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Investigations of metastable phase transformations demonstrate that a polymorphous transformation
from a crystal to a glass, the so-called inverse melting, is possible in the Ti-Cr system, however at
different Cr concentrations compared to earlier reports. Single-phase, metastable bce B-TiCr alloys with
Cr concentrations between 40 and 65 at. % are prepared by mechanical alloying. A subsequent heat
treatment results in a transformation into an amorphous phase. Complete amorphization is observed
only in a narrow range around 55 at. % Cr, while two-phase equilibria between the bcc and the amor-
phous phase are found for other compositions. The experiments are in good agreement with the meta-
stable phase diagram which is obtained from the free energy curves determined by the calculation-of-

phase-diagram (CALPHAD) method.

I. INTRODUCTION

In recent years a variety of methods have been
developed to synthesize amorphous alloys by solid-state
reactions,! e.g., by interdiffusion of multilayers,” by
mechanical alloying of elemental powders,® and by an-
nealing crystalline compounds that are only stable at
higher pressures.* The formation of an amorphous phase
in these processes can be understood from the thermo-
dynamics of the particular system, which provides a driv-
ing force for the amorphization reaction.! However, the
formation of the equilibrium phases has to be kinetically
suppressed, which can be expected only for the early
stages of phase reactions or under conditions where the
stable phases are energetically destabilized.

In addition, vitrification of a high-temperature phase
has been claimed,>® which is quite unexpected from a
thermodynamic point of view”? as it requires a lower en-
tropy for the amorphous phase than for the crystalline
state. Metastable bce B-TiCr phases with Cr contents be-
tween 30 and 40 at. 9% were prepared by laser irradiation®
or by quenching from high temperatures® and were subse-
quently annealed at 600°C, resulting in an amorphiza-
tion. This transition was named ‘‘spontaneous
vitrification” or “inverse melting,” in the case where a
polymorphous transformation occurs. Furthermore, it
was reported that the transition is reversible, such that
the alloy can be switched back and forth between the
amorphous and the bcc crystalline phase by application
of alternating annealing steps at 800 and 600 °C.’

While several research groups have investigated this
topic, with the exception of one report,9 none of them
were able to reproduce the transformation into the amor-
phous state.!®!! As the experimental evidence for the
amorphization is not completely convincing, the question
arises as to whether inverse melting is in principle possi-
ble in this system. Therefore, some groups have tried to
assess, on the basis of thermodynamics, whether there is
a driving force in free energy for inverse melting, leading
to a negative result in some cases.”'>!® However, it
should be noted that thermodynamic analyses depend
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critically on models and assumptions, especially in the
Ti-Cr system where the free-energy differences between
the amorphous and the bcc phases might be small.

This paper reports a systematic investigation on in-
verse melting of bce-TiCr alloys with Cr contents ranging
from 40 to 65 at.%. The work is focused on the
influence of concentration and annealing conditions on
the amorphization reaction, with the aim of studying the
kinetic process as well as the underlying thermodynam-
ics. The metastable B-TiCr alloys are prepared by
mechanical alloying of elemental powder blends. Other
preparation techniques, such as quenching of bcc alloys
from high temperatures, usually fail to produce homo-
geneous bcc phases, in particular at higher Cr contents,
as the nucleation of the stable phases, e.g., TiCr,, cannot
be kinetically suppressed completely. In the case of
mechanical alloying, intermetallic compounds are ener-
getically destabilized during milling,'* thus allowing the
preparation of the metastable bcc phase.

The results of the phase transformation are discussed
using the free-energy curves of the Ti-Cr system calculat-
ed by the CALPHAD method.!> The advantage of the
CALPHAD approach originates from the possibility to
critically assess the consistency of experimental thermo-
dynamic data, and to calculate thermodynamic functions
which can be extrapolated into a metastable composition
or temperature range.!®!’

II. EXPERIMENTAL

A planetary ball mill (Fritsch Pulverisette 5) with har-
dened steel vials and balls was employed for mechanical
alloying. All handling of the powders including the mil-
ling procedure was performed in a glove box, in which
the Ar atmosphere was continuously purified, in order to
keep its oxygen and water content below 1 ppm. Elemen-
tal Ti (99.8%) and Cr (99.8%) powder blends with parti-
cle sizes smaller than 300 um were prepared in the com-
position range from 40 to 65 at. % Cr in steps of 5 at. %.
The gaseous impurity content of TigzCr,, powders, milled
for 150 h, was determined by chemical analysis to be
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0.0084 wt % H and 0.20 wt % O, which is comparable to
the impurity level of the elemental powder components.
The Fe contamination of all alloyed powders investigated
amounts to less than 2.2 wt %, and results mainly from
abrasion of the vials and balls used for the milling. The
structural evolution during mechanical alloying and sub-
sequent annealing was characterized by x-ray-diffraction
(XRD) analysis using Cu-K, radiation.

