wide minimum at 257 °C corresponding to the Curie
temperature 75" of the as-quenched ribbons determined from magnetization measurements
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Figure 2. DSC curves of Fe74Dy¢Bog up to 800 °C, with a heating rate of 5°C min~'. Curve (a)
is relative to the first heating, curve (b) to the second heating stage.

[14]. This magnetic transition has a weak amplitude and spreads over a large temperature range
as already observed in amorphous Fegy 3Ho; 7B g alloy [15]. Asshown onthe DSC curve (a), an
irreversible exothermic reaction (E;) occurs in this temperature range on the first heating stage.
It is attributed to a structural relaxation of the material and the corresponding enthalpy variation
AH(E,), estimated as 1.3 kJ mol~! from the area delimited by curves (a) and (b), is typical
of structural relaxation in most metallic amorphous alloys (=1 kJ mol~! [16]). Curves (c)
and (d) correspond to further heatings up to 550 °C, that is below the reaction M, in figure 2.
As expected, the magnetic transition 75" is still observed on curve (¢). The minimum TCl
observed at the limit of the explored range is located at 535 °C, close to the Curie temperature
of the tetragonal Fe;B compound (t-Fe;B) (527-547 °C [17]). t-Fe;B may have been formed
during the exothermic reaction (E;) observed around 450 °C on curve (c). In our alloy, the
concentration ratio Fe/B is close to that of Fe;9B,, that crystallizes into bce iron and Fe;B
by eutectic reaction [9]. For a scanning rate of 5°C min~', the crystallization temperature of
this binary alloy is about 440 °C [9], which corresponds to the temperature range characteristic
of E;. As low rare earth contents are known to enhance crystallization temperatures in Fe—B
amorphous alloys ([15] and references therein), it is excluded that t-Fe;B forms during the
reaction E;. The formation of t-Fe;B is at the origin of structural modifications in the remaining
amorphous fraction, leading to a 20 °C increase of its Curie temperature 72" as observed on
curve (d). The enthalpy variation AH (E,) was estimated as 2.4 kJ mol . Sample A was
next heated up to 673 °C, just above the reaction P, (figure 3(e)). The magnetic transition of
the amorphous fraction, which occurs at 75" during the first treatment, is no longer observed
on the second curve (f), indicating the complete transformation of the remaining amorphous
fraction. On heating up to 800 °C, the last two exothermic reactions (M, and P3) occur, as
shown on the curve (g). A minimum TC2 is observed at about 640 °C, that can be attributed
to the Curie transition of the orthorhombic Fe;B compound (627 °C [18]). This transition is
already observed on curve (f), and the compound is formed at the latest on the occurrence
of P,. As curve (h) shows this minimum as well, o-Fe3;B is one of the final crystallization
products. Curve (h) exhibits another minimum at 765 °C, that can be attributed to the magnetic
transition T2 of bee iron (771 °C [19]). The minimum of very weak intensity at 710 °C might
correspond to the magnetic transition TC3 of the Fe, B compound (742 °C [20]). Although their
intensity is very weak, the minima 72 , 72 and T are significant. The presence of o-Fe;B,
Fe,B and bece iron will be confirmed by both x-ray diffraction and Mdssbauer analyses.
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Figure 3. DSC scans obtained for successive thermal treatments on sample A. (g’) and (h'):
expanded view of curves (g) and (h) in the temperature range 600-800 °C.

Sample B was first heated up to 605 °C, a temperature which is just above M;. The
presence of t-Fe;B is confirmed through its magnetic transition occurring at TC1 (figure 4(a)).
The first heating leads here again to an increase of the Curie temperature 72" of the amorphous
alloy when treated again (figure 4(b)). It is much more important than the one induced by E,
in sample A (about 50 °C), indicating that M is responsible for further structural changes in
the amorphous alloy. As the Curie transition of t-Fe;B is no longer observed on curve (b), this
metastable compound disappears on the occurrence of M. An additional heating up to 715 °C
(curve d) should not induce the P3 phenomenon observed in figure 2. However, the DSC
curve displayed in figure 4(c) shows that P; has been initiated, indicating that previous thermal
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Figure 4. DSC scans obtained for successive thermal treatments on sample B. (¢/) and (f’):
expanded view of curves (e) and (f) in the temperature range 600-800 °C.

