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Occurrence of a quasicrystalline phase in the Ti-Fe(Ni)-Si system
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Extensive studies have been carried out regarding the possible occurrence of the icosahedral phase in
the rapidly solidified Ti-Fe(Ni)-Si alloy system in a wide range of compositions. Transmission electron
microscopy and x-ray-diffraction data reveal the formation of the icosahedral phase in Ti«Fe26 Ni Si6
where x ~ 9. In addition to the sharp diffraction spots conforming to the icosahedral point group, subtle
structural features manifested by spot shifts, asymmetry in the spot shape, and diffuse intensity have
been observed in electron-diffraction patterns. A particular composition has been found, Ti,6Fe5Ni»Si, 6,
that exhibits a metastable fcc phase with lattice parameter close to 1.79 nm. We also report on structur-
al transformations of the icosahedral and metastable crystalline phases originating as a result of anneal-
ing (icosahedral and metastable crystalline phases change to the equilibrium crystalline phase at 900 C).

I. INTRODUCTION

Ever since the discovery of the icosahedral quasicrys-
talline phase in a rapidly solidified Al-Mn alloy, one of
the main areas of study has been the exploration of sys-
tems exhibiting quasicrystalline (QC) and related phases.
The number of alloy systems exhibiting such phases is
quite large. Among these, the Ti-3d transition-
metal-based (Fe, Ni, Co, etc. ) alloy systems are rather in-
teresting. Dong et al. reported the existence of a QC
phase manifested by icosahedral symmetry in the Ti-Fe
system. Similarly, Kelton, Gibbons, and Sabes reported
the occurrence of an icosahedral phase in Ti-Co and re-
lated systems. However, the case of Ti-Ni (Ref. 9)
remains rather subtle. Clear-cut and unambiguous evi-
dence for the existence of a QC phase in this particular
system has not been obtained so far. Kelton, Gibbons,
and Sabes reported that the QC phase is absent in the
Ti-Ni system. Later, Zhang, Ye, and Kuo found evi-
dence of a QC phase in the vanadium-substituted versions
of Ti-Ni, i.e., in (Ti& V„)~Ni alloys. ' Recently, some
studies have been undertaken at specific compositions of
Ti-Ni and Ti-Ni-Si (Ref. 11) as well as Ti-Fe-Ni-Si;' '
systems possibly exhibiting an icosahedral phase.

We have made rather detailed investigations on Ti-Fe
(Ref. 14) and related systems, ' ' and keeping in mind
the above background for the Ti-Ni, Ti-Ni-Si, and
Ti-Fe-Ni-Si systems at specific compositions with regard
to the existence of the icosahedral quasicrystalline phase,
we decided to undertake a detailed investigation of these
employing both the x-ray-diffraction (XRD) and
transmission-electron-microscopy (TEM) techniques.

The above-mentioned rapidly solidified alloys, with
particular emphasis on the Ti-Fe-Ni-Si system, have been
synthesized. A detailed structural characterization of all
these specimens was carried out. To unravel the
structural characteristics, including the existence of the
icosahedral phase and possible metastable phases in these
systems, several runs of the synthesis and structural char-
acterization of the rapidly quenched alloys were made.
In order to obtain unequivocal evidence for the oc-

currence of the quasicrystalline phase in these alloy sys-
tems, each of the alloy systems has been investigated un-
der a wide range of composition and cooling rates. Based
on the concept of the important physical parameter
(e/a ) the electron-atom ratio, which is known broadly to
predict the specific compositions at which QC phases
could exist' (in Al-transition-metal-based systems,
e/a varies from 1.5 to 2.5), we have been able to achieve
the specific composition at which the icosahedral phase
becomes stabilized in the present systems. The deter-
mined compositions correspond to TI68Fe26 Ni SI6,
x ~9.

