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Formation and crystallization of Zr Ni Ti metallic glass®
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Abstract: The metallic Zrgs Niys Tijp( mole fraction, %) glass has been fabricated by a single roller melt-spinning
method. The glass forming ability( GFA) and thermal stability of the ZrssNirsT1ijo melt-spun ribbons were investigated by
using X-ray diffraction( XRD) and differential scanning calorimetry( DSC) in the mode of continuous heating. It is shown
that the reduced glass transition temperature ( T,,) is 0. 506 and the supercooled liquid region ( AT) is 30 K. Two
exothermic peaks were observed in the DSC curves of the as quenched ribbon, which indicates that the crystallization pro-
cess undergoes two different stages. The phase transformation during the isothermal annealing was investigated by X-ray
diffraction( XRD) and transmission electronic microscope( TEM) . It is observed that the metastable FCC Zr,Ni( Fd3m, «
= 12.27 U) precipitated while annealing in the suppercooled region( 615 K) and the stable BCT Zr,Ni( 14/ mem, a= 6.
499 U, c=5.270 I:]) precipitated while annealing at higher temperature( 673 K or 723 K). The crystallines are on
nanoscale, with grain size of 15730 nm. The reason for the precipitation of the different structural Zr,Ni from the glassy

matrix under different annealing conditions was discussed based on the concept of multr component chemical short range
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order( M CSRO) .
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1 INTRODUCTION

Most of the icosahedral quasicrystal phases (
phase) reported are metastable phases which can be
formed by rapid quenching techniques. However,
thermodynamically stable tphase Zray sTis s Nijy
(mole fraction, %) was discovered by Kelton et al'"!
in ZrTrNi alloy system. Therefore the Zr-TrNi
ternary alloy system has been studied extensively.
Phase stability and transformation of the rphase in
Zry;. sTis sNip7 alloy were investigated by Y1 et all 2];

Majzoub, Hennig and their co-workers'> ¥ have de-
veloped the structural modeling of the TrZrNi qua
sicrystal and its approximants using experimental
method combined ab initial relaxation studies; the
properties of ZrTrNi quasicrystals have also been
studied. The microhardness value( 3. 6 GPa) of Tr
ZrNi nanoquasicrystal phase is three times as the
usual hardness of the micromrsized quasicrystals in the
Atbased quasicrystals'”!. Superconductivity of TrZr
Ni alloys containing quasicrystals was found by Az
hazha et al'®. Another attractive feature of Zr-TrNi
system for the application is that the alloys are hope-
ful to be novel and high-quality hydrogen storage ma-

terial in the future. Amorphous Zr-Ni is capable of
storing hydrogen with [H]/[M] of 1. 6!” (where[ H]
and[ M ] are the atom number of hydrogen and metal,
respectively) . Viano et al'®! have determined that the
rphase storing hydrogen amounts up to[ H]/[ M ] =

1. 6 in Zr3gT issNiy7 alloy. An electrochemical method
was used in hydrogenate Ttbased quasicrystals and
the result shows that the maximum value of absorbing
hydrogen of Zr3sTiss Nij7 quasicrystals can reach 1.
glel,

From the above investigation on Zr-TrNi alloys,
we can see that most works were concentrated on the
quasicrystals in this kind of alloy. Few researches
were focused on the amorphous. Molokanov et al”
have determined that the amorphous and quasicrystals
formation ranges in the rapidly solidified Zr-T+Ni al-
loys, and the glass forming ability (GFA) was estr
mated from critical amorphous ribbon thickness ( the
maximum value is 680 Hm). YI et al''” has studied
the nano-crystallization of Zrs7 Ni3p Tiz3 amorphous
ribbons and indicated that it was possible to attain
nanocrystat amorphous composites through the con-
trolled crystallization of the amorphous. In this pa-
per, ZresNixs= Tiio alloy is designed successfully and
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its full amorphous ribbons are fabricated, the crystal-
lization process and phase transformation of the as
quenched ribbons under different annealing conditions
are investigated.

