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The thermal stability and crystallization of the Feg,Nb,B14RE, (RE =Y, Gd, Th, Dy) amorphous alloys were
investigated by differential scanning calorimetric (DSC) method. By X-ray diffraction (XRD) method has been
established that the initial AMA have amorphous structure. The RE alloying of Feg;Nb,B14RE, amorphous alloys
increase the nanocrystallization temperatures for ~ 110 K and activation energies of crystallization for ~ 330
kJmol. The Avrami constant was found to be 1.86 for Feg,Nb,B,4 at 703 K, 1.17 for Fegp;Nb,B1,Y, at 813 K, 1.36
for FegNb,B14Gd, at 808 K, 1.76 for FegNb,B14Th, at 808 K and 1.92 for FegpNb,B14,Dy, at 808 K. Two-
dimensiona diffusion controlled growth mechanism with decreasing nucl eation rate was observed in the aloys.
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I ntr oduction

Due to the lack of crystal structure, amorphous
metallic aloys (AMA) possess high strength and
elagticity, superior corrosion resistance and excellent
wear resistance [1]. Amorphous and nanocrystalline
alloys based on iron obtained by melt spinning technique
widely used as soft magnetic materials [2, 3].
Amorphous alloys are widdy used as precursors of
nanostructured materials. Using an appropriate thermal
annealing at temperatures close to the crystallization
temperature one can obtain a microstructure with iron
nanograins embedded in an amorphous matrix. Soft
magnetic properties of amorphous alloys are found to be
superior to those of conventiona materias[4].

The key to the formation of nanocrystalites in an
amorphous alloy of a suitable chemical composition isto
control the annealing temperature and time to ensure
relatively high nucleation rate and alow growth rate. Itis
already known that the crystallization
(nanocrystallization) kinetic depends on chemicd
composition of the alloy [2, 4]. Addition of a transition
metal (Nb, Zr, Hf etc) during crystallization process
stabilizes an amorphous phase and inhibits a grain
growth. Trangtion e ements have also a notabl e effect on
magnetic  properties of the amorphous and
nanocrystallied Fe-based alloys[5, 6].

Some investigations have been performed on effects
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of rare earth (RE) addition on the thermal stability and
crystallization kinetics of Fe-based amorphous aloys.
For example, in work [7] examined thermal stability and
crystallization behavior of (Fey7sxDYyxBo.2Sio0s)osNbs
(x = 0- 0.07) bulk metallic glasses. The thermal stability
of the amorphous (Fep 75 xDYyxBo.2Si0.05)9sNbs Was greatly
improved by alloying with a small amount of Dy (x =0 -
0.07). The activation energy for the nanocrystallization
peak increased with the addition of Dy. However, by
adding more Dy one can restrain the precipitation of a-Fe
and change primary precipitation phase from FexBg
phase into DyFe;; S and DyFe; phases.

Influence of composition in the crystallization
process of Fesy NbioBis« metallic glasses was studied
too [8]. In the first two alloys FexBg is obtained as the
main primary crystallization product, whereas in
FexsNboBis aloy o-Fe is obtained. Furthermore, in
FexsNboB1s aloy process occurs in two steps without
obtaining a significant amount of FexsBe. These facts
retard the precipitation of the Fe;B phase to higher
temperatures in  FexNbBis than in FegsNboBos—
FexN blOBZO a”f)ys.

