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Nanocrystallization of Ge-Al-Cr-Ce-Sm alloy
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Ge68Cr14Al10Ce4Sm4 amorphous alloy was found to have a multistage crystallization
behaviour. First stage of crystallization has been studied by differential scanning
calorimetry, X-ray diffraction and transmission electron microscopy including
high-resolution imaging. This phase transformation can not be described just by one of the
following mechanisms: polymorphous, eutectic, primary and spinodal decomposition and
is rather a combination of the polymorphous and primary crystallization. An activation
energy E (an energy barrier opposing a reaction) obtained using Kissinger analysis from the
shift of the peak temperature in the DSC curve was 360 kJ/mol. Crystalline structure of an
unknown phase formed under heating was studied. C© 2000 Kluwer Academic Publishers

1. Introduction
According to classical point of view four distinct types
of phase transformation mechanisms were observed
during crystallization of the metallic glasses (metal-
lic amorphous materials) i.e. polymorphous, eutectic,
primary and spinodal decomposition [1]. The present
paper aims to present a first-stage crystallization reac-
tion of a Ge-Cr-Al-Ce-Sm alloy that could hardly be
referred to one of the mechanisms described above.
Ge is a semiconductor and a semi-metal. However the
Ge68Cr14Al10Ce4Sm4 alloy studied in the present paper
contains 32 at% of metals and can be treated as metallic
amorphous material.

Quaternary Ge-Al-Cr-TM amorphous alloys have
been obtained and studied recently [2]. It has been noted
that, although an amorphous-type X-ray diffraction pat-
tern was observed, the structure of new multicompo-
nent Ge-based alloys in the as-solidified state consisted
of extremely small (about 1 nm) crystalline-like zones
with a certain degree of medium range order distributed
homogeneously in an amorphous matrix. The size and
distribution of these zones were slightly sensitive to
a cooling rate while it was high enough and no crys-
talline peaks were observed in the X-ray diffraction
pattern.

Moreover, local structure of an amorphous Ge50Al40
Cr10 alloy has been recently studied by conventional
X-ray diffraction, anomalous X-ray scattering and
transmission electron microscopy including high-
resolution imaging [3]. The study showed the inho-
mogeneous distribution of the alloying elements in the
structure of the Ge50Al40Cr10 alloy over a very short
range of less than 1 nm. The local structures for Ge
on one hand and Al, Cr atoms on the other hand were
found to be completely different. The partial coordina-
tion number in Ge-Ge pair of 3.4 is close to that value
of 4 for amorphous Ge. On the other hand the values

∗ Can be also written as Luzgin.

for other pairs of about 8–10 are closer to that of usual
metallic glasses.

2. Experimental
An ingot of the Ge68Cr14Al10Ce4Sm4 alloy was
prepared by arc melting the mixture of pure Ge
(99.9999 mass%), Al (99.99 mass%) Cr (99.9 mass%)
Ce (99.9 mass%) and Sm (99.9 mass%) in an argon
atmosphere. The amorphous ribbon samples of about
15µm in thickness and 0.9 mm in width were prepared
by rapid solidification of the melt on a single copper
roller at the roller surface velocity of 42 m/s. The struc-
ture of ribbon samples was examined by X-ray diffrac-
tion (XRD) with monochromatic Cu Kα radiation and
transmission electron microscopy (TEM). TEM was
carried out in a JEM 2010 microscope operating at
200 kV equipped with energy dispersive X-ray spec-
trometer (EDX). Samples for TEM were polished elec-
trolytically in a solution of 10 vol% perchloric acid and
90 vol% methanol at 208–213 K. Crystallization tem-
perature and heat of crystallization were measured by
differential isothermal and scanning calorimetry (DSC)
at different heating rates.

3. Results
After rapid solidification the Ge68Cr14Al10Ce4Sm4 al-
loy had an amorphous structure (Fig. 1a). (All fig-
ures correspond to Ge68Cr14Al10Ce4Sm4 alloy if dif-
ferent composition is not indicated). However, as
well as in the case of quaternary Ge-Al-Cr-RE alloys
finely dispersed zones with elevated medium range or-
der homogeneously distributed in the amorphous ma-
trix were observed using TEM (see Fig. 2 (marked
by circles)). Being metastable as-rapidly solidified
Ge68Cr14Al10Ce4Sm4 alloy undergoes phase transfor-
mations on heating. Three clearly separated heat effects
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marked as A, B, and C are observed in the DSC
curve taken at a heating rate of 0.667 K/s (Fig. 3). A
weak fourth one appeared at the heating rate less than
0.667 K/s is marked as D. Heat released during these
transformations at different heating rates is summarised
in Table I.

