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Ti-base alloys containing significant amounts of silicon have been considered for high temper-
ature structural applications. Thus, information concerning phase stability on the Ti-Si system is
fundamental and there are not many investigations covering the phase stability of the Ti;Si
phase, specially its dependence on oxygen/nitrogen contamination. In this work the stability of
this phase has been evaluated through heat-treatment of rapidly solidified Ti-rich Ti-Si alloys at
700 °C and 1000 °C. The rapidly solidified splats presented nanometric scale microstructures
which facilitated the attainment of equilibrium conditions. The destabilization of Ti;Si due to

oxygen/nitrogen contamination has been noted.
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1. Introduction

Due to their high mechanical strength and low density
(~55% of steels), Ti-based alloys have been considered for
structural applications at temperatures near 700 °C. Several
of these alloys have compositions with significant amounts of
Sil"3 and thus, accurate knowledge of the phase relations in
the Ti-Si system, especially in the Ti-rich region is of
fundamental importance. The Ti-Si phase diagram shown in
Fig. 1% indicates the following stable solid phases in the
Ti-rich region: (1) terminal oTi-hcp and BTi-bec solid
solutions; (2) TizSi; (3) TisSiz; and (4) TisSiy. Among the
investigations of this system, there are few focusing on the
stability of the Ti;Si phase. Wakelkamp et al.l”! carried out
experiments with Ti-Si alloys and proposed that oxygen
contamination played an imp[)ortant role on destabilizing this
phase. Suryanarayana et al.!®! carried out heat treatment at
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700 °C for 24 h of an initially amorphous TiggSiyg (at.%)
alloy and reported to have found an oTi + TisSiz microstruc-
ture after annealing, which is not in agreement with Fig. 1. In
a recent investigation, Ramos et al.””! claimed to have
observed the Ti;Si phase after heat treating an oTi + TisSis
initial microstructure at 1100 °C for 90 h. However, the Ti;Si
phase was not observed after annealing this same alloy
composition at 1000 °C for 90 h. In order to contribute to the
matter of Ti3Si phase stability, this work presents results of
microstructural characterization of rapidly solidified and
annealed (700 °C, 1000 °C) Ti-Si alloys which confirms the
stability of the Ti3Si phase and shows that oxygen/nitrogen
doping strongly affects the phase relations in the Ti-rich
region of the Ti-Si system. Rapid solidification was employed
in order to produce very fine initial microstructures to
facilitate the attainment of equilibrium conditions.

2. Experimental Procedure

Ingots (~5 g) of Tig;Si;3, TigzSiy7, and TiggSiyg alloys
were initially produced from commercially pure Ti foil
(min. 99.3) and Si pieces (min. 99.999) in a water-cooled
copper crucible via arc-melting under a gettered argon
atmosphere. Five melting steps were carried out to ensure
chemical homogeneity. Samples of ~0.1 g were then
removed from the ingots and arc-melted to produce near
spherical shape samples suitable for levitation in the rapid
solidification apparatus. Several rapidly solidified splats of
each alloy composition were produced under argon in a
splat-cooling apparatus (Edmund Biihler GmbH). The steps
of levitation, melting, and splat-formation were -easily
accomplished with these alloy compositions. Considering
the reported sensitivity of phase equilibria in this system
with respect to oxygen, the splats were separately encap-
sulated under argon in quartz tubes together with a
significant amount of Ti fillets to act as an O,/H,O/N,
getter. The heat treatment conditions were 700 and 1000 °C
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for various time ranging from 6 to 90 h. Upon conclusion of
the experiments, the capsules were removed from the
furnace and air cooled.

The resultant materials had their microstructures charac-
terized by x-ray diffraction (XRD), conventional scanning
electron microscopy (SEM), and a selected sample via field-
emission gun-scanning electron microscopy (FEG-SEM),
using in all cases back scattered electrons (BSE) to form the
images. The XRD experiments were performed with a
Shimadzu model XRD6000 diffractometer at room temper-
ature, using Ni-filtered CuKo (A = 1.5418 A) radiation. The
diffractograms of the splats and heat-treated splats were
from bulk (x-ray beam incident on one of the surfaces). The
phases in the materials were identified by comparing the
experimental diffractograms with simulated diffractograms
of the phases using the PowderCell program!' and
crystallographic data from Villars and Calvert.!'!)

3. Results and Discussion

The accumulated mass losses due to the ingot and
spheres production steps were lower than 1%, allowing us to
conclude that the nominal compositions were kept. The
XRD diffractograms of all sphere materials indicated only
the presence of oTi and TisSi; phases, an expected result
from Fig. 1.

The thicknesses of the produced splats varied in the 58 to
82 um range. The diffractograms of all splats of a given
composition were very similar, indicating a good reproduc-
ibility of the rapid solidification process. Figure 2(a-c)
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shows the XRD diffractograms of the splats (after rapid
solidification) from the different alloys (x-ray beam incident
on the surface). The diffractogram of the Tig;Sij; alloy
(Fig. 2a) shows PTi, oTi, and TisSi; phases, with a
preferential orientation of the BTi phase in the <110>
direction. It indicates the formation of crystalline phases for
this composition and the retention at room temperature of
the high temperature bce form (B) of Ti due to the high
cooling rates achieved in the process. However, when we
observed the powder x-ray diffractogram of this splat, only
reflections from oTi and TisSi; were noted, suggesting that
the BTi phase was formed only near the surface of the splat,
where higher cooling rates were achieved. The lattice
parameter of the BTi phase was approximately 2.15%
smaller than that of pure BTi, considering the formation of a
substitutional solid solution it could be related to the smaller
atomic radius of Si compared to Ti (Si: 117 pm; Ti:
147 pm).

