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Crystallization process in rapidly solidified AFNd-Ni
amorphous alloy prepared by melt spinning®
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Abstract: Rapidly solidified ribbons of AlggNd;Ni; metallic glasses were prepared by using melt spinning. Crystallization

process of the totally amorphous ribbons was investigated by differential scanning calorimetry and X-ray diffraction analy-

sis, under continuous heating regime. The results show that, under continuous heating regime, the metallic glass devitrr

fies via two main stages: primary crystallization, resulting in two phase mixture of a( Al) plus residual amorphous phase,

and secondary crystallization, corresponding to some intermetallic phases appearing, successively including Alj; Ndj,

AIzNi, and some unknown phases, in the Al amorphous/ crystal matrix. Four peaks appear on the continuous heating DSC

curves. Their peak temperatures are respectively 470.8, 570.8, 585.6, and 731. 6 K at infinitesimal heating rate, and

their activation energies of the respective phase transformation are 183.0, 294.7, 232.5 and 269. 1 kJ/ mol. The values

of Avrami exponent of the four reactions decrease with increasing relative transformation degree. At the earlier stage of

phase transformation, the values of n are larger than 4, and at the later stage the values of n become close to some value

from 0.5 to 2.0.
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1 INTRODUCTION

In the recent few years, AlFrich metallic glass
has been paid more and more attention to in the novel
materials research field, not only due to its high
strength, hardness and low density, but also because
a new-type AlFbased nanophase composite can be ob-
tained from it by partial crystallization' """,

Many AFbased amorphous/ nanocrystalline alloys
containing rare earth( RE= La, Y, Ce, Nd, etc) and
transition metal( TM = Fe, Co, Ni, etc) elements
have an attractive combination of mechanical proper
ties. It has been reported that many of these AFbased
amorphous alloys exhibit high tensile strength above
950 = 1 150 MPa. It has been subsequently found
that the nanophase composites produced via partial
crystallization of the metallic glasses can have a signif-
icantly improved tensile strength, up to 1 560 MPa,
about 1.5 times as high as that of the corresponding
fully amorphous alloy and about 3 times as high as
that of conventional dispersion-strengthened Al alloy.
It is indicated that partial crystallization of AkFrich
metallic glass may be an effective way to obtain novel
lightmass structural materials with high strength and

good ductility!"™”'. However, many careful studies
ought to be done firstly to understand the overall

crystallization process of AFbased fully amorphous al-

loys.

Therefore, the purpose of the present paper is to
study the thermal behavior and phase transformation
during crystallization of rapidly solidified AlooNd7Ni3
amorphous alloy, by wusing differential scanning

calorimetry and X-ray diffraction examination.

2 EXPERIMENTAL

Rapidly solidified ribbons were prepared in a sin-
gle copper roll melt-spinner after melted with high
pure Al, Nd, and Ni. The ribbons are typically less
than 3 mm wide and 30 Pm thick, with chemical
composition of AlgNd;Ni3( mole fraction) .

Differential scanning calorimetric curves were
obtained in an Ar atmosphere by using a Perkin
Elmer DSC-7. The samples were heated continuously
up to 850 K at various heating rates of 2.5, 5, 10,
20, 40, 60 and 80 K/ min.

Phase identification and structural characteriza-
tion of the asspun and annealed ( partialy or fully)
ribbons was done by conventional X-ray diffraction
(XRD), which was performed in a SIEMENS D500
X-ray diffrationmeter with monochromatic CuK, ra-
diation( A= 0. 154 18 nm) over a 2-theta angle range
of 30°~ 50° at a step of 0.03".
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3.1 Exothermic transformation during crystalliza
tion of AlggNd;Ni3 metallic glass under contin
uous heating regime

Fig. 1 shows the DSC curve for heating rate of

2.5 K/min. Four exothermal peaks are observed in

the temperature range from 300 to 850 K on the

curve.
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Fig. 1 DSC curve of AlggNd;Niz metallic
glass at heating rate of 2. 5 K/ min

The X-ray diffraction patterns for the as
quenched AlgoNd7N i3 ribbon and its annealed ones ex-
posed thermally at various temperatures for several
minutes are shown in Fig. 2. The broad halo of the
diffraction pattern obtained before DSC analysis indi
cates that the asspun ribbon has full amorphous
structure without appreciable crystalline phase. The
other diffraction patterns show that, Al is the only
crystalline phase in the samples heated at the lower
temperatures, whereas Al, Al;;Nd; and AI3Ni phases
exist in the samples annealed above 625 K, and even
other unknown phases appearing at higher tempera
ture. The unknown phases may be a binary intermetallic
compound with crystal structure of ALY'™ or be a
ternary intermetallic phase with crystal structure of
AligNis Y, However, more careful research ought to
be done further to identify them in the future.