II. EXPERIMENTAL DETAILS

Starting from high-purity constituent elements of ti-
tanium, silicon (99.99%), iron (99.9%), and nickel
(99.9%), bulk specimens of Ti-Ni, Ti-Ni-Si, and
Ti-Fe-Ni-Si with various compositions have been syn-
thesized by rf-induction melting in a previously outgassed
graphite crucible under a controlled argon atmosphere.
The master alloy ingots prepared in this way were melted
again, and in the molten condition each of the alloy in-
gots was kept for a further period of heating which lasted
at least 30 min to ensure homogenization. The homogen-
ized ingots were subsequently crushed and placed in a
quartz nozzle of —1 cm internal diameter with a circular
orifice of —1 mm diameter and then melt spun onto a
copper wheel ( —14 cm diameter), rotating at a speed of
about 20—30 m/sec, depending upon the system, to pro-
duce ribbons that were -2 mm in width and about 40
pm in thickness. During melt spinning, the entire ap-
paratus was enclosed in a steel enclosure through which
argon Rowed continuously at an over pressure of 50 atm
so as to prevent oxidation of the ribbons after ejection
from the nozzle. Ribbons of each of the specimens were
subjected to x-ray-diffraction characterization employing
a PW-1710 Philips x-ray diffractometer. The experirnen-
tal conditions and parameters such as sample size, ratings
of x-ray (30 kV, 20 mA) and other diffractometer parame-
ters (scan speed, counting steps, etc.) were kept constant

11 774 1993 The American Physical Society



OCCURRENCE OF A QUASICRYSTAI. LINE PHASE IN THE 11 775

for all the diffraction experiments performed on different
samples. Specimens for transmission-electron microsco-
py were electrolytically thinned using an electrolyte of
10%%u~ HC104 in ethanol at —20 C and examined in a Phi-
lips CM-12 electron microscope. The elemental composi-
tions of the specimens were checked by employing an
electron microscope in the scanning TEM (STEM) mode
employing a PV-9900 energy-dispersive x-ray analyzer.

III. RESULTS AND DISCUSSION

We have synthesized Ti-Ni, Ti-Ni-Si, and Ti(Si)-Fe(Ni),
i.e., Ti-Fe-Ni-Si alloy systems under varying experimental
conditions such as compositions and cooling rates. For
each composition several runs on the synthesis of the
master alloys as well as melt-spun alloys were made.
Typical cooling rates employed corresponded to about
20—30 m/sec (see Table I). The gross structural charac-
teristics of the Ti2Ni, Ti2Ni(Si), and Ti~6Fe5Ni23Si, 6 alloys
were carried out through the x-ray-diffraction technique.
The representative XRD patterns are shown in Fi .
Thee analysis and indexing of the x-ray-diffraction pattern

1g.

shown in Fig. 1(a) reveal that the structure of the rapidly
solidified Ti68Ni26Si6 alloy corresponds to a fcc structure
with a lattice parameter a = 1.13 nm, which is close to
the known equilibrium crystalline phase of Ti2Ni. The
XRD patterns shown in Figs. 1(b) and 1(c) are from a
T'i,6Fe,Ni23Si, 6 alloy with quenching rates of 20 and 4S
m/sec, respectively. The diffractogram resulting from a

higher quenching rate (45 m/sec) of this alloy clearl
sh ows the amorphous nature [Fig. 1(c)]. Figure 1(b) has
been successfully indexed in terms of the fcc structure
with a =1.7~.79 nm. Since for an unambiguous
identification of the icosahedral phase electron-diffraction
patterns manifesting undistorted representation of the re-
ciprocal lattice are necessary, we proceeded to explore
the alloys through transmission-electron-microscopic
techniques, with particular emphasis on selected area and
convergent-beam electron diffractions. Typical selected-
area electron-diff'raction (SAD) patterns corresponding to
Ti2Ni and Ti2Ni(Si), shown in Fig. 2, have been found to
be compatible with the observed XRD results. The SAD
patterns corresponding to the rapidly solidified
Tis6Fe5Niz3Si, 6 alloy are shown in Figs. 3(a) —3(c). These
patterns, which are consistent with the XRD results 7

represent a fcc phase with a =1.79 nm. The microstruc-
ture [see Fig. 3(c)] depicts the spherulitic morphology of
the crystalline phase with grain size -0.3 —1.0 pm. The
homogeneous nature of the phase may be inferred from
microstructural observations. It is worthwhile mention-
ing that in the present case the existence of the fcc phase
(a = 1.79 nm) has been established based on XRD as well
as TEM results.