Crydtallization mechanisms have been effectively
evaluated using kinetic models (Kissinger, Ozawa, and
Matusita) and differential scanning calorimetric (DSC)
method. Furthermore, activation  energy  of
crystallization, Avrami  exponent, and  growth
mechanisms can be examined by using the mentioned
models [9]. Kissinger pesk method was widely used to
determine activation energies in the reactions when the
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temperatures of peaks cannot be determined accuratdy
due to overlapping heat effects. On the other hand,
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Fig 1. XRD patterns of theinitial samples: 1 -
FesaND,B14, 2 - FegNBB14Y 5, 3 - FegoNb,B14Gd,, 4
- FegoNb,B14Thy, 5 - FegNDb,B14DYs.
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Fig. 2. DSC thermograms of Fe-Nb-B-RE alloys
with different rare earth aloying additions: 1 -
FessND:B1s, 2 - FeeNbB14Y 2, 3 - FeNb,B14Gds, 4
- FegpNbB14Thy, 5 - FegNb,B14Dy, (heating rate 10
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Avrami exponent and growth mechanisms can be
investigated using Matusita model. For example,
characterization of crystallization process in Fe-based
magnetic amorphous aloys such as
(F&50C050) 73 5A 01N Si135Bg, FersSigB1g, and FegBi7 has
shown a diffusion controlled growth mechanism and two
step crystallization mechanism [6].

In our earlier investigation [10] it was shown the
crystallization of the Feg;Nb,Bi4sRE, (RE =Y, Gd, Tb
and Dy) amorphous alloys proceeds in two stages. The
RE alloying additions cause a dowing down of diffusion
processes i.e. increase the temperature of primary
crystallization for ~ 110 K in comparison with the basic
FessNb,By4 alloy and accelerate nucleation fine-grained
nanostructures of a-Fe and FexBe phases with mean
crystallitessize of 15- 19 nm.

In this paper, we report a study of kinetics of
crystallization and effects of RE (RE = Y, Gd, Tb, Dy)
alloying on the nucleation of crystalline phases in
Fes,Nb,B14RE, amorphous alloys. The alloy FegNb,B14
was also examined as the basic one (reference alloy).

|. Experimental

Amorphous aloys: FeuNbB1s, FepNbBYo,,
FesNB,B14Gdy,  FepNBB14Th,  and  FesNbBisDys
obtained by met spinning technique in heium
atmosphere onto a copper whed with a circumferential
speed of about 30 m/s. The obtained amorphous alloys
were in the form of strips with thickness and width of
20-25 um and 3 mm, respectively. The met was
prepared from pure Fe and B and binary REFe, (RE=Y,
Gd, Tb, and Dy) and NbFe, compounds. Purity (wt. %)
of the initial elements was the following: Fe—99,99; B —
99,96; Y —99,96; Gd — 99,96; Th — 99,96 ta Dy — 99,96.

Crydtallization of the obtained aloys was
investigated by differential scanning calorimetry (DSC,
NETZSCH DSC 404) method. The samples were heated
up to 1050 K with different constant heating rate (5) 5,
10, 20 and 40 K/min. Using the X'Pert Philips
Diffractometer PW 3040/60 type with the CuKaoa-
radiation and the X'Cellerator counter diffraction patterns
of theinitial AMA was obtained.

Il. Resultsand Discussion

In Fig. 1 XRD patterns of the initia aloys (after
melt-spinning process) are presented. They show broad
diffraction peaks. No peaks corresponding to crystalline
phases are detected, which means fully amorphous
structures were formed in the samples after melt-spinning
process.

The amorphous aloys were scanned in DSC tests at
5, 10, 20, and 40 K/min hesting rates. Fig. 2 shows the
DSC curves for the investigated alloys. Two peaks are
observed in al thermograms showing two-stage (X; and
X;) oydalization process in the aloys. DSC
thermograms of Feg,Nb,B,4Gd, alloy for four different
heating rates are presented in Fig. 3. It is seen the peak
temperatures (Tx;, Txe) increase with increasing heating
rate and this suggests that crystallization of amorphous
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Fig. 3. DSC thermograms of Feg;Nb,B14Gd; aloy for four different heating rates: 1 —5K/min; 2 — 10 K/min;
3 —-20 K/min; 4—40 K/min.