treatments shifted the reaction onset towards lower temperatures. The reaction does not take
place on further heating up to 800 °C (figure 4(e)), confirming that P, initiated at 715 °C, was
completed on the last cooling from 715 °C to RT. The strong decrease of P; intensity observed
on curve (c) suggests that this reaction partially occurred on previous treatments up to 605 °C.
The absence of P; on curves (a) and (b) shows that this reaction, probably initiated by M,
went on cooling. In agreement with the results obtained for sample A, curve (d) displays
the minimum Tg characteristic of the Curie transition of o-Fe3;B. The magnetic transitions
of o-Fe;B, Fe;B and bcc iron, observed on curves (d) and (e), confirm the presence of those
compounds as final crystallization products.
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4.2. Characterization of the crystallization products

Further characterization of the crystallization products was performed by XRD and MS on
various samples heated once up to temperatures 7,, corresponding to the maxima of the
exothermic reactions P; (623 °C), P, (659 °C), M, (695 °C) and P3 (732 °C) and to the final
temperature (800 °C). The thermal treatments were carried out in the same operating conditions
as in the calorimetric study.

4.2.1. XRD measurements (figure 5). At 623 °C, the XRD pattern consists of two broad
maxima at 260 = 25° (sample holder) and 26 = 50° (remaining amorphous fraction), already
observed in figure 1, and a set of sharp lines. As intensities of bcc iron(110) and (200) lines
seem unchanged, the iron crystallites formed on powdering did not grow in the temperature
range T < 623 °C. Most of the sharp lines can be attributed to a metastable Dy;Feq; B4 body-
centred cubic phase with a YsFeg;B4-type structure [21]. The measured lattice parameter
a = 1234 £ 0.001 nm is in good agreement with the value given for Dy;(Fe, Nb)¢,B4
(1.235 nm [22]). Only two lines cannot be explained by the presence of bcc iron and
Dy,;FesB14. They are weak, but their positions correspond to the (111) and (201) lines
of the o-Fe; B compound [23]. The other lines of o-Fe;B are strongly convoluted with those of
Dy;Feg;B14. It must be added that the presence of t-Fe;B cannot explain these two lines, but
its d-spacings [24] are included in our experimental data, and the presence of t-Fe;B cannot
be excluded a priori.

Between 623 and 659 °C, further crystallization of the remaining amorphous fraction is
observed, but no new crystalline phase is formed. The proportion of Dy;Fes;B14 increases
relative to those of bec iron and o-Fe;B. At 695 °C, the lines of the Dy;Feg; B4 compound
are still observed. All the new maxima appearing at this temperature can be attributed to the
crystallization of Dy,, FesB4 phase, the experimental d-spacings agreeing within 0.001 nm
accuracy with the values calculated after [25] using the lattice parameters published for
Dy, 15,Fe4B4 [26]. Those maxima are poorly defined, suggesting the small size of the
crystallites. The formation of Dy, , Fe4sB4 phase is confirmed at 732°C (P3). The intensity
of bcc-iron lines strongly increases while the lines of Dy;Feg;B 4 are much reduced. Only
one line cannot be attributed to bce iron, Dy, FesBy4 or Dy;Feg;B14. It might correspond to
the (130) line of Fe,B boride (dj30 = 0.161 66 nm [27]). For this compound, the other lines
are common with some of bee iron and Dy;Fee;B14, and the Fe;B boride might be present as
traces. As at 695 °C, the presence of o-Fe;B is most probable. The lines of Dy;Fes; B4 have
totally disappeared at 800 °C. bce iron and Dy, Fe4B4 are the major phases in the alloy and
traces of Fe,B boride are detected. Other weak lines can be seen on the pattern. Two of them
can be attributed to o-FesB, the other lines of this system being still convoluted with those of
other phases. The remaining lines, which could not be identified rigourously, might be related
to traces of dysprosium oxides.