The heat treatment of as-milled alloys was carried out
using a Perkin Elmer differential scanning calorimeter
(DSC-2). The specimens were heated in Cu pans under
purified Ar (99.9999%) flow. Prior to the experiment, the
air was carefully removed from the DSC cell by pumping
and flushing with Ar several times in order to avoid any
oxygen influence on the occurring phase transformations.
In addition, DSC measurements were carried out in a
high-temperature calorimeter of type Netzsch DSC 404
using 99.999% Ar.!® As for the measurements with the
DSC-2, care was taken to remove the air from the fur-
nace prior to the DSC runs. For transmission electron
microscopy (TEM) a Philips 400 T was used operating at
120 kV. TEM specimens were prepared by cold pressing
a mixture of sample and aluminum powders and jet-
polishing the compacts with an electrolyte consisting of
430 ml methanol, 250 ml butanol, and 18 ml perchloric
acid, 70%."°

III. RESULTS

A. Mechanical alloying of Ti-Cr

The structural evolution, upon milling of TigCry ele-
mental powder blend, is shown in Fig. 1, as a function of
milling time. After 10 h additional diffraction peaks
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FIG. 1. X-ray-diffraction patterns obtained with Cu-K, radi-
ation from mechanically alloyed TigCr, after selected milling
times.

occur corresponding to a Ti-rich bcc phase. The hep Ti
completely disappears after 50 h of milling, and a mixture
of two bcc phases with different compositions coexist.
Upon further milling the alloy homogenizes, leading to a
bee TigyCryo alloy with a lattice constant of 0.312 nm.
However, it is noted that even after 150 h of milling some
residual traces of unalloyed Cr can be detected from the
x-ray analysis. The bcc alloy exhibits a very broad
diffraction pattern resulting from a reduced grain size
and from internal strain of the lattice. By applying the
method developed by Williamson and Hall?*® and de-
scribed in detail in Ref. 21 an average crystallite size of
34 nm and a root-mean-square (rms) strain {€?)!/? of
1.6% are determined.

Figure 2 shows the XRD patterns of the final products
after a milling time of 150 h as a function of Cr content.
The elemental powder blends react to form homogeneous
B-TiCr phases, indicating that mechanical alloying is a
suitable approach for preparing metastable bec TiCr al-
loys over the entire compositional range. The lattice con-
stants of the bcc structures are plotted in Fig. 3 versus
the Cr content, including the values for pure bcc Cr and
Ti. The concentration dependence of the lattice constant
is in good agreement with available data from the litera-
ture,”? and can be described by Vegard’s law proposing a
linear interpolation between the lattice constants of the
pure components. This suggests that defects in the as-
milled state do not influence the lattice spacing. The re-
sults can be fitted by the following linear equation:

a =0.328 nm—0.0398 nm-x, , (1)

where a is the lattice constant in nm, and x, the molar
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FIG. 2. X-ray-diffraction patterns from the final products of
mechanically alloying of Tijg-,Cr, powder blends, for
different Cr concentrations.
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FIG. 3. Lattice parameter of the mechanically alloyed bcc al-
loys vs Cr content.

fraction of Cr. Equation (1) may be used to determine
the composition of the bcc phase from its lattice con-
stant.

B. Heat treatment
of mechanically alloyed TigCr4o samples

B-TigCryy, prepared by laser irradiation or by water
quenching of the bcc alloy, was reported to undergo
amorphization,>® and therefore most subsequent investi-
gations®~!32% were focused on this composition. The an-
nealing behavior of bcc Tig,Cr,, prepared by mechanical
alloying has been investigated by means of DSC, in com-
bination with subsequent x-ray-diffraction analyses after
rapid cooling with a rate of 320 K/min. Figure 4 shows a
DSC scan, which exhibits three exothermal peaks at ap-
proximately 400, 580, and 680°C respectively. In order
to study the corresponding phase transitions, the samples
were heated up to temperatures labeled as A (after the
first DSC peak), B (within the second peak), C (after the
second peak), and D (after the third peak) in Fig. 4, and
then quenched. The corresponding XRD results are
shown in Fig. 5, including the diffraction pattern ob-
tained before annealing for comparison. After heating
over the first broad exothermal peak A, the diffraction
peaks sharpen, reflecting some structural relaxation or re-