Tablel
Ty and Ty, for four different heating rates (5) of the alloys
T K | Ty, K
B
Alloys 10 20 40 10

5K/min K/min | K/min K/min 5K/min K/min 20 K/min | 40 K/min

FesaNb,B1y 684 696 708 719 802 811 821 830

FegoNbB14Y » 798 804 811 818 995 1008 1016 1023

Feg,Nb,B1,Gdo 793 798 806 811 986 995 1006 1013

Feg,Nb,B14Th, 795 801 808 815 1000 1000 1008 1016

FegNb,B14Dy, 794 801 808 814 991 1000 1007 1017

phase depends on atoms diffusion speed. Table 1 shows
the changes in the first (Tyx;) and second (Tyx)
crystallization peaks with increasing hegting rate for
FessNB,B14, FesoNB,B14Y 5, FesNb,B14Gdy,
FegoNb,B14Th,  and  FepNb,BiyDy, dloys. The
crystallization temperatures Ty; and Ty, significantly
increase with RE aloying of theinitia aloy Feg,Nb,B4.
The temperatures of crydtallization peaks of the
Fes,Nb,B14Y, amorphous alloy are higher compared to
the other aloys (Table 1).

Kissinger peak method and Ozawa model were used
to determine the activation energy, E,, in thefirst step of
crystallization. According to Kissinger model (Eg. (1)):

2
Ea

T
In— = + A
R

b Ty

where: f is heating rate, E, — activation energy, R is the
gas constant, Tx is the peak temperature and A —
constant, plotting In(Tx%p) vs 1000/Ty gives a straight
line and the dope of it equals — E4/R [11]. Kissinger
plots for the examined amorphous alloys are presented in
Fig. 4.

Activation energy for the first step of crystallization
the FeuNbBu, FepNBBuY, FesNbB1,G,,

(1)

for

FesoNb,B14Th,, FegNb,B14DY, aloys was calculated to
be 232, 567, 581, 561, 543 kJ/mal, respectively.

Ea

RT
X
where: B is congant for investigated aloys, was also
used for calculation of activation energy for the firgt
crystallization peak of the aloys. In this model, plotting
Ing vs LTy gives a straight line and slope of aline equals
to— E/R[12].

InB asafunction of 1000/T for the first endothermic
heat effect for investigated alloys are shown in Fig. 5.
Activation energy for nanocrystallization phases in the
FessNB,B14, FesoNB:B14Y 5, FesNb,B14Gdy,
FesoNb,B14Th,, FegNb,B14Dy, aloys was calculated to
be 245, 580, 595, 575, 557 kJmal, respectively. The E,
values received by Kissnger modd are dightly
decreased while comparing for the same data calculated
by Ozawa method, but the differences between the values
determined by the two methods are ~ 3-6 %. Similar
results were received by the authors of Refs. [13-15]
when they studied crystallization kinetics of FeysSis,
Zr70CuxNi1o and FegggNi1 5SisB3Cos metallic glasses.

RE alloying for only 2 at. % of the basic FegyNb,B14
alloy causes significant increase of nanocrystallization

Inb =-

+B, (2
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Fig. 4. Kissinger plots for the examined amorphous dloys: 1 - FegsNb,B14, 2 - FegoNDB14Y 5, 3 - FegoNbB14,Gdy,
4 - FepNb,B14Thy, 5 - FeNbyB14Dys.
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temperatures and activation energies of
nanocrystallization of the FegpNb,B14RE, amorphous
aloys.

The volume fraction of transformed structure from
amorphous to crystalline state can be obtained from DSC
thermograms. At each temperature, volume fraction of
crystalline phases («) can be estimated according to Eg.
A):

_ 5

St
where Sristhetota area of the exothermic peak and S is
the area between the initia point of the peak and any
other temperature [12].

In Fig. 6 the plot of a vs T at different heating rates
is shown for the first step of crystallization for the initia
and the Dy containing alloys.

All the curves are of sigmoid shape. Minic et al. [16]
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Fig. 5. Ing as afunction of 1000/Tx for thefirst crystallization step in the 1 — FegyNb,B14, 2 — FegNbB14Y 5,
3 — FegoNb,B14Gdy, 4 — FegoNbB14Th,, 5 — FegNb,B14DY, aloys according to Ozawa model.
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interpreted this kind of fraction curves as diffusion
controlled during crystallization.