The formation of nanocrystalline/amorphous materials
should have occurred in the case of the Tig3Si;; and TigpSisg
alloys according to their diffractograms shown in Fig. 2(b)
and (c), a result in line with those from Suryanarayana
et al.’® These authors claim the production of amorphous
Ti-Si alloys after melt-spinning for compositions in the 15 to
20% Si range.

The conventional SEM/BSE micrographs from a splat of
Tig;Siy3 composition showed two distinct regions in the
cross section, one corresponding to those initially solidified
from the contact of the liquid with the copper anvils and
appeared to be single-phase at SEM resolution. The second
one corresponded to the central part of the splat and
showed a very fine equiaxed microstructure (<0.1 pum).
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Fig. 1 Phase diagram of the Ti-Si system!®
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Fig. 2 X-ray diffractograms of the splats (x-ray beam incident
on the surface): (a) Tig;Siy3; (b) Tig3Siy7; and (c¢) TigoSizg

However, SEM-FEG/BSE analysis did not suggest impor-
tant microstructural differences between these two regions.
Figure 3(a, b) shows SEM-FEG/BSE micrographs from the
central part of a splat of Tig;Si;3 composition indicating the

Fig. 3 SEM-FE/BSE micrographs of the cross section of a
splat of Tig;Si;3 composition: (a) lower magnification; (b) higher
magnification

existence of two phases of nanometric size, which should
correspond to oTi and TisSiz, based on the XRD results
(Fig. 2a).

Figure 4 presents the x-ray diffractograms (x-ray beam
incident on the surface) from the splats of the Tig;Sij3
composition after heat-treatment at 700 °C for 90 h
(Fig. 4a) and 1000 °C for 6 h (Fig. 4b). Both diffractograms
indicate the presence of oTi and TizSi, suggesting the
occurrence of the PTi<>oTi transformation and TisSi
formation (TisSi; + o/PTi«> Ti3Si) during heat-treating.
These results were confirmed via EDS analysis of these
splats whose cross section SEM/BSE micrographs are
shown in Fig. 5, noting disperse Ti;Si particles embedded
in a oTi matrix. Note also the appreciably larger size of the
TizSi particles in the material heat-treated at 1000 °C
(~3 pm) compared to that heat-treated at 700 °C (<1 pm).
As noted previously, Ramos et al.”” have not observed Ti;Si
formation during heat-treatment (1000 °C/90 h) of an arc
melted alloy of same composition, which shows the
beneficial effect of the fine initial microstructure provided
by the rapid solidification process used in this work to
produce equilibrium microstructures.
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Fig. 4 X-ray diffractograms (x-ray beam incident on the sur-
face) of heat-treated splats of Tig;Si;3 composition. Use of Ti fil-
lets as getter in the quartz capsules: (a) 700 °C for 90 h;
(b) 1000 °C for 6 h

The results from the heat-treated splats of TiggSipg
composition were similar to the previous alloy, i.e., it also
showed the presence of oTi and Ti3Si (Fig. 6). However, in
this case, the oTi particles are embedded in a Ti;Si matrix as
shown in the cross section SEM/BSE micrographs of this
alloy given in Fig. 7. Several particles of the oTi phase are
much larger (~3 pm) in the material heat-treated at 1000 °C
compared to that heat-treated at 700 °C (<1 pm), suggest-
ing the occurrence of an important coarsening process at the
higher temperature.

In order to evaluate the effect of minor amounts of
oxygen/nitrogen on the phase stability of these alloys, one
splat of the Tig;Si;3 composition was encapsulated in a
quartz tube under argon, without the fillets of Ti getter.
Figure 8 shows a cross section of the splat heat-treated at
1000 °C for 10 h, where only oTi and TisSi3 are present,
clearly showing the stabilization of the TisSi; phase due to
minor oxygen/nitrogen doping. During heat-treating, due to
the very fine size of the Ti and TisSi; particles, in the central
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Fig. 5 SEM/BSE micrographs of the cross section of heat-
treated splats of Tig;Si;; composition. Use of Ti fillets as getter
in the quartz capsules: (a) 700 °C for 90 h; (b) 1000 °C for 6 h

part of the splat Ti;Si should have formed, since some time
was necessary for oxygen/nitrogen to diffuse from the
surface to the central part. Subsequently, the Ti3Si in these
regions are destabilized and transformed to TisSi; upon the
arrival of the oxygen/nitrogen atoms.

4. Summary

The stability of the Ti;Si phase has been evaluated in this
work by means of heat-treated rapidly solidified Ti-Si
alloys. The production of very fine microstructures facili-
tated the attainment of equilibrium conditions where the
Ti5Si could be observed in samples carefully heat-treated at
700 and 1000 °C to avoid oxygen/nitrogen contamination.
On the other hand, the Ti;Si did not form during heat-
treatments where minor amounts of oxygen/nitrogen were
present, showing the high sensitivity of the phase relations
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Fig. 6 X-ray diffractograms (x-ray beam incident on the
surface) of heat-treated splats of TigySiyy composition. Use of Ti
fillets as getter in the quartz capsules: (a) 700 °C for 52 h;
(b) 1000 °C for 20 h
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Fig. 8 SEM/BSE micrograph of the cross section of a splat of
Tig,Si;3 composition heat-treated at 1000 °C for 10 h. No use of
Ti fillets as getter in the quartz capsule
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Fig. 7 SEM/BSE micrographs of the cross section of heat-
treated splats of TiggSig composition. Use of Ti fillets as getter
in the quartz capsules: (a) 700 °C for 90 h; (b) 1000 °C for 6 h

in the Ti-rich corner of the Ti-Si system with respect to
oxygen/nitrogen contamination.
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