-— 0
-— O

Heat Flow

1 1 1 1
0 200 400 600 800

Temperature (°C)

1000

FIG. 4. DSC trace of a bee TiggCryg alloy, heated with a rate
of 20 K/min. The arrows indicate the temperatures up to
which additional runs were performed in order to characterize
the corresponding structural changes.
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FIG. 5. X-ray-diffraction patterns of bcc TigCryy heated to
the temperatures indicated in Fig. 4.

crystallization. The Williamson and Hall analysis shows
that the mean crystallite size and the rms strain have
changed to 120 nm and 1.4%, respectively, indicating
that the exothermic heat release up to about 500 °C origi-
nates mainly from the growth of the crystallites.

Upon further heating, the XRD pattern changes more
drastically, and a diffuse diffraction halo at 20 =42° ap-
pears during the second exothermic peak at around
580°C. The bcce diffraction intensities decrease and the
peaks shift to lower angles. The position and the width
of the diffraction halo are in good agreement with results
for amorphous TiCr alloys prepared by co-sputtering of
the elemental components, the structure of which has
been confirmed by TEM observations.>* The concentra-
tion of the remaining bcc phase is determined to be 23
at. % Cr according to Eq. (1). Therefore, during the
second exothermic reaction, a Cr-richer amorphous
phase precipitates from the Tig,Cr,, alloy, resulting in a
decrease of the Cr content in the bcc parent phase. This
reaction overlaps slightly with the formation of the equi-
librium phases, hcp Ti and TiCr,, as the results obtained
after heating to 650 °C indicate. Thermodynamic equilib-
rium is reached by annealing above 700°C. The corre-
sponding exothermic peak in the DSC scan at T =680°C
therefore mainly originates from the crystallization of the
amorphous phase. It should be mentioned that no
difference in the phase formation was obtained whether
the thermal treatment was performed in pure argon or ni-
trogen in a DSC cell, or pure nitrogen, argon, or vacuum
in a quartz tube.

In addition, isothermal annealing at 550°C was made
in the DSC for different times, and the structural evolu-
tion was characterized by XRD as shown in Fig. 6. It
demonstrates that an amorphous phase has been formed
after 20 min at the expense of the bce phase, which again
exhibits a Ti-richer concentration with respect to the ini-
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FIG. 6. X-ray-diffraction patterns of a bcc TigCry alloy
after isothermal heating at 550 °C for different times.

tial composition, and that traces of hcp Ti could be al-
ready detected after 60 min. Isothermal annealing at
600°C for 24 h has led to complete transformation into
the equilibrium phases hcp Ti and TiCr,, in agreement
with Refs. 10, 11, and 13, but in contrast to Ref. 6, where
an amorphization was observed.

In principle the results reported above support the
claimed amorphization of bcc TigCry, alloys by Blatter
and von Allmen,>® but differ in two aspects: first,
amorphization is associated with a decomposition rather
than with a polymorphous transition; second, the amor-
phous phase forms at a lower temperature or shorter an-
nealing time. With respect to the first point, the forma-
tion of a Cr-richer amorphous phase indicates that com-
plete amorphization or inverse melting can be expected
only in a bce phase with more than 40 at. % Cr. Lower
Cr contents seem to be unfavorable for inverse melting in
contrast to the results reported in Ref. 5. The different
preparation method may be considered as a main reason
for the second point, because the very fine-grained bcc
phase produced by mechanical alloying may favor
amorphization by providing a high density of heterogene-
ous nucleation sites. Grain boundaries were reported to
play a key role in the nucleation of an amorphous phase
during solid-state reactions of NiZr (Ref. 25) and Fe-Zr,?¢
as well as for the precipitation of an amorphous phase
from a solid solution.?’

C. Concentration dependence of the amorphization

Figure 7 represents, as a function of Cr content, the
XRD patterns for samples heated up to the end of the
amorphization reaction as deduced from the DSC signal.
It is shown that complete amorphization is achieved only
for a bee TiysCrss alloy, while partial amorphization is
observed for other compositions. The first diffraction
halos of amorphous Tis;Crsy, and TissCrss alloys are at
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FIG. 7. X-ray-diffraction patterns of Tijp_,Cr, as a func-
tion of Cr content, annealed up to the end of the second exoth-

ermic peak in the DSC.