To indicate the exact mechanisms of crystal phase
growth in the aloys, Matusita moddl was used (Eq. (4),

[9]):
Iné—ln(l-a)g:-nln(b)- 4

where a is the volume fraction of crystalline phases, nis
Avrami exponent, m is dimensionality of growth, T is
temperature and C is constant. In this research, by
plotting In[-In(1-«)] vs Ing a constant temperature,
Avrami exponent was estimated. Furthermore, by
plotting In[-In(1-a)] vs reciprocal temperature (U/T) at
constant heating rate (5), dimensionality growth
parameter (m) was derived. Fig. 7 shows variation of
IN[—In(1-&)] vs Ing a congtant temperature for all
investigation alloys. Variaion of In[-In(1-a)] vs UT at
constant heating rate (B) for FeyNbB, and

+C,



L. Boichyshyn, M.-O. Danyliak, B. Kotur, T. Mika

123 4 5678
1.0+
0.8+
0.6 1
© |
0.4+
0.2
0.0 ‘
660 720 750 7 810

T,K

Fig. 6. Fraction of crystallization («) asafunction of temperature at four different heating rates for the FegsNb,B14
(1 =5 K/min; 2—-10 K/min; 3 —20 K/min; 4 —40 K/min) and Feg;Nb,B14DY, (5 -5 K/min; 6 — 10 K/min;
7 — 20 K/min; 8 — 40 K/min) amorphous alloys.
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Fig. 7. In[-In(1-a)] asafunction of Ing in congtant temperature for the aloys: 1 — FegNb,By4 at 703 K,
2 —FegNb,B1,Y, at 813 K, 3 — FegNb,B14,Gd, a 808 K, 4 — FegpNb,B1,Th, at 808 K, 5 — Feg,Nb,B,,Dy, at 808 K.

Fes;Nb,B14Dy; is plotted in Fig. 8.

Matusita model differs from Kissinger method and it
provides valuable information about the Avrami
exponent and dimensionality of growth in crystallization
of amorphous aloys. In fact, in addition to activation
energy, mechanisms of growth can be examined using
this method. In general, Avrami exponent (n) can be
evaluated according to Eq. (5) [17]:

=b+ pm, ©)
where b is a parameter showing nucleation rate, and p is
a parameter showing type of transformation, eg.
diffuson controlled transformations. In Table 2
explanations of these parameters are given. The amount

126

of Avrami exponent (n) in this research was calculated to
be 1.86 for FegsNb,By, at 703 K, 1.17 for FegNbBy4Y 2
at 813 K, 1.36 for Fegp;Nb,B14Gd, at 808 K, 1.76 for
Fes,Nb,B14Th, at 808 K and 1.92 for Feg;Nb,By4Dy, at
808 K aloys.

In effect, the average of dimensionality growth
parameter (m = 2) can be inferred from the dopes of
straight lines in Fig. 8. It is thought that devitrification
process in FegpNb,B,RE, was carried out by a bulk
crystallization mechanism in two dimensions. As
mentioned earlier, it can be inferred from Fig. 7 that
diffuson controlled crysalization process s
accomplished in the alloy and thus, the amount of p is
considered equal to 0.5, i. e. parabolic growth of crystal
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Fig. 8. Matusita plots at different temperatures and heating rates for the FegsNb,B14 (1 —5 K/min; 2 — 10 K/min; 3
— 20 K/min; 4 —40 K/min) and FezpNb,B14DY, (5 -5 K/min; 6 — 10 K/min; 7 — 20 K/min; 8 — 40 K/min)
amorphous alloys.

Table?2
Explanation of nucleation and growth parameters for Eq. 5[9, 17]
Parameter Amount Explanation
1 One-dimensiona growth mechanism
m 2 Two-dimensional growth mechanism
3 Three-dimensional growth mechanism
1 Linear growth (interfacia control)
P 0.5 Parabolic growth (diffusion control)
>1 Increasing nucleation rate
b 0 Na nucleation during crystallization (this meansthat all nuclei may be present
before devitrification)
<1 Decreasing nucleation rate

(see Table 2). Resulting from Eg. (5) and the values of
growth parameters, a decreasing nucleation rate is
probable for nanocrystallization during annealing process
of FessNB,B14, FesoNB:B14Y 5, FesNb,B14Gdy,
FesoNB,B14Th,, FesNBB14DYs.