The DSC and XRD results indicate that the crys-
tallization process of the as-quenched AlgyNd;Niz rib-
bon is divided into two main stages: precipitation of
Al phase followed by forming of some intermetallic
compounds, which is consistent with other experr

mental work on AFbased amorphous alloys'® 2%

3. 2 Characteristic temperature, mean activation
energy of crystallization of Alg9Nd;Ni3 metal-
lic glass under continuous heating regime
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Fig. 2 X-ray diffraction patterns for annealed
ribbons of AlgoNd7Ni3 metallic glass at
various temperatures

Fig. 3 exhibits the variation of the onset temper-
ature, T',,, and the peak temperature, T ,of the four
DSC peaks with heating rate for the as quenched Algy
NdsNiz ribbon. It can be seen that, both T',, and T,

are elevated with heating rate improving. By extrapo-
lation of these plots to heating rate being zero, the
values of T, and T, at infinitesimal heating rate are
determined to be respectively 456. 5 and 470. 8 K for
Peak [, 567.2 and 570. 8 K for Peak II, 582. 6 and
585.6 K for Peak IIl and 720. 6 and 731. 6 K for
Peak V.
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Fig.3 Variation of T, and T, of
four DSC peaks with heating rate

The Johnson-MehFAvramrKolmogorov Equa
tion( JMAK) is the most widely used approach for the
description of isothermal reaction,

X=1- exp(— kt") (1)
where X is the relative reaction degree as a function
of time at the given temperature; n, the Avrami ex-
ponent, depending on rate of nucleation and morphol-
ogy of growth during the reaction, and k is the Avra-
mi reaction rate constant, depending on thermal his
tory of the samples.
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However, to apply the JMAK Equation to de-
scribe the nomrisothermal reaction, it is necessary to
take into account the dependence of k£ on time, ¢.
Thus!'* I

1
X = 1- exp/- [J.Ok(T(U)dt]"} (2)
where k is associated with the reaction activation
energy ( E), J/mol, and the temperature, T in
through the Arrhenius temperature dependence,
kE(T)= vexp(- E/(RT)) (3)
where T is a function of time, d7 = Bd:, Bis the
heating rate in K/ min, and v is frequency factor.
At a certain temperature ( I',), the reaction
rate, dX/d¢, reaches its maximum,
2
d_X2; -0
de” 12 T
By taking the second derivation of Eqn. (2) and
combining with Eqn. (4), the so-called Kissinger E-

(4

quation relating the reaction kinetics parameters E to
temperature, 7 ,, and heating rate, B can be finally
derived *!
In(T}/ B)= E/(RT,)+ In(E/(vR)) (5)
According to Eqn. (5), a plot of In( T3/ B) vs
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1/ T, would be linear, and activation energy, E, can
be easily determined from the slope of the plot, as
given in Fig. 4. The activation energy E can also be
calculated through another widely used non-
isothermal method based on the so called Ozawa
Equation[m 3

In(1/B)= E/(RT )+ C (6)
where C is a constant. A plot of InB versus 1/ T, is

also shown in Fig. 5.
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Fig. 5 Plots of In[ — In(1- X)] versus T~ ' under continuous heating regimes
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The values of £ determined by the two methods
are summarized in Table 1. The activation energies
calculated by the Kissinger and Ozawa Equations
show good agreement, which indicates that the reac

tion order is close to unity.