TABLE I Exothermic heat effects on heating

Heat effect (1H ), J/g

Heating rate K/s A B C D Total (B+C+D)

0.083 19.8 45.2 18.1 4.9 68.2
0.167 21.8 42.4 26.8∗ 69.2
0.333 21.2 38.3 33.6∗ 71.9
0.667 19.7 33.9 35.9 — 69.8

∗at 0.167 and 0.333 K/s total1H of C and D effects is given.

Figure 1 XRD patterns of the Ge68Cr14Al10Ce4Sm4 alloy (a) in as-
solidified state, (b) after DSC at 0.667 K/s up to 620 K and (c) after DSC
at 0.083 K/s up to 570 K.

Figure 2 (a) High-resolution TEM image and (b) selected-area electron diffraction pattern taken in as-solidified state.

Figure 3 DSC curves taken at different heating rates.

First prolonged heat effect A is related to the pro-
cess of structural relaxation of the amorphous matrix.
This effect has been studied recently for quaternary
Ge70Cr16Al10Nd4 alloy [4]. As can be seen in Fig. 3
this heat effect has not a regular form and consists of at
least two heat effects as has been described in Ref. [4].
According to Ref. [4] the major income to this effect
has been done by the process of changing of a degree
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of short range order and the formation of tetrahedral
configuration of Ge atoms similar to pure a-Ge and
c-Ge, arising from the segregation of Ge atoms form-
ing Ge-enriched zones prior to crystallization. The size
of such zones is not more than 1 nm. Similar changes
of the XRD pattern were observed in the case of the
Ge68Cr14Al10Ce4Sm4 alloy (see Fig. 1) when the first
reaction marked as A in Fig. 3 is almost finished but
the reaction B has not been started yet. A very broad
diffraction peak corresponding to (111) Ge is seen in
Fig. 1 (b and c). The breadth of the peak is close to
that produced by the amorphous phase suggesting Ge-
enriched zones size of less than 1 nm. It reflects the
same process of formation of tetrahedral configuration
of Ge atoms similar to pure a-Ge that was observed
in the Ge70Cr16Al10Nd4 alloy. No crystalline phase(s)
were observed at this stage using TEM.

Type of the reaction B is the main purpose of study
in the present work. As the onset temperature of the
reaction C is quite close to B it is hard to control the
temperature and time of isothermal annealing in fur-
nace. However, DSC gives a great opportunity to ob-
serve passing of the reaction through a heat released and
to stop heating exactly at the desired temperature. Cool-
ing rate of the tested specimen was about 0.6–0.7 K/s
for the first 100 K. Ribbon specimens cut to pieces
were heated up to the completion of the reaction B
at different heating rates of 0.083, 0.167, 0.333 and
0.667 K/s. Heating has been stopped at 660, 667, 673
and 683 K respectively. Temperature difference from
the onset point of the reaction C in every case was
more than 20 K, that is enough to have no influence of
this subsequent reaction. XRD patterns corresponding
to the above-mentioned samples are shown in Fig. 4.
Three broadened diffraction peaks belong to pure Fd3m
Ge. As shown in Fig. 5 the structure of the sample heat
treated at 0.667 K/s consists of the equiaxed nanoscale
Ge particles with the size of about 3–20 nm homoge-
neously distributed in the amorphous matrix. With the
reduction of the heating rate an unknown crystalline
phase started to nucleate and grow simultaneously (see

Figure 4 XRD patterns of the samples heat treated using DSC carried
out at the heating rates of 0.083, 0.167, 0.333 and 0.667 K/s up to 660,
667, 673 and 683 K respectively.

Fig. 4). Very weak crystalline peaks belonging to this
phase are also seen in the XRD pattern of the samples
heat treated at 0.667 K/s. As can bee seen from Fig. 5c
three sharp diffraction rings in selected-area electron
diffraction (SAED) pattern belong to Fd3m Ge. How-
ever, some strong dot-like reflections are seen between
these rings. A quite large particle marked be arrow is
seen in Fig. 5a. This particle is not seen in the dark-field
image (Fig. 5b) taken from the first ring corresponding
to (111) Ge of SAED pattern (Fig. 5c). Being also larger
than the Ge particles this particle likely belongs to the
unknown crystalline phase.