2 EXPERIMENTAL

The glass forming alloys with a nominal compo-
sition of Zres Nixs Tijo were prepared by arc melting
mixture of pure zirconium ( 99. 9%, mass fraction,
the same below), titanium(99. 9%) and high-purity
nickel( 99.999%) under a Trgettered pure argon at-
mosphere. The alloy ingots were remelted several
times to ensure homogeneity. The master ingots were
surface-polished, broken into small pieces and put in-
to quartz tubes and then melted by induction at high
vacuum( (4.575.0) x 10”° Pa). Amorphous ribbons
with a crosssection of about 0. 06 mm X 5 mm were
produced by the vacuum single-roller melt spinning
technique( the diameter of copper roller and line veloc
ity are 200 mm and 30 m/s, respectively). X-ray
diffraction (Cu K4, Philips APD-10) and transmis-
sion electronic microscope( TEM, JEOL 2000FX,
operating at 160 kV) were exploited in order to ex-
amine the amorphicities of ribbons. The glass transi
tion temperature( T',) and the onset crystallization
temperature ( Ty;) of samples were estimated by
means of differential scanning calorimetry (DuPont
DSC2010). The quenched ribbons were annealed
isothermally under different conditions, and the par
ticular parameters of annealing treatment are shown
in Table 1. XRD and TEM techniques were used to
investigate the annealed samples in turn. TEM sam-
ples were prepared electrolytically by twinjet polishing
at 240 K in a mixing solution of 90% methanol and
10% ( volume fraction) perchloric acid.

Table 1 Condition of annealing process

T emperature/ K Time/ min Vacuum/ (10~ 3 Pa)
2
615 5 4.0
15
5
673 15 4.0
723 15 4.0

3 RESULTS AND DISSCUTION

3.1 Glass forming ability( GFA) and thermal sta
bility

Fig. 1 shows the ternary phase diagram of Zr-Nr

Ti'"! which shows that the composition of the alloy

locates between o Zr(Ti) solid solution and Zr,Ni

ZI‘65Ni25'

Tijp alloy are mainly Zr,Ni phase and a small

phase.  Equilibrium phases in the

40 60
x(Tiy/%

Fig.1 Partial isothermal section of
Zr-NrTi ternary system at 973 K

A —Pseudo binary eutectic;
@ —Composition of ZrgsNiysTijg alloy

amount of aZr(Ti) solid solution.

During rapid quenching on the melt spinner, the
formation and growth of the crystalline phases from
liquid is completely suppressed. The structure of liq-
uid melts was frozen and amorphous phase was
formed, which can be confirmed by XRD and TEM
analysis. XRD pattern of the as-melt spun ribbon is a
typical amorphous feature as shown in Fig. 2, which
has a diffused halo and not any other acute diffract
peaks. Fig. 3(a) shows the TEM bright image of the
ZresNipsT ij9 as quenched ribbon. It can be seen obvi
ously that no crystalline phase exist in the image.
Fig. 3(b) is the corresponding selected area diffrac
tion pattern( SADP) of the sample, which shows the
diffused diffraction rings corresponding to typical
electron diffraction pattern of amorphous. These re-
sults confirmed that the ZrgsNiys T ribbon is of full
amorphous structure.

Essentially, the glassy state of alloy is the

30 40 50 60 70
20/(%)