20=41.73° and 42.47°, respectively, which are compara-
ble with the results for amorphous TiCr alloys prepared
by sputtering.?*

Figures 8 and 9, respectively, show TEM micrographs
for a TisoCrsy sample before and after annealing for 30
min at 577 °C. The as-milled powder exhibits a bcc struc-
ture with crystallite sizes in the range from 10-30 nm.
However, as already suggested by the XRD pattern (cf.
Fig. 2) some Cr-rich crystallites can be determined by
energy-dispersive x-ray (EDX) analyses with a 10-nm
probe. After annealing, the diffuse diffraction halos and
the lack of image contrast confirm the formation of an
amorphous phase (Fig. 9). The few crystallites still visi-
ble in the amorphous matrix exhibit a Cr-rich composi-
tion and are obviously related to the Cr-rich areas al-
ready observed in the as-milled sample which may give
rise to the asymmetry of the second diffuse diffraction
maximum of the amorphous phase (Fig. 7). This result
indicates that complete amorphization can only be ob-
tained if the initial bee alloy is homogeneous on a nanom-
eter scale, which requires special milling conditions dur-
ing mechanical alloying. However, with respect to the
conclusions given in this paper, the small volume frac-
tions of the Cr-rich crystallites can be neglected.

Figure 10 shows for TigyCryg, TiysCrss, and TiysCrgs al-
loys the development of the (110) peaks for parent bcc al-
loys upon annealing. In the case of Ti,sCrss, the amor-
phous phase forms at the expense of the bcc phase which
exhibits a constant (110) peak position during annealing,
while for TigyCr,y and Ti;sCrgs alloys the (110) peak shifts
to lower and higher diffraction angles, respectively. This
demonstrates that the complete amorphization observed
for 55 at. % Cr is indeed a polymorphous transition,
while a decomposition occurs for other concentrations.
Furthermore, the results shown in Figs. 7 and 10 strongly
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(a)

(c) (b)

FIG. 8. TEM micrographs of Tis,Crs, after mechanical alloying for 100 h. (a) bright field image, (b) dark field image, g =(110), (c)

corresponding selected area diffraction pattern.

imply that in the final annealing state the amorphous
phase is in a metastable equilibrium with the bcc phase.
We will discuss this point later by means of the
CALPHAD method.

D. Kinetics of phase transformations

The structural changes upon annealing observed for
the bee TigyCry, alloy demonstrate the kinetic competi-
tion between the amorphization and the formation of the

equilibrium phases. For heat treatments at low tempera-
tures and with Cr contents up to 50 at. %, the precipita-
tion of the hep Ti-rich phase limits the amorphization re-
action, whereas at higher temperatures crystallization of
the amorphous phase into TiCr, accompanies the nu-
cleation of the hcp phase. For Cr concentrations between
55 and 65 at. %, TiCr, is the first equilibrium phase ob-
served upon annealing. This finding can be understood
from the phase diagram by considering a metastable ex-

(a)

FIG. 9. TEM bright field micrograph (a) and diffraction pattern (b) of Tis,Crs after mechanical alloying for 100 h and annealing at

577°C for 30 min.



47 INVERSE MELTING IN THE Ti-Cr SYSTEM 8525

TigoCrao

Intensity

, l .
30° 35° 40° 45° 50° 55°

206
Tigs Crsg
2
g (@)
E
’ i ( {b)
30° 35° 40° 45° 50° 55°
20
S T
Tizs Cr65
z /
) S
E J/k‘g
; e (b)
30° 35° 40° 45° 50° 55°

20

FIG. 10. Evolution of the (110) Bragg peak of the bce phase
(a) for the as-milled state and (b) during amorphization for
different Cr concentrations.

tension of the homogeneity range of the Laves phase.