4.2.2. Mossbauer results. Maossbauer spectra corresponding to the five samples previously
studied by XRD are compared with the untreated powder spectrum in figure 6. Except for
Dy;Fes;B14, the room temperature hyperfine parameters of the different crystalline phases
observed by DSC and XRD are available in the literature [26,28-31]. First, in agreement with
the XRD study, the Mossbauer spectrum of the sample heated up to 800 °C (figure 6(E)) was
fitted with four contributions, in order to account for the two iron sites present in o-Fe;B,
and for the iron site in bec iron and Dy, Fe4By4, constraining the same linewidth value
I' = 0.29 mm s~!. The fitted hyperfine parameters, given in table 1, agree with those of
bece iron, Dy, FesB4 and o-Fe3; B within experimental accuracy. The intensity ratio of the two
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Figure 5. Room temperature XRD patterns of Fe74Dy¢Bog after thermal treatments up to 7.
(hkl) and (O0): Dy;FeqB4; (+): 0-Fe3B; (O): bec iron; (@): Dy, FeaBy; (]): Fe,B.

o-Fe;B iron sites (1/2.1) corresponds to the theoretical value (1/2), confirming the presence
of the boride. Another fit was performed, adding a fifth component in order to account for
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Figure 6. Room temperature Mossbauer spectra of Fe74DyBog: untreated powder (U.T.) and after
thermal treatments up to 623 °C (A), 659 °C (B), 695 °C (C), 732 °C (D) and 800 °C (E).

Fe,B, but the experimental intensity ratios do not agree with the theoretical site occupancies
for iron borides, confirming that Fe,B can only be present as traces. At 732 °C, the spectrum
(figure 6(D)) is a mixture of bce iron, Dy, FesB4, Dy;Fes;B14 and iron borides (mainly
o-Fe3B). Owing to the lack of Mossbauer data for Dy;Feg;B 4, the spectrum could not be fitted
in totality. However, from a partial fitting of the data (figure 7(D’)), the bee iron and Dy, Fe4By
Mossbauer abundances were estimated as 34.1 and 19.3% respectively. The spectrum displayed
in figure 7(D”), obtained by subtracting the calculated contributions to the experimental data, is
close to the spectrum recorded after a heating up to 695 °C (figure 6(C)). The spectra obtained
at 623 °C (figure 6(A)) and 659 °C (figure 6(B)) look like amorphous spectra, although XRD
showed that they both contain crystalline Dy;Feg;B4 and o-Fe;B, added to an amorphous
fraction. The crystalline fraction is more important at 659 °C. Accounting for the shape of
the spectra and the numerous parameters, the data were fitted with a distribution of hyperfine
parameters (figure 8). A paramagnetic component with Mdssbauer abundance of about 9%
(table 2) has to be considered to account for the enhancement of the central line intensity at
659 °C (figure 8(B)). The hyperfine parameters of this paramagnetic contribution (table 2) agree
with those of Dy, . Fe4B4 within experimental accuracy. Accounting forits important linewidth
I, this contribution seems disordered, and might correspond to an amorphous precursor of the
crystalline phase Dy, Fe4B4.

4.3. Discussion

The first stage observed during the thermal treatments of Fe;4Dy¢B,¢ alloy is a structural
relaxation (E;) of the amorphous state, occurring around 250 °C. As usual in binary FegoBg
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Figure 8. Fittings of the MOssbauer spectra of Fe74Dy¢ B after thermal treatments up to 623 °C (A)
and 659 °C (B) and corresponding hyperfine field distributions. The extra paramagnetic component
is displayed.

amorphous alloy [32], no significant effect on the Curie temperature is observed after structural
relaxation. Subsequently, we observe an exothermic reaction E, at 450 °C, associated with the
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Table 1. Room temperature hyperfine parameters of Fe74DysB2o components after a treatment up

to 800 °C.

Component By (T) IS (mm s~1) QSor2e (mms~')  Abundance (%)
bcce iron 32.8+0.2 0.002+0.003 0 66

Dy, Fe4Bs 0 0.013 £0.005 0.54 +0.01 24

o-Fe3B 26.4+0.5 0.10+0.07 —0.1 £0.1 3

232+£02 0.09£0.03 —0.02+0.06 7

Table 2. Mean hyperfine parameters deduced from the fittings of Fe74Dy¢B2o Mossbauer spectra
after treatments up to 623 °C and 659 °C.