A systematic investigation was carried out of the quar-
ternary Ti-Fe-Ni-Si system with a wide composition
range to explore the occurrence of the icosahedral phase.
Since the Hume-Rothery rules (Brillouin-zone —Fermi-
surface interactions) are known to predict broadly'
the specific composition range at which the icosahedral
phase may occur in several alloy systems, we derived the
feasible compositions based on these rules. Thus these
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FICs. 1. X-ray-powder-diffraction patterns of the rapidly
solidified alloys: (a) Ti«Niz6Si6, (b) Tis6Fe, Niz3Si
quenching rate -20 m/sec), and (c) Ti,6Fe5Ni23Sil6 (higher
quenching rate —45 m/sec). The analysis of the x-ray-
diffraction patterns reveal fcc structures with a —1.13 fa —. nm or

i( i) and a =1.79 nm for Ti56Fe5Ni»Si, 6 ~ Indexing of the
XRD peaks has been indicated.

FIG. 2. S le ected-area electron-diffraction patterns from the
stable fcc (a —1, 13 nm) phase of Ti«Ni» alloy with halos
representing the (a) amorphousity and (b) —(d) Ti«Ni26Si6 alloy.
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FIG. 4G. 4. Representative EDAX spectrum of the icosahedral
phase bringing out the composition which is nearly
stoichiometric.

FIG. 3. S lelected-area electron-diffraction patterns from a
metastable crystalline (fcc with a = 1.79 nm) phase of
T156Fe5N1$3si „showing (a) [ 1 1 1 ], (b) [ 14 1 ], and (c) [001 ] sec-
tions of the corresponding reciprocal lattice. (d) TEM micro-
graph bringing out the crystalline morphology.

compositions were selected which gave electron-atom ra-
tios (e/a) around 2.2 where the occurrence of the
icosahedral phase were thought to be most likely 17-20

Accordingly, bulk as well as melt-spun alloys of
Ti(Si)-Fe(Ni) with the composition deduced based on the
foregoing e/a considerations have been synthesized. We
then proceeded to characterize the melt-spun quarternary
Ti-Fe-Ni-Si system, employing both x-ray diffraction and
transmission-electron microscopy (embodo ying imaging
and diffraction modes). Detailed structural characteriza-
tions suggest the specific composition range for which the
icosahedral phase occurs, and it corresponds to
Ti Fe Ni Si ~9x 9. These compositions were
confirmed through elemental analysis employing the
energy-dispersive x-ray analysis (EDAX) technique.
representative EDAX spectrum is shown in Fig. 4. The
observed composition corresponds to Ti F N S

~ ~ ~

68. 5 e20 i5. 5 i6
within the limits of experimental error. A representative
x-ray-diffraction pattern of these alloys is shown in Fig. 5.

Ti-Fe-N'
A rather remarkable result invariabl obt i d fy o aine or

e- i-Si with compositions corresponding to
Ti Fe Ni Si26 & 6, x 9, was the occurrence of diffraction
patterns with a fivefold (tenfold in diffraction patterns)
symmetry characteristic of quasicrystalline phases. A
representative selected-area electron-diffraction pattern is
shown in Fig. 6(a). With the help of large-angle tilting
experiments in the TEM, twofold and threefold sym-
metries shown in Figs. 6(b) and 6(c) were obtained em-
ploying selected-area electron diffraction. The analysis of
the fivefold diffraction pattern coupled with twofold and
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FIG. 5. Re r
the as-

p esentative x-ray-powder-di6'raction patt fpa erns o
e as-quenched (a) Ti6,Fe»Ni, Si6 and (b) Ti«Fe„Ni9Si,.

cosahedral peaks are labeled as i and the crystalline [fcc of
Fe,Ni)T12 with a = 1. 13 nm] peaks have also been outlined.

36 40

threefold diffraction patterns clearly revealed the oc-
currence of the icosahedral phase in the Ti F N'„
x((x 9) alloys. The TEM imaging [Fig. 6(d)] also revealed

an icosahedral-phase-type mottled microstructural
eature.

from
After getting parameters for the icosahedral hra p ase

rom TEM observations, the XRD patterns (Fig. 5) of
1, (~ 9) w«e analyzed and was 1ndexed

based on a biphase material with both the icosahedral
phase and the stable crystalline (fcc) phase of (Fe,Ni)Ti2
type (a —1.13 nm) present. The peaks of the XRD pat-
tern are labeled by the indices of the correspondin
phases. The volume fraction and average grain size of
the icosahedral phase in Ti68Fe26NiSi5 was found to be
about 90% and 0.5 —2.0 pm, respectively. Whereas the
volume fraction and average grain size of the icosahedral
phase for the Ti6sFeIsNi9Si5 alloy (higher Ni concentra-



