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a b s t r a c t

The phase evolution upon heating of Ti40Zr25Cu9Ni8Be18 BMG was investigated by in situ neutron diffrac-
tion studies and compared to Differential scanning calorimetry measurements performed at the same
heating rate. When the experiment is performed at the constant speed of 2 K/min, the amorphous to
vailable online 28 April 2010
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crystallization process proceeds by two complicated crystallization reactions: firstly, the precipitation
of a cubic Ti(Zr)Be2 phase at 608 K (a = 6.603 Å), this phase then disappears at 810 K, secondly, by the
formation at 749 K of two phases which have been determined by neutron diffraction to be a C14 hexag-
onal Laves phase and a big cube (Zr,Ti)2Ni phase. When the sample is heated at 2 K/min, then hold at
Tg + 158 = 713 K (before Tx2 = 749 K) the (Ti,Zr)Be2 phase develops. After 60 min, the big cube phase starts
to appear, an important amorphous bump being still present. These in situ diffraction experiments and

ed ar
the different phases form

. Introduction

Much attention is actually paid to find and to study Ti-based
ulk metallic glasses (BMGs) due to their high specific strength,

ow weight and low cost [1–8]. Development of these BMGs can
xpend the field of their applications. Recently, Kim et al. [9] have
iscovered a new phase (Ti40Zr25Ni8Cu9Be18) with high glass form-

ng ability (GFA), high Young modulus and high plasticity at room
emperature (7%). Enhanced plasticity has been discovered in for-

ulas in the vicinity of this composition [10] and the authors have
oticed that the first crystallization product can play an important
ole. They propose that when this first crystallization product is
n icosahedral phase (i-phase), the plasticity is enhanced, while it
s reduced when first crystallization product is a crystalline phase
uch as �-Ti or Ti2Cu. In a previous study [11], we have added Nb
o this BMG to form (Ti40Zr25Ni8Cu9Be18)100−xNbx (x = 0, 3, 5, 8,
0 at.%) alloys and we have shown that low Nb addition content

ncreases the formation of i-phase (Nbx = 3 or 5%), while more Nb
ddition was ineffective. Extensive studies on the kinetics behavior
f the master compound under isochronal crystallization [12–14]
r under compression [15] have been done, whereas the phase for-
ation during crystallization, which is an important parameter,
s not well understood. In Refs. [9,14], it is mentioned that at an
nnealing temperature T = 753 K or 680 K, an i-phase is present,
hile at T = 873 K or 800 K, only a Laves phase is present. These

bservations have been made by X-ray diffraction after annealing
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and cooling the samples at various temperatures. In this article we
present the results obtained by in situ neutron diffraction on amor-
phous bulk samples and compared with DSC studies performed
at the same speed than the neutron diffraction study. Annealing
at low temperature has also been observed by in situ neutron
diffraction. Electron microscopy’s analysis (SEM and TEM equipped
with energy-dispersive X-ray spectrometry (EDS)) has been used to
characterize the samples before and after annealing steps.

2. Experimental procedure

Ingots with nominal composition Ti40Zr25Ni8Cu9Be18 were prepared by HF-
melting the mixture of the pure Ti, Zr, Cu, Ni and Be elements in a copper cold
crucible. Bulk alloys in a cylindrical form with 40 mm in length and 3 mm in diameter
were prepared by injection method in a copper mould under argon gas. The phase
components and microstructure were obtained by scanning electron microscopy
(SEM) (JEOL-5600LV equipped for EDS) and Transmission Electron Microscopy
(TEM) (TECNAI F30 equipped for EDS). Thermal properties were measured by differ-
ential scanning calorimetry (DSC) (NETZSCH DSC 404S) at a heating rate of 2 K/min
under flowing argon gas in order to be compared with neutron experiments and at
10 K/min. In situ neutron diffraction was studied on the D1B-CRG diffractometer at
Institute Laue Langevin in Grenoble at the 2.518 Å wavelength, spectra during con-
tinuous heating at 2 K/min under vacuum were recorded every 5 min using a position
sensitive detector covering 80◦ in 2�. The sample was heated in the bulk form
and during the heating treatment was continuously under high secondary vacuum,
so that no oxidation mechanism could interfere with crystallization. Post-mortem
X-ray diffraction studies have also been performed on the samples after neutron
diffraction experiments. Data reduction was done with the LAMP and FULLPROF
programs of ILL [16].
3. Results and discussion