Conclusions

A two-step crystallization process was observed in
Fes,Nb,B14RE; (RE =Y, Gd, Th, Dy) amorphous alloys.
The first stage occurs at ~ 696 K (5 = 10 K/min) for the
basic FegyNb,B;, amorphous aloy. Therma stability
(AE, = 330 x/Ix/monb, AT = 110 K) of the alloys can be
significantly increased by addition of only 2 a. % RE.

Activation energy for the crystallization of the
nanophases (a-Fet+Fex3Bg) was calculated to be 232, 567,
581, 561, 543 kJmol for FegsNbBis, FesNbB14Y s,
FegNb,B14Gd,, FesoNbB14Thy, FesNb,B14Dy, aloys,
respectively, according to Kissinger model. The values of
E., equal to 245, 580, 595, 575, 557 kJmol for
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FessNB,B14, FesoNB,B14Y 5, FesNb,B14Gdy,
FesoNb,B14Th,, FegNb,B14Dy, alloys respectively were
calculated according to Ozawa model.

Avrami exponent was measured to be 1.86 for
FegsNb,By4 at 703 K, 1.17 for FegNb,By,Y, at 813 K,
1.36 for FesoNb,B14Gd, at 808 K, 1.76 for FegoNb,B14Thy
at 808 K and 1.92 for FegNb,B14Dy, at 808 K alloysin
the first step of crystallization.

A two-dimensona diffuson controlled growth
mechanism with decreasing nucleation rate is probable
for devitrification of FeuNbBua, FepNbB1,Yo,
FesoNB,B14Gdy, FesNb,B14Th,, FeNb,B14Dy; alloys.
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KineTnuni ocodmmBocTi HaHOKpucTadi3amii amopduux cruiaBiB FegNb,B1y,
JIETOBAHUX PiIKiCHO3eMeJIbHUMH MeTAJIaM#
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Ynemumym memanogizuxu im. I'. B. Kypoomosa HAH Yipainu, 6ynseap Axademika Bepnadcwiozo 36, 03142 Kuis,
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Meronom aubepenuianbHoi  ckanytouoi kamopumerpii (JCK) BuBueHO TepMiuHy CTabijbHICTB 1
Kpucranizamiro amopduux Mmeranesux cmiasiB (AMC) FepNb,BiRE, (RE=Y, Gd, Th, Dy). Meromom
pentreHiBebkoi audpakuii (XRD) Bcranosneno, mo Buxigni AMC e amopduumu. Jlerysanus 6azooro AMC
FeyNb,B,4 pinkozemensuum metaniom (RE) crpuduHMIO 30UIbIICHHS TeMOepaTypd iX HaHOKpHCTali3aiii Ha
~ 110 K Ta eneprii axtusauii kpucranizauii Ha ~ 330 k[x/moins. ITokasnuk ABpami 11 FegyNbB,4 cranoButh
1,86 npu 703K, mis FegpNbB1Y, — 1,17 mpu 813K, min FepNb,B1,Gd, — 1,36 mpu 808K, mns
FegpNbB14Th, — 1,76 mpu 808 K i 1,92 st Feg,Nb,B 14Dy, ipu 808 K. st mociimkernx AMC xapakTepHUM €
JIBOBUMIPHUH MEXaHi3M POCTY KpUCTalliuHMX (a3, 3yMOBIEeHHI nudy3i€t0 aTOMIB 31 3MEHILEHHAM LIBHUIKOCTI
HyKeamii ¢as.

KitrouoBi ci1oBa: amop¢Hi MeTasneBi CIUIaBH; KpUCTali3allis; KIHSTUYHI MOJEII; €Heprisl akTHBALIii.
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