OCCURRENCE OF A QUASICRYSTALLINE PHASE IN THE. . . 11 777

~:

FIG. 6. Selected-area electron-diffraction patterns exhibiting
the (a) fivefold, (b) twofold, and (c) threefold rotational sym-
metries characteristics of the icosahedral phase from the as-
quenched Ti-Fe(Ni)-Si material. (d) A representative transrnis-
sion electron micrograph of an as-spun Ti«Fe»Ni3Si6 alloy de-
picting the mottledlike morphology of the icosahedral grains la-
beled as i and featureless crystalline grains as c. Note the aniso-
tropic nature (triangular shape) and distortion of diffraction
spots [(a)]; arcs of diffuse intensity [(b)] in the diffraction pat-
terns are also visible.

tion) was found to be —5% and less than 0.5 pm, respec-
tively. For greater than 9 at. % Ni, the icosahedral phase
was invariably absent. These observations clearly suggest
that as the concentration of Ni in the Ti(Si)-Fe(Ni) sys-
tem decreases, the volume fraction of the icosahedral
phase increases.

A special feature of the observed icosahedral phase is
that it always manifests itself in the form of a disordered
phase. The evidence of disorder is manifested by the oc-
currence of either various subtle features such as spot an-
isotropy, shifting, and deviation from perfect icosahedral
symmetry [see Fig. 6(a)] or diffuse intensity [see Fig. 6(b)]
in diffraction patterns. Further evidence of disorder is
shown in Figs. 7(a) —7(c), which bring out the icosahedral
symmetry in mirror orientations. The asymmetries in the
spot shape, shift of the spots, intensity distributions, and
locations of the arcs have been found to be qualitatively
similar to the earlier reported Ti-transition-metal-based
alloys systems. ' ' ' '

In order to check the thermal stability and the
structural relationship of the phases, the as-quenched
Ti56Fe5Ni23Si, 6 alloy, which exhibits a fcc phase with a
lattice parameter close to 1.79 nm, and the icosahedral
phase in Ti6sFe26 Ni, Si6 (x ~ 9) were annealed iso-
thermally at 900+10 C for 30 min in an argon atmo-
sphere. The x-ray-diffraction characterization of the an-

(a) —(c) Representative SAD patterns from
quenched Ti6,Fe&6 Ni Si6, x ~ 9, showing the mirror-
symmetry orientations of the icosahedral phase. Note the arcs
of diffuse scattering manifesting the disorder.

nealed ribbons has revealed the structural transformation
of the icosahedral and metastable crystalline phases. It is
interesting to note that both of these transform to the
stable fcc phase with lattice parameter —1.13 nm. ibis
transformation reveals the metastable nature of the fcc
phase (a =1.79 nm) as well as that of the icosahedral
phase.

Even though the icosahedral quasicrystalline phase
may be present in rapidly solidified Ti56Fe5Ni23Si, 6 alloys
as reported by earlier workers, " ' our investigations
based on x-ray diffraction and TEM seem to suggest that
the dominant phase observed in this alloy corresponds to
a metastable fcc phase with lattice parameter = 1.79 nm.
Following the Hume-Rothery rules (e/a ratios), we have
deduced the specific compositions at which icosahedral
phase is most likely to occur. For the range of e/a values
2.10—2.40, the occurrence of the icosahedral phase has
actually been found. A list of Ti-Ni, Ti-Ni-Si, and Ti-Fe-
Ni-Si alloy systems with specific compositions along with
the corresponding average electron-per-atom concentra-
tion are given in Table I. Since in the present alloy sys-
tems transition metals are involved, a charge transfer to
their d bands is allowed for the compensation of the un-
paired spins of d electrons. We have, therefore, used ele-
mental valencies (see Table II) assigned by Raynor. It
may be pointed out that the range of determined e/a
values is close to those where the icosahedral phase has
been found to occur by earlier workers. ' ' It should
be noted that the e/a values for TizNi, TizNi(Si), and
Ti56Fe5Ni23Si&6 are 2.52, 2.80, and 2.61, respectively. All
these differ from the predicted range of 2.1 —2.4, where
the icosahedral phase has been suggested to occur. Thus
the dominant occurrence of the crystalline (fcc) phases in
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TABLE I. List of alloy systems (binary, ternary, quarternary) along with chemical composition, e/a values, and some other exper-
imental parameters.