Component By (T) IS (mm s~ 1) QS or 2e (mm s~ 1) I (mms™!) Abundance (%)
623°C

amorphous 22.5+0.2 0.02£0.01 0.40

659°C

amorphous 224+£0.2 0.01 £0.01 0.40

paramagnetic 0.56 £ 0.04 0.7£0.1 9

formation of t-Fe; B. E, corresponds to a weak phenomenon extending over a large temperature
range, instead of a sharp peak as usually observed for crystallization reactions, suggesting that
in Fe74Dy¢Bo alloy, the formation of t-Fe3; B occurs through a progressive extension of a local
order of t-Fe;B-type already present in the initial amorphous state. As the atomic proportion
of iron is about 75% in the initial amorphous alloy and in t-Fe; B, the same proportion of iron is
expected in the remaining amorphous fraction. This means that the latter is globally enriched
in dysprosium and impoverished in boron. The 20 °C increase observed in the remaining
amorphous fraction after the formation of t-Fe;B cannot be explained by an increase of the
ratio xp,/xp if this remaining fraction is considered homogeneous (it could induce a Curie
temperature decrease [33—36]). In contrast, if we assume that the residual amorphous is
heterogeneous, the impoverishment in Dy of a fraction A; of it can lead to a Curie temperature
increase. In this case, the complementary fraction, called A,, is Dy enriched. The formation
of t-Fe;B thus seems to be associated with a segregation of the remaining amorphous fraction
into two amorphous ‘phases’. The subsequent exothermic reaction, called M, occurring
around 589 °C, consists in the disappearance of t-Fe;B boride. The 50 °C Curie temperature
increase observed by DSC in the remaining amorphous material indicates that the segregation
phenomenon goes on. After the XRD study, at 623 °C (P;), the crystalline fraction of the
sample is mainly composed of o-Fe;B and Dy;Fes;B14. The disappearance of t-Fes;B is
generally associated with its transformation into bcc iron and Fe;B [5,37]. In our alloy,
the disappearance of t-Fe;B is not due to a decomposition into bcc iron and Fe,B as their
formation is not detected by XRD or MS in this temperature range. As a consequence, our
results would suggest a transformation of t-Fe;B into o-Fe;B during the reaction M;. At
623 °C, we observe the crystallization of the metastable ternary compound Dy;Feg; B4, which
is impoverished in Dy and B relative to the initial amorphous alloy and is probably favoured
by the Dy impoverishment in the amorphous ‘phase’ Aj, observed during the reactions E, and
M;. The crystallization of such a ternary compound has already been observed in alloys with
close compositions (®Fe77R3 gB92) and various rare earth elements [38—41].

The slight increase in the proportion of Dy;Fes;B14 relatively to those of bcc iron and
o-Fe3B between 623 °C and 659 °C confirms that Dy;Feg;B14 crystallization is subsequent
to o-Fe3B crystallization. At 659 °C, DSC analysis shows an important exothermic reaction,
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identified by MS as the formation of an amorphous precursor for the Dy, Fe4B4 crystalline
phase. This transformation occurs in the residual amorphous material, most probably in the
fraction (A;) progressively enriched in dysprosium at lower temperatures. The formation of
such an amorphous precursor from A, seems to be confirmed by the subsequent crystallization
of Dy,,.Fe4B,4 detected by XRD during M, (695 °C). It may also explain the weak enthalpy
variation associated with the crystallization of Dy, Fe4B4 phase itself. The last reaction (P3),
related to the decomposition of metastable Dy;FeqB14 compound, occurs at 733 °C. After
our study, possible Dy;Feg;B4 decomposition products are mainly bcc iron, Dy, FesBy
and, maybe, Fe,B and o-Fe;B. Simple calculations show that from strict composition
considerations, the reaction

Dy;Fes;B14 — bcec iron + Dy, FesB4 + Fe, B

is possible, the atomic percentages of the various phases being respectively 56.3% (bcc iron),
30.1% (Dy,,.FesB4) and 13.6% (Fe,B). This is also the case for the reaction

Dy,;Fe¢;B14 — bcc iron + Dy, Fe4B4 + FesB

with respective proportions of 51.8, 30.1 and 18.1%. Our results rather favour the second
decomposition scheme, but Fe,;B is probably also present as traces. In the sample heated up
to 800 °C, the proportions of the various phases, calculated after Mossbauer abundances, are
49% for bcce iron, 40% for Dy, FesB4 and 11% for o-Fe;B.