In order to obtain a time-temperature-transformation
diagram, the annealing behavior for a bee TissCrys alloy
has been studied in detail. Samples were heated up in the
DSC for different heating rates ranging from 5 to 160
K/min, and the onset temperatures for amorphization
and for crystallization were determined from the begin-
ning of the corresponding exothermic heat releases. The
results are summarized in Fig. 11 and show that slow
heating rates or long annealing times at low temperatures
favor amorphization. This conclusion is further support-
ed by considering the activation enthalpies of the
amorphization and of the crystallization, which have
been derived from the DSC measurements by applying
the Kissinger method.”® Thereby the activation enthal-
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FIG. 11. Time-temperature-transformation diagram for the
phase transformations occurring in bcc TissCrys. The data
points represent the onset temperatures of amorphization (CJ)
and subsequent crystallization (4#) as obtained from DSC scans
by applying different heating rates.

TABLE I. Activation enthalpies (eV/atom).
at. % Cr 0 10 18 40 45

Diffusion of Cr 1.64° 1.74* 1.93*
in bce alloys

Amorphization
of bee alloys

2.0° 2.3°

#Reference 29.
"Reference 9.
°This work.

pies are determined from the slope of In(T /T2 ) versus
In(1/T,,), where T is the heating rate and T,, the peak
temperature of the exothermic heat release. The activa-
tion enthalpies thus obtained amount to 2.3 eV for
amorphization and 3.2 eV for crystallization. Kim and
Lee® reported corresponding values of 2 and 2.7 eV, re-
spectively, for a bcc TigyCry, alloy, which are slightly
lower than those we obtained for TissCrys.

The activation enthalpies for the amorphization agree
reasonably with the activation enthalpies of Cr diffusion
in bee TiCr alloys which have been determined for con-
centrations up to 18 at. % Cr (Ref. 29) (Table I). This
suggests that the formation of the amorphous phase is
determined by the fast diffusing Cr component in the bcc
alloy. The high activation energy of about 3 eV for the
formation of the equilibrium phases may be due to a high
interface enthalpy required for nucleation, and due to the
high activation enthalpy for the Ti diffusion required for
transformation into the stable phases. Similar kinetic ar-
guments have been given to describe the preferred forma-
tion of the amorphous phase with respect to the interme-
tallic compounds in thin-film diffusion couples.! We
therefore conclude that inverse melting can only be ob-
served if a difference in the activation enthalpies for
amorphization and for the formation of the equilibrium
phases exists, and that this is most likely in systems in
which the components exhibit large differences in
diffusivity.

IV. DISCUSSION

The experimental results show a polymorphous trans-
formation of the bcc alloy into an amorphous phase for a
Cr content of 55 at. %. This indicates that, at tempera-
tures of about 600°C, a thermodynamic driving force
must exist for the amorphization such that the free ener-
gy of the amorphous phase is lower than that of the bcc
alloy for this particular concentration. This conclusion is
confirmed by calculation of the thermodynamic functions
in the Ti-Cr system utilizing the CALPHAD method.
The calculations are based on the equilibrium phase dia-
gram, available thermodynamic data from the litera-
ture,> and the heats of transformation upon annealing
metastable bee alloys as measured by DSC.!® Details of
the calculations and a discussion of the thermodynamics
in the Ti-Cr system will be given in a forthcoming paper.

Figure 12 represents the free energy of the hcp, bcc,
and the amorphous phases, at a temperature of 600°C.
The results clearly demonstrate the existence of a driving
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FIG. 12. Free-energy functions at 7"=600 °C of bcc, hcp, and
amorphous phases in the Ti-Cr system, calculated by the
CALPHAD method. The circles represent the experimental ob-
servations. @: complete amorphization; @: amorphous phase
coexisting with a Ti-rich  phase; © : amorphous phase coexist-
ing with a Cr-rich 8 phase.

force for the amorphization of the bcc alloy for composi-
tions around 55 at. % Cr. However, the driving force
amounts to only about 0.7 kJ/g-at. which is relatively
small, if compared to other systems exhibiting a precipi-
tation reaction of the amorphous phase (e.g., Nb-Co, Ref.
30). This indicates a possible nucleation barrier for the
amorphization in the Ti-Cr system, which can be de-
creased by introducing a high density of heterogeneous
nucleation sites such as grain boundaries and other de-
fects, as already suggested in Ref. 23. It is believed that
the microstructure obtained by mechanical alloying is ki-
netically favorable for the amorphization of bec TiCr al-
loys due to the small crystallite size and the high disloca-
tion density.

By applying the common-tangent rule, metastable
equilibria between the amorphous and the bcc phase can
be determined. At T'=600°C it results in a homogeneity
range of the amorphous phase from 52 to 59 at. % Cr
placed between two-phase fields which consist of the
amorphous phase and a Ti-rich or Cr-rich bcc phase with
23 and 90 at. % respectively. In Fig. 12 these predictions
are compared to the experimental observations, indicat-
- ing that indeed metastable equilibria are obtained.