Table 1 reports the results of thermal analysis obtained from the
DSC experiments performed at different speeds and compared with

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Results of thermal analysis by differential scanning calorimetry at 2 and 10 K/min
compared with temperatures observed by neutron diffraction and for the previous
study of Kim et al. [9].

Sample Tg Tx1 Tx2 Tm1 Tm2 Tm

DSC—this study (2 K/min) 555 608 749 810 845 955
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Table 2
Results of the neutron phase refinement of the sample heated at 930 K, and then
cooled down at 300 K.

Atom C14 Laves phase, hexagonal P63/mmc,
a = 5.228(1)Å, c = 8.629(2) Å

Occ.

Zr (4f) 1/3 2/3 Z = 0.065(1) 0.1666
Ti (2a) 0 0 0 0.067
Cu (2a) 0.067
Ti (6h) x = 0.836(3) x x 0.113
Ni (6h) 0.137

Atom Big cube phase, cubic Fd3m, a = 10.871(1) Å Occ.

Zr (48f) X = 0.192(1) 0 0 0.027
Ti (48f) 0.223
Zr (16d) 5/8 5/8 5/8 0.051
Neutron—this study (2 K/min) 610 724 814
DSC–this study (10 K/min) 575 628 765 825 865
Prev. [9] (10 K/min) 621 668 776 813 948

revious experiments performed by other groups [9], the results
re rather in good agreement with previous results. Fig. 1 shows
he DSC trace recorded at 2 K/min, the glass transition temperature
s not well marked and there is a continuous endodermic reaction
tarting around 555 K. A first crystallization event (exothermic)
ppears at Tx1 = 608 K with low intensity and a broad tempera-
ure range. A second crystallization event (exothermic) appears at
x2 = 749 K with a sharper peak. A first endothermic reaction occurs
t Tm1 = 810 K (low intensity), a second endothermic event occurs at
m2 = 845 K (low intensity) and the full melting occurs at Tm = 955 K.
n the previous studies [9], the Tx1 and Tx2 were observed, but Tm1

as also considered as a crystallization event, full melting was
bserved at 948 K.

In situ neutron diffraction experiments have been done on 2
amples of the same batch and with 2 heating profiles. The first
eating treatment was done at a constant speed of 2 K/min and
diffraction pattern was recorded continuously during the tem-

erature change every 5 min (each neutron pattern has a mean
emperature value during a 10 K change) up to 930 K, then cool-

ng down at room temperature. The second heating treatment was
constant heating at 2 K/min up to Tg + 30, then a dwell at this tem-
erature until crystallization was not evolving, then cooling down
t room temperature.

ig. 1. DSC trace obtained from the 3 mm sample at 2 K/min with notation of the
hermic events.

ig. 2. Neutron diffraction pattern evolution with temperature compared with the
SC analysis at 2 K/min.
Ti (16d) 0.033
Cu (32e) x = 0.943(1) x x 0.106
Ni (32e) 0.061