5. Crystallization of Fe7gDy, B2

5.1. Calorimetric investigation

5.1.1. Heating up to 800°C. For an identical thermal treatment as in 4.1.1, the calorimetric
behaviour of Fe;oDy (B2 alloy differs from that of Fe;4Dy¢B¢ as only two sharp exothermic
peaks are observed at 608 °C (S;) and 687 °C (S,) for the first heating (figure 9(a)).
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Figure 9. DSC curves of Fe7oDyoB2o up to 800 °C, with a heating rate of 5 °C min~ ', Curves (a)
and (b) are related respectively to the first and the second heating stages.

5.1.2. Successive treatments. Only one series of treatments will be detailed (figure 10).
First the sample was heated twice up to 400 °C. Both recorded DSC curves (figures 10(a)

and 10(b)) exhibit a wide minimum at 196 °C, corresponding to the Curie temperature 72" of

the ribbons [14]. An exothermic reaction (Ry), similar to the one (E;) observed for Fe74DyBog
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Figure 10. DSC scans obtained for successive thermal treatments on Fe7oDy;(B2o. (g’) and (h'):
expanded view of curves (g) and (h) in the temperature range 600-800 °C.

alloy, is attributed to a structural relaxation of the amorphous state. Like E;, R; does not
induce any significant variation of the Curie temperature 75" of the amorphous alloy. The
enthalpy variation A H (R,) associated with this relaxation was estimated as 0.940.3 kJ mol !
Curve 10(c), recorded on further heating of the sample up to 550 °C, is identical to curve 10(b)
in the temperature range 7 < 400 °C. An exothermic reaction (R;) is observed at higher
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temperatures, of which the maximum is located at 477 °C. It is at the origin of the 10 °C increase
of the Curie temperature 74", detected on the second heating up to 550 °C (figure 10(d)). As
an extra magnetic transition ¢ is observed at 393 °C on curve (d), R, results either from a
segregation of the amorphous alloy into several amorphous ‘phases’ or from the formation of
a crystalline compound. It could not be identified up to this stage of our study.

After cooling to RT, the sample was treated up to 625°C (figure 10(e)), and the two
magnetic transitions previously observed (75" and T¢) take place again. The reaction S; of
figure 9(a) is initiated, while the direct thermal treatments up to 800 °C suggested that this
reaction was completed at 625 °C. For this sample, the previous heating stages tend to delay
the subsequent reactions, a behaviour which is opposite to the one observed in Fe;4DyBog
alloy. Like R;, S; is responsible for structural modifications of the amorphous state, leading
again to a 10 °C shift of the magnetic transition 75" towards higher temperatures (figure 10(f)).

The sample was finally heated up to 800 °C (figure 10(g)). The expected reaction (S,) is
preceded by what seems to be a residue of S;. As in Fe;4Dy¢B,, 0-Fe3B, Fe,B and bec iron
seem present among the final crystallization products of this sample. They are characterized
by their magnetic transitions on curve 10(h). On this curve, the magnetic transition 75" of
the amorphous fraction and the one (7¢) previously observed at 393 °C are no longer detected,
indicating that the phase concerned by the latter Curie temperature is metastable, like the initial
amorphous phase.

5.2. Characterization of the crystallization products

XRD patterns and Mdossbauer spectra were recorded at room temperature for various samples
heated once up to temperatures 7,,, with temperatures 7,, chosen at 375 and 575 °C for the
lower temperature range, 625 and 650 °C for the identification of S; and finally 675, 700 and
800 °C for S,.

5.2.1. Structural evolution. The XRD patterns of the samples heated up to temperatures
T, in the range 375-650 °C evolve quite continuously (figure 11). The enhancement of bcc
iron (110) and (200) lines indicates a progressive crystallization of iron in the whole range
explored, probably through the growth of the Fe crystallites formed on powdering.