Average Ge particles size was calculated from the
broadening of the diffraction peaks. The X-ray pow-
der diffraction pattern of pure Ge was used as a ref-
erence. Intrinsic broadening of the diffraction peakβ
for the cubic lattice can be calculated by the following
Equation [5]

β = 0.5B

(
1− b

B
+
√

1− b

B

)
, (1)

where b is instrumental broadening andB is total
line broadening of the diffraction peak. A part of the
intrinsic broadening of the diffraction peak caused by
small particles size effectm can be separated from the
part of broadening caused by microdeformationn by
the following formulas [5]:

m1

β1
= 1

2

(
1− 4

n1

β1
+
√

8
n1

β2
1

+ 1

)
(2)

β2

β1
=
(

1
2V m1

β1
+ 2n1

β1
W
)2

1
2V m1

β1
+ 4n1

β1
W

(3)

V = m1

m2
= cosθ1

cosθ2
(4)

W = n2

n1
= tgθ2

tgθ1
(5)

The average particle sizeDhkl in the direction normal
to the (hkl) plane can be calculated from Equation 6

Dhkl = 0.94λ

m1 cosθ1
(6)

whereλ is wavelength (nm) andθ is the diffraction
angle (rad). The resultedD size of 11.3 nm is in good
agreement with TEM observations (see Fig. 5). Accord-
ing to TEM results Ge particles size ranges from 3 to
20 nm (see Fig. 5).

According to the XRD data (see Fig. 4) the Fd3m Ge
particles size is independent of the heating rate whereas
the size and volume fraction of the unknown phase are
strongly heating rate dependent that effects on the half
width and height of the corresponding crystalline peaks
(see Figs 4 and 5). The unknown crystalline phase of
dendritic morphology formed after heat treatment using
DSC at 0.083 K/s attained several hundreds of nanome-
ters in size (Fig. 6). Fig. 7a–d shows diffraction patterns
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Figure 5 Nanoscale crystalline precipitations in the amorphous matrix. (a) Bright-field, (b) dark-field image and (c) selected area electron diffraction
pattern taken from a group of particles including residual amorphous matrix. A sample heat treated using DSC at 0.667 K/s up to 683 K.

Figure 6 Particles of the multicomponent Ge18Cr4AlCeSm phase in the sample heat treated using DSC at 0.083 K/s up to 660 K. (a) Bright-field and
(b) dark-field images.

taken from the multicomponent crystalline phase. It is
important to note that a significant volume fraction of
the residual amorphous matrix still existed in the struc-
ture after the completion of the reaction B.

The unknown crystalline phase is a multicomponent
one. It contains in average 71.5 at% Ge, 16.6 at% Cr,
4 at% Al, 4 at% Ce and 3.9 at% Sm and can be written as
Ge18Cr4AlCeSm. Except for low Al content, chemical
composition of this phase is very close to the composi-
tion of the as-solidified amorphous matrix. This multi-
component phase is a metastable one and disappeared
during reactions C and D. Ge particles grew and those
XRD peaks became narrower. After the complete of all
phase transformations the structure consists of Fd3m
Ge and another unknown phase(s) (Fig. 8 after DSC up
to 768 K).

4. Discussion
According to Table I and Fig. 3 redistribution of the
values of heat effects B, C and D on DSC curves takes
place under changes of a heating rate. Value of the effect
B increases in expense of the effects C and D. However,
it is important to note that through the volume fraction
of the multicomponent phase and heat effect of the B-
exothermic reaction change with the heating rate the
shape of the B-curve in all cases suggests passing of a
single phase transformation. More clearly it can be seen
in Fig. 9 that shows differential calorimetry measure-
ments of the reaction B in isothermal mode at 630 K.
B-curve has a regular form that is usual for a single-
stage transformation. XRD pattern of the sample heat
treated for 2.7 ks in isothermal mode at 630 K is similar
to that one taken after DSC at 0.083 K/s up to 660 K (see
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Figure 7 (a–d) Selected area electron diffraction patterns taken from the crystalline particles of the multicomponent Ge18Cr4AlCeSm phase (Fig. 6)
(zone axes [001], [110], [111] and [010] and those indexing. Sharp rings belong to (111) Ge.

Figure 8 XRD patterns of the samples heat treated using DSC at a heat-
ing rate of 0.083 K/s up to 660 and 768 K respectively.

Fig. 4). Kinetic studies conducted at 630 K showed that
XRD peaks belonging to Fd3m Ge and multicomponent
phase appear and intensify simultaneously during phase
transformation in isothermal mode.