Fig. 2 shows the constant heating experiment such as the x-axis
is the 2� diffraction angle, y-axis is the time (during tempera-
ture change) and the z-axis is the neutron counts intensity. At the
beginning of the experiment, the characteristic diffraction pattern
of an amorphous compound with short-range order (bump maxi-
mum at 2� = 68◦; d = 2.514 Å) is observed. At 610 K (608 K in DSC
experiment), some new peaks appear at 2� = 39.34◦ and 65.54◦

corresponding to d spacings 3.785 and 2.340 Å respectively, these
peaks are diffuse at the beginning corresponding certainly to very
tiny crystals, then sharper with time and temperature increasing.
With only 2 diffraction peaks it is difficult to ascertain the nature
of the new formed phase, but we can exclude some hypothesis, in
particular �- or �-Ti, which did not present a peak at d = 3.785 Å.
In the same way the icosahedral phase often observed in phases
with beryllium presents a double peak around d = 2.34 Å. In sim-
ple binary phases, only the TiBe2 (face centered cubic, a = 6.45 Å)
phase presents 2 peaks close to the observed peaks, by refining the
cell parameter, the value a = 6.603 Å has been determined. It could
be explained by a partial replacement of Ti by a bigger atom such
as zirconium. However the ZrBe2 compound is hexagonal, so only
partial replacement must be assumed. This mixed phase (Ti,Zr)Be2
phase has different stability parameters than TiBe2.

At T = 724 K, new peaks appear and the main phases agreeing
with peak positions are an hexagonal C14 phase with cell param-
eters a = 5.25 Å and c = 8.65 Å at high temperature, and a cubic
Zr2Ni phase with a = 11.00 Å at high temperature. These phases are
present at all temperatures up to 930 K and also after cooling at
room temperature. The temperature of the crystallization event
is observed well below the temperature observed during the DSC
experiment (749 K). We have no explanation for this temperature
difference.

The last observation of this constant speed experiment is the
disappearance of the primary crystallization phase (Ti,Zr)Be2 at
Tm1 = 814 K, which is in agreement with the DSC experiment
(Tm1 = 810 K). After heating at 930 K (just before melting), no other
phenomena is observed, so the sample was cooled at room tem-
perature and these data used to perform a profile refinement. The
data refinement is reported in Table 2 and Fig. 3, using a C14
hexagonal model for one phase and the big cube phase model for
the other one. Cell parameters, occupation factors of the various
sites and their atomic positions (when variables) were refined and
the result are reported in Fig. 3. The refinement quality factors
were respectively 6.7%, 8.9% and 3.5% for C14 phase, cubic phase

and full profile. For the C14 phase, it corresponds to the formula
Zr1.0Ti1.08Ni0.82Cu0.10 or Zr(Ti,Ni,Cu)2 or Zr33.3Ti35.9Ni27.3Cu3.4 and
it represents 92% of phase quantity. This phase has been previ-
ously described by Waterstrat [17] as ZrTiNi with a = 5.205 Å and
c = 8.476 Å. The cell parameters as measured in this experiment are
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Fig. 5. Bright field TEM image of an annealed sample at T = 790 K for 5 min. Three
different crystals family are observed. (A) Large facetted crystals, (B) small round
crystals, and (C) “feather-” or “flower-”like crystals.

Table 3
Results of the phase percentages obtained by electron microscopy EDS chemical
analysis and by neutron diffraction refinement.

Elements Phases Zr (at%) Ti (at%) Cu (at%) Ni (at%) Be (at%)

Crystals (A) (EDS) 36.9 34.6 15.2 13.2
C14 laves phase—neutron 33.3 35.9 3.4 27.3
Crystals (B) (EDS) 20.4 60.9 8.3 10.4
Big cube phase—neutron 15.5 51.2 21.2 12.1
ig. 3. Neutron 2-phases refinement of the sample heated at 930 K, then cooled
own at 300 K. Dots are the experimental points, line is the intensity fit, vertical
icks are for the C14 Laves phase and the big cube phase, line below is the difference
etween observed and calculated neutron intensity.

lightly bigger due to a different site occupation. For the “Big cube”
hase, it corresponds to the formula Ti1.536Zr0.464Ni0.364Cu0.636 or
Ti,Zr)2(Ni,Cu) or Ti51.2Zr15.5Ni12.1Cu21.2 and it represents 8% of
hase quantity. This phase has often been reported in Zr-based
MG as the primary crystallization phase with cell parameter in
he range 11.95–12.09 Å [18]. All lines are indexed and calculated
ith a fairly good agreement.