The XRD pattern obtained at 375 °C only slightly differs from the untreated powder
case, confirming the DSC results. At 575 °C, the main contribution to the pattern becomes
more asymmetrical. The deformation is due to an increase of the low 26 value contributions,
suggesting the formation of extra Fe—Dy pairs. The asymmetry effect is enhanced at 625 °C
and new sharp lines appear as well as two maxima in the range 65-75° (marked by arrows
in figure 11). These features are enhanced on the pattern obtained at 650 °C. The sharp lines
correspond to the most intense Dy, Fe4By lines.

In agreement with the XRD results, the evolution of the Mdssbauer spectra is continuous
in the range 375-650 °C (figure 12). We observe an increase of the intensity of the typical bcc-
iron sextet, detected on all spectra since 375 °C. According to XRD results, the samples heated
up to 375 and 575 °C are composed of an amorphous phase, which is the main component, and
bce iron. The spectra were thus fitted with a bee-iron component and a distribution of hyperfine
parameters (figure 12(A) and (B)). At 375 °C, the Mossbauer abundance of bec iron is about 2%
(table 3). The evolution of the amorphous fraction seems weak between the two temperatures.
However, as T,, increases, the maximum of the hyperfine fields distribution shifts of about 0.5 T
towards higher fields. The shift is not global and the distribution is subjected to a deformation,
with a widening around the maximum. As the deformation is probably related to the appearance
of the two maxima around 65-75° in the corresponding XRD pattern (figure 11), the spectrum
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Figure 11. Room temperature XRD patterns of Fe70Dy,oB2o after thermal treatments up to 7j,,.
(O): bec iron; (@): Dy, FesBy.

Table 3. Room temperature hyperfine parameters of Fe;0DyoB2o components after treatments up
to T, in the range 375-650 °C.

Component By (T) IS (mm s~1) QS or2e (mm s~ 1) I (mm s~ ") Abundance (%)
375°C

amorphous 18.0+0.2 —0.02+0.01 0 0.40

bcce iron 32706 —0.01+0.02 0 0.4+0.2 2
575°C

amorphous 18.24+0.2 —0.00+0.01 0 0.40

bcce iron 3294+0.2 0.01 £0.02 0 0.26 £ 0.06 4
625°C

amorphous 192+£02 —-0.02+£0.01 0 0.40 89
bcce iron 33.24+0.2 0.02 £0.02 0 0.32 £ 0.06 5
iron boride 23.7+£0.2 0.16£0.04 —0.08 £0.05 0.40 6
650°C

amorphous 20.7+£0.2 —0.02+0.01 0 0.40 83
bee iron 329+0.2 0.00 £0.01 0 0.25+£0.04 7
iron boride 23.4+0.2 0.14 +£0.03 0.00 £0.03 0.32 £0.08 8
Dy, FesBy — 0.014 0.532 0.22 £0.08 1

at 625 °C was fitted with an extra crystalline contribution (figure 12(C)). The hyperfine field
distribution no longer exhibits the deformation and Bj,y amounts to 23.7 £ 0.2 T for the extra
contribution (table 4), which is typical of iron borides [28]. If the presence of iron borides
is demonstrated at 625 °C, our Mossbauer study does not allow us to distinguish among the
various forms of Fe-B compounds.
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Figure 12. Room temperature Mossbauer spectra of FejoDy (B2 after thermal treatments
up to 375°C (A), 575°C (B), 625°C (C) and 650°C (D). Extra crystalline components ([J):
paramagnetic, (O): bec iron, (+): iron boride.

In agreement with the XRD results, the features of the Mdssbauer spectrum are more
pronounced at 650°C (figure 12(D)) than at 625°C (C). Spectrum (D) was thus fitted as
previously, with an extra paramagnetic component accounting for the very weak widening of
the central lines (table 3). The parameters of the paramagnetic contribution were constrained
to those of Dy, FesB4, which the crystallization is detected by XRD at this temperature
(figure 11). The Dy, Fe4B4 accounting for the widening of the central lines has a Mossbauer
abundance (about 1%) close to the detectability threshold. The fitting results confirm the
increase of bee-iron and boride(s) crystalline fractions. The hyperfine parameters of the two
contributions agree within fitting accuracy with those obtained at 625 °C.
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Figure 13. Room temperature XRD patterns of Fe790Dy (B2 after thermal treatments up to 7j,,.
(O): bee iron; (@): Dy, FesBy; (*): Dy,Fe4B.