Fig. 2 XRD pattern of asmelt
spun ribbon ZresNixsTijo
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Fig.3 TEM bright image(a) and corresponding
SADP of Zr65Ni25Ti10 melt- spun ribbon( b)

frozen structure of liquid melts. When the alloy melts
suppercooled under its melting temperature( 7',), the
value of structural relaxation time( T) of system will
be less than the reciprocal of cooling rates d7/dt,
which makes the system on metastable state with no
precipitation of crystalline. When the alloy melt was
undercooled continuously, its viscosity coefficient( Tl)
or Twill increase sharply. Upon Tbheing up to a criti-
cal value( T,), which results in non-equilibrium in the
limited time, namely, the configuration of atoms was
frozen into nonequilibrium metastable state with
glassy structure. This shows that the GFA of alloy
system is strongly correlative to Tl enhancing the
GFA of alloys with increasing Tl Till now many crir
teria ' or empirical rule!™ of the evaluation of
GFA are all correlative to this in essence. Turn-
bulll™ has suggested the reduced glass transition
temperature T, ( T'y/ T1, where T, and T are the
glass transition temperature and liquidus temperature,
respectively) is an important parameter for the evalu-
ation of GFA. According to his analysis, the liquid
with T, larger than 2/ 3 could only crystallize within
a very narrow temperature range and the homoge
neous nucleation rate can not be measured practically,
i. e. could form amorphous phases. However, it is al-
so true that the values of T, for the present bulk
metallic glass forming alloys are consistently less than
the value of 2/3, except for PdygNijgCuz Pao al-
loy! ' which has a slightly higher value of 0. 690. At
the same time, Lu et al''’! have found out that T,
for the present bulk metallic glass forming alloys are
all larger than 0. 5. Fig. 4 shows the continuous heat-
ing with 40 K/min DCS curve of the Zres Nixs Tijo
metallic glass. It is seen that the T',,= 0. 506( where
T,is 601 K and Tyis 1 187 K) . In this work, the
maximum thickness value of full amorphous alloy is

about 80 Um. Therefore, we have reasons to believe

that it is possible to increase the GFA if some new el
ements are added into the primary alloy.

Generally, one estimates the thermal stability of
metallic glass alloys using suppercooled liquid regions
AT«(= Tx1— Ty, where Ty1 and T, are the onset
crystallization temperature and glass transition tem-
perature, respectively), considering the greater value
of AT corresponds to the better thermal stability.
The AT = 30 K(where T,= 601 K and T,;= 631
K) of the ZrgsNixsT 119 assmelt spun ribbon can be ob-
tained from Fig. 4. It indicates that the thermal sta-
bility of this metallic glass alloy is comparatively bet-
ter, which is confirmed by the following annealing
experiments. The sample maintains the glassy struc

ture after annealing for 2 min in suppercooled region

(615 K).

as-melt spun ribbon
40 K/min

Heat flow/(W-g™1)

IT:i(l

L8
1 1 | i L |

1
600 700 800 900 1000 1100 1200
Temperature/K

Fig. 4 DSC curve of asmelt spun

ribbon ZI‘64N i25Ti10
(b is amplified region of a)

3.2 Crystallization process during isothermal amr
nealing

The crystallization process of metallic glasses is
essentially a process of the disordered glassy structure
transformation to ordered crystalline structure, with
the saltation of some physic and chemical properties
including resistivity, elastic module, susceptibility
and special heat capacity and so on. Two distinct sep-
arable exothermic peaks can be seen from Fig. 4 ow-
ing to the exothermic reaction of transition from
amorphous to crystal, indicating that the crystalliza
tion proceeds through a double different stage mode.
Fig. 5 shows the XRD patterns of ZresNipsTijo as
melt spun ribbons annealed under different condi-
tions. The indexed diffraction results indicate that the
precipitates from amorphous matrix are mainly
metastable FCC ZroNi( Fd3m, a= 12.27 A, plus a
small amount of @Zr(P6/ mmm, a= 5.327 A c=
4.321 A solid solution when ribbon isothermally an-
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nealed in the suppercooled region( 615 K) (as curves
(a), (b), (¢) shown in Fig. 5); when the ribbon is
annealed exceeding the crystallization temperature
(673 K) (as curves (d), (e) shown in Fig. 5), the
precipitates are mainly stable BCT ZroNi( 14/ mem, a
=6.499 A ¢=5.270 A) and a small amount of o
Zr( P63/ mme, a= 3.23 A c= 5.14 A solid solu
tion as well as some unidentified phase; when the rib-
bon annealed at higher temperature( 723 K) (‘as curves
(f) shown in Fig. 5), there are no new phases precip-

itated but the amount of oZr solid solution is more

than that at 673 K.