Alloy system

Ti-Ni

Ti-Ni-Si

Ti-Fe-Ni-Si

Ti-Fe(Ni)-Si

Chemical composition
(through EDAX)

Ti68Ni3$

Ti68Ni26Si6

Ti56Fe5Ni23Si, 6

Ti68Fe5Ni» Si,6

Ti68Fe)8Ni9Siq

Ti68Fe2)Ni5Si6

Ti69Feq2Ni4Si~

Ti67Fe26Ni2Si5

Ti68Fe,6NiSi5

e/a

2.52

2.80

2.61

2.39

2.37

2.35

2.18

2.22

Quenching
rate

(m/sec)

25

28

45

28

30

28

32

28

Phases obtained

Stable fcc phase
of Ti2Ni {a—1.127nm)
and amorphous phase

Stable fcc phase of Ti2Ni
(a=1.13 nm)

Dominantly meta-
stable fcc phase

with a=1.79 nm
Microcrystalline

and amorphous phases
Stable fcc ( —1.13

nm) and metastable
fcc phases (a =1.79 nm)

Stable fcc phase of
Ti2(Ni/Fe} and

icosahedral phase

Icosahedral and stable
fcc phases of Ti&(Fe/Ni)

Icosahedral and stable
fcc phases of Ti2(Fe/Ni)
Icosahedral and stable

fcc phases of Ti,{Fe/Ni}
Icosahedral and approx-

imant phases of
higher order

Remarks

Grain size
-0.3 pm

Average grain size
0.5 —1.5 pm

and mottledlike
morphology of

the grains
Average grain size

-0.3—1.0 pm

Grain size
-0. 1 pm

Volume fraction
of stable fcc

-20%
Maximum grain size
of icosahedral phase
-0.5 pm, volume

fraction of icosahedral
phase, —

5%%uo

Volume fraction
of icosahedral phases, -70%%uo

Volume fraction
of icosahedral phase, —75%

Volume fraction
of icosahedral phase, —80%

Volume fraction
of icosahedral phase, -90%,

average grain size
-0.5 —1.5 pm

the Ti-Ni and related systems is explicable based on the
e/a criterion. The present results thus reveal that the
Ti-Fe(Ni)-Si alloy system with specific composition
Ti68Fe26 Ni Si6, x ~ 9, where the icosahedral phase
occurs, can be taken as electron phase.

IV. CONCLUSIONS

lattice parameter close to 1.79 nm. As in other Ti-
transition-metal-based alloy systems, silicon is important
for the formation and stabilization of the icosahedral
phase in the Ti-Fe(Ni) system. The observed icosahedral
phase in the Ti-Fe(Ni)-Si system was found to be disor-
dered. Phase transformations through annealing reveal
that both the icosahedral and the metastable fcc (a = l. 79
nm) phases transform to the stable fcc (a —1. 13 nm)
phase.

In the present investigation, a systematic study of the
Ti-Fe-Ni-Si and other related systems with regard to the
occurrence of the icosahedral and metastable phases has
been carried out employing both XRD and TEM tech-
niques. The salient results obtained from the present
studies relate to the occurrence of the icosahedral quasi-
crystalline phase in the Ti-Fe-Ni-Si system for the com-
position Ti68Fe26 Ni Si6, with x 9. This specific com-
position range has been deduced based on the Hume-
Rothery e /a (Brillouin-zone —Fermi-surface interaction)
criterion. Yet another result in the Ti-Fe-Ni-Si system in
the specific composition Ti~6Fe5Ni23Si&6 corresponds to
the dominant occurrence of a metastable fcc phase with a

Element

T1
Fe
Ni
Si

Valency

+4
—2.66
—0.61
+4

TABLE II. Elemental valencies Lassigned by Raynor (Ref.
23)] adopted in the e/a calculation are listed. The negative
valency of the transition metals signifies the charge transfer to
their d bands for the compensation of the unpaired spins of d
electrons.
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