Above 675 °C, the shape of the XRD patterns changes drastically (figure 13), and numerous
lines appear. They become sharper when the temperature increases. These lines can be
attributed to the crystallization of bec iron, Dy, . FesBs and Dy,Fe4B. For the latter,
experimental d-spacings agree with those calculated after [42] using the lattice parameters
taken from [43]. The intensity of bcc-iron lines increases relative to those of Dy, FesBy
between 700 and 800 °C.

The Mossbauer spectrum corresponding to the treatment up to 800 °C is displayed in
figure 14. After the previous study, once crystallized, the alloy is a mixing of the crystalline
phases beciron, Dy, Fe4B4 and Dy, Fe 4B, as well as iron borides. Orthorhombic Fe;B boride
is the most probable owing to the results obtained up to this stage. Provided the complexity of
the spectrum, the intensity ratios of Dy, Fe 4B sextets were constrained to the site occupancies.
The fitted hyperfine parameters (table 4) are in very good agreement with the values published
for the various phases [44]. Atomic percentages of each phase were estimated from Mdssbauer
abundances, assuming an identical resonant absorption cross section for all sites. We obtained
respectively 30% (bcc iron), 38% (Dy,, . FesBa4), 21% (Dy,Fe14B) and 9% (o-Fes;B). This
globally corresponds to an alloy with composition Fe;o 5Dy, ;B2 1. It is noteworthy that two
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Figure 14. Fitting of the room temperature Mossbauer spectrum of Fe79Dy (B2 after a thermal
treatment up to 800 °C.

Table 4. Room temperature hyperfine parameters of Fe70DyoB2g after a treatment up to 800 °C.

Component By (T) IS (mm s~ 1) QS or 2¢ (mm s~ 1) I (mms™!) Abundance (%)
bcc iron 33.1£0.2 0.005 £ 0.004 0 0.26 +0.01 42
Dy,.FesBs — 0.019 £ 0.004 0.52 £0.01 0.27 £0.01 24
Dy,Fe4B
16k 2894+0.5 0.00 +0.03 0.13 +0.06 0.32 7.2
16k, 29.8+04 —0.18+0.03 0.23 £0.06 0.32 7.2
8j1 272409 —0.10£0.06 0.25 +0.10 0.32 3.6
8j2 347408 —0.04+0.06 0.42 +£0.11 0.32 3.6
4e 284+15 —0.06£0.10 —0.63 +£0.22 0.32 1.8
4c 267+15 —0.15£0.10 0.0£0.2 0.32 1.8
o-FesB 26.6 +1.0 0.024+0.7 0.29+0.13 0.32 3
23.7+04 0.05 +£0.03 0.13 +0.06 0.32 6

dysprosium atoms are lacking, suggesting the presence of a weak fraction of pure dysprosium
or, more probably, Dy, O3 oxides in the alloy.

5.3. Discussion

The first exothermic phenomenon we observe is a weak reaction R;, spreading over a large
temperature range and corresponding to a structural relaxation of the material.

After the DSC study, a metastable compound or an amorphous phase with a Curie
temperature 7¢ of 393 °C is formed during the next exothermic reaction (R;). No crystalline
compound, except beeiron, is detected by XRD or MS at 575 °C. As a consequence, segregation
phenomena have to be invoked and the magnetic transition 7¢ has to be attributed to a second
amorphous fraction (B,) of the alloy. From the comparison of its Curie temperature with those
of Fegy_,Dy, By ribbons [14], it may correspond to an amorphous phase with a dysprosium
concentration close to zero. The formation of such an amorphous ‘phase’ (with composition
close to FeggB»), leading to a greater variety of iron environments in the sample, may explain
the widening of the hyperfine field distribution observed at 575 °C (figure 12(B)). However,
it does not explain the increase of the Curie temperature of the ‘initial’ amorphous fraction
for the reasons already detailed in the case of Fe;4DyBog alloy. To account for this variation,
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Figure 15. Evolution of bce iron Mossbauer abundance in Fe7oDy,,B2o as a function of 7.

it is again necessary to admit the existence of a third amorphous phase, named Bj, with
an increasing rare earth content. It may be at the origin of the enhancement of the Dy—Dy
correlations observed in the XRD patterns (figure 11).