Table 1 Activation energy ( £) determined by
Kissinger and Ozawa Equations( kJ*mol™ )

Peak Eqn. (5) Eqn. (6)
I 183.0 191. 1
11 294.7 304.6
1 232.5 242.8
I\ 269. 1 281.9

3.3 Normrisothermal kinetics and Avrami exponent
of crystallization of AlyoNd;Nisz metallic glass
under continuous heating regime

The extent of reaction at any time is defined
[18,19]
as

X = AH/ANH = fJ;T (dH/dT )dT )1/ AH

(7)
AH is the partial heat of reaction up to the
temperature of interest, 7, and AH ¢ is the ultimate
heat of reaction. Here it is thought that X =A /A,
where A ¢ is the overall area under the DSC curve be-

where

tween the temperature T,,, at which the reaction
starts, and the temperature T .,, at which the reac
tion is completed, and A is the partial area bounded
by Ty, and T.

The integral in the Eqn. (2) can be evaluated by

the alternating series! 18 191

fe"'y*dy:— ey P - Ui+ Iy

i=0
(8)
the substitution y= E/RT is used, and the
first three terms are available without any significant

where

error for the calculation of n and £, and thus Eqn.
(2) can be rewritten as
In[— In(1- X)]= nln(Rv/( BE))
+ 2nIn(T)- nE/(RT)
+ nln[ 1- 2RT/E+ 6(RT/E)?| (9)
If E>RT, Eqn.(9) can be changed into
In[— In(1- X )] =nln(v/B)
+ nln(RT*E)- nE/(RT) (10)
Since the term In ( RT*/E). will not vary
strongly compared to E/RT in Eqn. ( 10), the
In[ - In(1- X)] is dominated by the third term,
nkE/ RT, and thus a plot of In[ - In(1- X] vs I/ T
will give a straight line with the slope of nE/R.
However, as a matter of fact, the plot of In[ -
In(1- X)] vs I/ T does not exhibit a straight line,
as shown in Fig. 5.

For the non-isothermal crystallization, the trans-
formed fraction in the AlgyNd;Niz metallic glass in-
crease with heating temperature improving during
continuous heating. Here the Avrami exponent, n,
is calculated by the slope of In[ — In(1- X)] vs I/ T
at a given temperature. Variation of the n value with
the transformed fraction increasing is shown in Fig.
6. The values of Avrami exponent decrease with de-
velopment of the reaction. It indicates that during the
phase transformations nucleation rate and grown rate
decrease with heating temperature and the reaction
degree improving.
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Fig. 6 Variation of value of Avrami exponent n

with crystallized fraction increasing under
continuous heating regime at 60 K/ min

In particular, it should be pointed that, since n
= 4 means that the phase transformation occurs in a
three-dimensional mode with a constant nucleation

(217231 " at the earlier stage of these phase transfor

rate
mations, corresponding to Peak 1, II, Iland IV,
the values of n are larger than 4, as shown in Fig. 6,
resulting from rapid increasing of nucleation rate,
while at the later stage the values of n become con-
stant, being close to 0. 5 and 2. 0, respectively,
which implies that the phase transformations are con-
trolled in a mode with a decreasing nucleation rate and
a decreasing grown rate at the later stage of phase

transformation.
4 CONCLUSIONS

1) Crystallization process of rapidly solidified
AlgoN d7Ni3 metallic glasses involves two main stages:
primary crystallization, resulting in two-phase mix-
ture of a(Al) plus residual amorphous phase, and
secondary crystallization, corresponding to some in-
termetallic phases appearing, successively including
Al;1Nd;, ALNi, and even AlijgNizNd and ALNd, in
the Al amorphous/ crystal matrix.

2) There are four exothermic peaks on the DSC
curve of AlggNd7Nisz metallic glass under continuous
heating regime. The peak temperatures of the four
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peaks are respectively 470.8, 570.8, 585.6, and
731.6 K at infinitesimal heating rate, and activation
energies of the respective phase transformation 183.
0, 294. 7, 232.5 and 269. 1 kJ/ mol, calculated by
the Kissinger Method.

3) The values of Avrami exponent of the four re-

action decrease with relative transformation degree in-

creasing. At the earlier stage of phase transforma-

tion, the values of n are larger than 4, and at the lat-

er stage the values of n become close to some value

from 0.5 to 2.0.

[ 11]
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