If the metastable equilibria between the bcc and the
amorphous (at low temperatures) or the liquid phase (at
high temperatures) are determined over the entire tem-
perature range of coexistence, the metastable phase dia-
gram can be derived (Fig. 13). It excludes the formation
of the equilibrium hcp and Laves phases, which is reason-
able in particular for low temperatures due to the kinetic
constraints determining the nucleation and growth of
these phases. The metastable phase diagram predicts a
congruent inverse melting point, T, at about 746+20°C
and 55 at. % Cr. The thermodynamic functions for this
composition show that, similar to other systems with neg-
ative heats of mixing,'®!7 the liquid develops short-range
order upon undercooling, leading to a stabilization with
respect to the crystalline phases. Thereby, the entropy as
well as the enthalpy of the liquid is decreased below those
of the bce phase, which facilitates the inverse melting of
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FIG. 13. Metastable phase diagram of the Ti-Cr system cal-
culated by the CALPHAD method by considering only equili-
bria between the bcc alloy and the amorphous or the liquid
phase.

the bce phase. It is the advantage of the Ti-Cr system
that the thermodynamics allow the inverse melting to
occur at temperatures high enough where phase transfor-
mations are still kinetically possible.

From the thermodynamic point of view, the phase
transition at the inverse melting point should be reversi-
ble. Upon heating above T, ,, the amorphous phase
should transform back into the bcc phase (which can be
named correspondingly “inverse freezing”). Such behav-
ior was claimed for Ti,uCr;, alloys.” However, from the
results of our investigations this is thermodynamically
impossible for the cited experimental conditions. In-
stead, it is suggested from Fig. 13 that annealing a bcc
Ti;oCr;g alloy at 600 °C should result in the formation of
a two-phase mixture of a Ti-rich bcc and an amorphous
phase, the latter being dissolved into the bcc matrix upon
heating to 800°C. A polymorphous reversible transition
is thermodynamically possible only for Cr concentrations
around 55 at.%. However, by heating an amorphous
TiysCrss alloy in a vacuum chamber, the in situ x-ray
analysis shows that the equilibrium phases are formed
prior to the transformation into the bcc phase. This is in
agreement with DSC results, which show no (endotherm-
ic) crystallization of the amorphous phase into the bce
phase below the temperature where nucleation of the
TiCr, compound occurs. These results demonstrate that
the direct observation of the reversibility of the inverse
melting transition is limited by the formation of the equi-
librium phases.

V. CONCLUSIONS

In the Ti-Cr system, a polymorphous transformation of
the metastable bcc phase into an amorphous phase is ob-
served for a Cr content of 55 at. %. For other composi-
tions the amorphous phase coexists with a Ti-rich or Cr-
rich bee phase after annealing. These results can be de-
scribed by the metastable phase diagram calculated by
the CALPHAD method which considers only equilibria
between the bcce alloy and the amorphous or liquid phase.
It indicates that inverse melting in the Ti-Cr system is
thermodynamically possible only for compositions
around 55 at. % Cr, in contrast to earlier reports.s'6 The
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occurrence of inverse melting originates from a pro-
nounced short-range ordering of the liquid upon under-
cooling, which stabilizes the liquid phase with respect to
the bcc alloy.

Inverse melting can only be observed experimentally if
the kinetics below the inverse melting point are
sufficiently rapid to enable the phase transformation to
occur, and if the amorphization is kinetically favored
with respect to the formation of the equilibrium phases.
The latter requirement is associated with different activa-
tion enthalpies for the competing processes, which is ex-
pected in particular in systems exhibiting fast diffusion of
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one component. However, due to the high inverse melt-
ing temperature of about 750 °C for bcce Ti-Cr alloys, the
reversibility of the polymorphous transition between the
amorphous and the bcc phase could not be confirmed ex-
perimentally yet.
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(a) (c) (b)
FIG. 8. TEM micrographs of Tis,Crs, after mechanical alloying for 100 h. (a) bright field image, (b) dark field image, g =(110), (c)
corresponding selected area diffraction pattern.



(b) (a)

FIG. 9. TEM bright field micrograph (a) and diffraction pattern (b) of Tis,Crs, after mechanical alloying for 100 h and annealing at
577°C for 30 min.