Subsequently to the segregation of the initial amorphous alloy into three amorphous
phases, named respectively B, B, and B3, we observe the exothermic reaction S;. The
analysis of the XRD patterns recorded at 625 and 650 °C mainly evidences for the beginning
of the crystallization of the paramagnetic phase Dy,, FesB4. This crystalline compound is
detectable by Mossbauer spectrometry at 650 °C (figure 12(D)). The Dy, Fe4B4 compound
probably originates from the ‘third’ amorphous fraction (B3) that was enriched in Dy.

The Mossbauer study also provides evidence for the existence of a component typical of
the iron borides, of which the abundance increases between 625 and 650 °C. This (or these)
boride(s) probably originate(s) from the Fe—B amorphous phase with a Curie temperature ¢
of 393 °C (B,), detected by DSC. Owing to the presumed composition of B, (about FeggByg),
the iron boride would have a composition closer to Fe;B than to Fe,B. The crystallization
of the Fe-B amorphous fraction into borides is not complete, as its Curie transition is still
observed once S; is ended. After XRD and MS studies, the crystallization of bcc iron goes on
in this temperature range. It is attributed to a progressive growth of the crystallites formed at
the surface of the particles on powdering.

The last reaction (S;) consists in the quasi-simultaneous crystallization of the remaining
amorphous fraction into bce iron, Dy, FesB4, Dy,Fe ;4B and o-Fe3;B. The iron boride
probably crystallizes again from the Fe-B amorphous phase. Iron crystallizes in the whole
explored range but its ‘volume’ crystallization essentially occurs during S,, as evidenced by
the thermal evolution of its Mdssbauer abundance (figure 15).

6. Conclusion

The transformation processes of Fe74Dy¢Bog and Fe;gDy oB2o amorphous alloys differ for
both alloy compositions. In Fez4DyByo, part of the amorphous alloy crystallizes into t-Fe;B
at 450 °C. The remaining fraction is heterogeneous and consists of two amorphous ‘phases’.
One of them (A;) is impoverished in rare earth, while the other (A;) is Dy enriched. At
about 590 °C, the t-Fe;B compound disappears, leading to the formation of o-Fe;B boride.
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The progressive evolution of the amorphous phases leads to successive crystallizations of
Dy;Fes;B14 from A; at 623 °C and Dy, FesB4 from A, at 732 °C. At this temperature, the
Dy,FesB14 metastable compound decomposes into bec iron, Dy, FesB4 and iron borides
(mainly o-Fe3;B). The formation of t-Fe;B iron boride appears to occur through a progressive
extension of a t-Fe; B-type short-range order already present in the amorphous state.

In Fe7Dy,oB2o, segregation phenomena occur at 575 °C in the amorphous state, prior
to any crystallization. The amorphous material appears as composed of a Dy-impoverished
fraction (B;), a Dy-enriched fraction (B3) and a part containing mainly iron and boron (B,).
The progressive evolution of these amorphous ‘phases’ finally leads to the quasi-simultaneous
crystallization of bec iron, Dy, Fe4B4, Dy,Fe 4B and o-Fe;B around 690 °C.

With the assumption of a correlation between the local structure of the amorphous state
and the nature of the first crystallization product, our results on the Fe74DyByg alloy suggest
the existence of local environments of t-Fe;B type in the alloy, as in amorphous FeggByg.
The early transformation stages observed in Fe;oDy,,Byg are different from those deduced in
Fe74Dy¢B2o, and local environments seem more complex, as they probably involve dysprosium.
Our study would thus tend to confirm that local environments are different on both sides of the
critical rare earth concentration x, demonstrated by our previous Mdossbauer study [3].
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