Fig. 4 shows the static heating experiment at 713 K (before the
econd crystallization event). At the beginning of the experiment,
he characteristic diffraction pattern of an amorphous compound
ith short-range order (bump maximum at 2� = 68◦; d = 2.514 Å)

s observed, like in the first experiment. At 610 K the new peaks
f the cubic (Ti,Zr)Be2 phase appear and are becoming finer with
ime evolution, meaning growing of crystals. After 150 min at this
emperature, new peak appears close to 2� = 24◦, corresponding to
he main line of the big cube phase. The big cube phase is the second
rystallization product to be formed after the (Ti,Zr)Be2 phase.

An annealed sample at T = 790 K for 5 min has been studied by
EM and is presented in Fig. 5. Three different kinds of crystals
re observed: crystals (A) have a regular shape with 200 nm size,

hey appear in black or grey color, crystals (B) have also a regular
hape with 50 nm size, they appear in a white color, crystals (C)
ave a “flower-” or “feather-”like shape, very irregular and 250 nm

n size. The chemical mean analysis is reported in Table 3. There
s a good agreement between neutron chemical analysis and EDS

ig. 4. 3-dimensional plot of the neutron annealing experiment at T = 713 K. x-axis
s the 2� diffraction angle, y-axis is the temperature (time) evolution and z-axis is
he neutron intensity.
Crystals (C) (EDS) 54.2 45.0 0.5 0.3
Ti(Zr)Be2 cubic

phase—neutron
16.6 16.6 0 0 66.6

chemical analysis concerning the elements phase content. EDS did
not analyze beryllium in the (Ti,Zr)Be2 structure, as it has a too
low number of electrons and the chemical formula is calculated
only on the elements that are observed. But we can consider it is
the good phase as there is no copper or nickel inside and that the
peaks of the �-Ti or �-Ti phase are not observed. The formation
of the (Ti,Zr)Be2 phase as primary crystallization phase (PCP) is in
agreement with previous primary crystallization studies of BMG
containing beryllium phase. We have observed during the crystal-
lization of Zr46.75Ti8.25Cu7.5Ni10Be27.5 phase the formation of ZrBe2
and a quasicrystalline phase [19] as PCP and whose TEM images
are very similar in shape and size. Depending on the synthesis con-
ditions during the glass formation (sample diameter, cooling rate,
and oxygen presence), different phases can be formed because of
the different atomic structures (short-range order) possible in the
glass state. It is why the observations of Kim [9] and Kou [12] of
a quasicrystalline phase as PCP may be also the result of the BMG
synthesis process, different from our samples.

4. Conclusion

By coupled experiments by in situ neutron diffraction, DSC
and TEM/EDS, we have evidenced the phases formed during heat-

ing or annealing the (Ti40Zr25Ni8Cu9Be18) bulk metallic glass.
During the primary crystallization, a cubic (Ti,Zr)Be2 phase is
formed, this phase is unstable and decomposes at higher tem-
perature. The second crystallization products, which are very
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table up to full melting, are at 92% a C14 hexagonal Laves
hase Zr1.0Ti1.08Ni0.82Cu0.10 or Zr(Ti,Ni,Cu)2, and at 8% a big cube
hase, Ti1.536Zr0.464Ni0.364Cu0.636 or (Ti,Zr)2(Ni,Cu). We have not
videnced the formation of an icosahedral phase as in previous
tudies, but this may due to a different synthesis process. Fur-
her measurements of mechanical properties are done on these

aterials and will be compared to other materials prepared with a
ifferent process to see if the PCP has an influence on mechanical
roperties.
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