. » — ZroNi(F)
& — NiZry(T)
a» — Unidentified

! -
26 30 40 50 60 70 80 90
26/(°}

Fig. 5 XRD patterns of ZresNipsTijo as melt

spun ribbons annealed under different conditions
(a) =615 K, 2 min; (b) —615 K, 5 min;

(¢) =615 K, 15 min; (d) —673 K, 5 min;
(e) =673 K, 15 min; (f) —723 K, 15 min

The formation and structure of precipitates are
mostly dependent on the atom diffusion and the inter-
facial energy between precipitates and amorphous ma-
trix during the metallic glasses annealed under
isothermal annealing conditions. The atom diffusion
is related to the temperature, pressure, relative size
of atoms, chemical properties and concentration of
constitutes, and the chemical interaction of the clus
ters in the amorphous, etc. On the other hand, the
interfacial energy between precipitates and amorphous
matrix is mainly determined by the structural differ
ences between the precipitated phases and matrix.
The more close the structure of new crystallization
phases to the amorphous structure are, the less the
interfacial energies are and the easier the crystalliza-
tion nucleation. Chen and Hui et al''® ! have pro-
posed that there are many multicomponent chemical
short-range order(MCSRO) domains with the com-
position similar to the corresponding welldefined
compounds or crystalline phases as its crystalline
counterpart co-exist in the metallic glass, and verified

that the F-Zr,Ni and T-Zr,Ni M CSRO domains exist-

ed in the Zr-based bulk metallic glass by experimental
observation. These M CSRO can act as nucleus of no-
classic nucleation and diffusion controlled nucle-

201 Matsubara et al'?!! have investigated the

ation
shortrange order (SRO) and the structure of crys
talline phase in ZrgyAl;sNijs metallic glass by analyz
ing radial distribution function( RDF). The results
shows that the coordination numbers( CN) of ZrNi
are not different after annealing, implying that the
structural difference betw een short-range order( SRO)
and the precipitated compound phases of ZrgoAlisNis
metallic glass is very small. For the present alloy,
when annealed at low er temperature( 615 K), the dif-
fusion of nickel atom can not proceed, so the precipi-
tates are mainly metastable FCC Zr,Ni phase, because
the FCC Zr;Ni is more close to the amorphous matrix
structure and its growth does not need long path dif-
fusion of nickel atom as well as the interfacial energy
is less. When annealed at higher temperature( 673 K,
723 K), the T-Zr;Ni MCSRO domains of metallic
matrix will become the nucleus of no-classic nucle-
ation and diffusion controlled nucleation and grow in-
to BCT Zr;Ni phases, and there are local Zrriched
zones in the residual amorphous matrix because of the
nickel atomic diffusion. Therefore, the otZr solid so-
lution precipitates from the amorphous matrix, and
the nickel atomic diffusion increases with the rising
annealing temperature, which is the chief reason why
the quantity of aZr solid solution at 723 K is more
than that at 673 K. The metastable FCC Zr,Ni phas-
es precipitated from amorphous matrix will transform
into stable BCT Zr,Ni phase. It is also possible that
F-Zr,Ni MCSRO domains in the matrix directly form
BCT Zr;Ni phases by the micromechanism of cluster

deposition' !,

3.3 Formation of nanocrystalline

From Fig. 5, it can be seen that the XRD pat-
terns of the precipitates are broadened for the crys
talline being fine. The average grain size( L) of crys
tallized phases under different annealing conditions
can be estimated from the maximum half-width( B) of

the X-ray reflections using Scherrer formula' **
_ KA
H= L cos 0 (1)
where A is the radiation wavelength and 0 the

diffraction angle, and K = 0. 94. The calculated re-
sults shown in Table 2 indicate that the nanocrys-
tallines precipitate from the amorphous matrix after
annealing. The average grain size of the crystallized
phases is 15 = 30 nm, which is consistent with the
TEM results as shown in Fig. 6, illustrating that the
calculated results is reliable.

To obtain nanoscale structure, the crystallization
process should proceed with the largest nucleation
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Table 2 Average grain size of crystallized phases under different
annealing conditions based on Eqn. ( 1)
Annealing condition 20/(°) B/ rad Nnm L/nm L/nm

35.452 0. 005 518 0. 154 056 26.563 13

615 K, 15 min 37.313 0. 005 526 0. 154 056 26.556 1 26.183 75
62. 387 0. 005 912 0. 154 056 25.432 02
35,513 0. 009 139 0. 154 056 16. 038 49

673 K, 15 min 39.277 0.011 353 0. 154 056 12.945 64 15.008 3
61. 885 0. 009 367 0. 154 056 16. 040 79
35.322 0. 005 326 0. 154 056 27.513 8

723 K, 15 min 44.371 0. 003 702 0. 154 056 39. 865 63 29.322 26
61. 838 0. 007 298 0. 154 056 20. 587 36

Fig. 6 Microstructure(a) and corresponding

SADP(b) for asmelt spun ribbon glass alloy
ZresNixsT 110 after annealed at 615 K for 15 min

rate and the lowest crystal growth. According to the
classic nucleation and growth theory, the stable nu-

AG, o

cleation of homogeneous nucleation 7, is given by
T exp| —

I.= Ioexp| - RT RT (2)
where [ is a constant, E, is active energy of nucle-
ation and AG. is the free energy for critical nucleus
formation, which is a function of temperature and
mostly comprised of interfacial energy of nucleation.
The AG.decreases with the lowering interfacial ener-

gy. In this work, there are many M CSRO domains in

the ZrgsNipsTi;9 amorphous ribbon and these M CSRO
domains can act as nucleation site, and therefore the
interfacial energy of precipitates is very low, resulting
in the small AG.. Consequently, the nucleation rate
is extraordinarv high. It is observed that a maximum
value of nucleation rate appears with temperature
variation during the crystallization process of FeSrB

*l " and this phenomenon was found in

[24]

metallic glass'*
other alloy systems The classic nucleus growth
theory shows that the growth rate increases with
temperature rising. But there has a temperature range
with high nucleation rate and low growth rate, which
is of advantage for obtaining the fine grains'*!. The
temperature range also presents in ZrssNissT i1o metal-
lic glass, so nanocryatallines can be obtained. It can
be presumed from Table 2 that the temperature range
with high nucleation rate and low growth rate is near
673 K, because the grain size of precipitates is the
smallest about 15 nm when the samples annealed at
673 K. So it is possible to achieve nanocrystalline ma-
terials through the controlled crystallization process of
this metallic glass. The further work is being con-
ducted.

4 CONCLUSIONS

1) The glass transition temperature T, of the
ZresNixs Tiio, onset crystallization temperature T i,
reduced glass transition temperature T, and supper
cooled liquid region AT, are 601 K, 631 K, 0.506
and 30 K , respectively.

2) Crystallization process of the Zrgs Nixs Tijg
metallic glass undergoes two different stages during
the isothermal annealing. The microstructure trans-
formation is from amorphous to amorphous matrix
plus metastable FCC Zr;Ni( Fd3m, a= 12.27 ;5) and
wZr(P6/mmm, a= 5.327 A c= 4.321 A solid
solution, then to stable BCT Zr;Ni( 14/ mem, a= 6.
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499

A c=5270 A) plus & Zr( P63/ mme, a=

3.23 A ¢=5.14 A solid solution as well as a small

amount of unidentified phases.

nm.

3) The grain size of crystallized phases is 15~ 30

It is possible to obtain nanocrystalline materials

through the controlled crystallization process of this
metallic glass.
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