Thus, precipitation of Ge nanoparticles as well as
nucleation and growth of the multicomponent phase

Figure 9 Isothermal differential calorimetry curve taken at 630 K.

go simultaneously. As an example of the opposite
case one can show DSC curve of the quaternary
Ge70Cr16Al10Nd4 alloy in which two different crystal-
lization reactions are close to each other on tempera-
ture (follow arrows in Fig. 10). These two heat effects
became more clearly separated as the heating rate de-
creases.

The largest part of the reaction B is caused by for-
mation of the Ge particles as precipitation of the mul-
ticomponent phase (see Table I) gives a lower income
to the total heat effect. It can be suggested that the
Ge nanoparticles grew from the Ge – enriched zones
formed during structural relaxation. As chemical com-
position of the Ge18Cr4AlCeSm multicomponent phase
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Figure 10 DSC curves of Ge70Cr16Al10Nd4 alloy taken at two different
heating rates.

is close to composition of the amorphous matrix it
likely nucleates by polymorphous mechanism. The Ge
nanoparticles precipitate homogeneously in the amor-
phous matrix (see Fig. 5) and often have no common
interface with multicomponent phase (Figs 5 and 6) i.e.
Ge particles are located in the residual amorphous ma-
trix between large particles of multicomponent phase.
In Fig. 6 Ge particles embedded in amorphous matrix
are seen in the bright-field image and not seen in the
dark-field one taken in the reflection produced by the
multicomponent phase. Both Fd3m Ge and multicom-
ponent phase are homogeneously distributed in amor-
phous matrix, but the distance between particles of the
multicomponent phase is about severalµm whereas the
distance between the Ge particles is much lower being
several tens of nm. Thus, although formation of these
two phases takes place simultaneously no eutectic-type
coupled growth was observed.

At any heating rate in the range from 0.083 to
0.667 K/s temperature difference between onset tem-
perature of the reaction B and its offset temperature
is about 20 K. Considering difference in the heating
rate one can calculate a reaction time. At the heating
rates of 0.083, 0.167, 0.333 and 0.667 K/s, with the
corresponding temperature difference of 23, 21, 19 and
22 K, respectively, B-reaction lasted for 276, 126, 57
and 33 seconds, respectively. Such a time difference
is a reason for the large-size multicomponent particles
observed in the samples heat treated at 0.083 K/s and
those high volume fraction.

Multicomponent Ge18Cr4AlCeSm phase was found
to have a tetragonal lattice ofa= 0.438 nm and
c= 0.925 nm. In order to distinguish X-ray diffrac-
tion peaks of low intensity XRD of the sample heat
treated up to the completion of the reaction B has
been done in a step scan mode (see Fig. 8 DSC up
to 660 K). Experimental and calculatedd-spacings for
the Ge18Cr4AlCeSm phase given in Table II were found
to be in a good agreement. Tetragonal structure has
been proposed on the basis of the diffraction patterns
shown in Fig. 7a–d. Those indexing is done accord-
ing to the lattice proposed. Zone axis of every section
of the reciprocal lattice is given below the picture in
square brackets. Radius of the (111) Ge ring has been
used as a reference for the determination of the diffrac-
tion constantλL - product of the electron wavelength

TABLE I I Experimental and calculatedd-spacings and experimental
relative integrated intensities for the Ge18Cr4AlCeSm metastable phase
having a tetragonal lattice ofa= 0.438 nm andc= 0.925 nm

d-spacings, nm
Relative integrated

experimental calculated Intensities,I /I0 HKL

0.2939 0.2937 5 (111)
0.2573 0.2573 100 (112)
0.2520 0.2521 11 (103)
0.2315 0.2313 9 (004)
0.2190 0.2190 95 (200)
0.1590 0.1590 12 (204)
0.1546 0.1547 14 (220)
0.1380 0.1380 7 (116)
0.1326 0.1327 15 (312)
0.1261 0.1261 4 (206)

TABLE I I I Experimental and calculatedd-spacings and angles be-
tween some crystallographic planes in a tetragonal lattice ofa=
0.438 nm andc= 0.925 nm according to selected-area diffraction pat-
terns of Fig. 7

Angle between two planes, degreeZone
axis Plane 1 Plane 2
uvw h1k1l1 h2k2l2 Experimental Calculated

[001] (100) (110) 45 45
(100) (010) 90 90
(110) (010) 45 45

[110] (1− 10) (1− 11) 19 18.5
(1− 10) (001) 90 90
(1− 11) (001) 71 71.5

[111] (10− 1) (11− 2) 40 39.7
(10− 1) (01− 1) 80 79.4
(01− 1) (11− 2) 40 39.7

[010] (−10− 3) (10− 3) 70 70.2
(−10− 3) (200) 124 125.1
(10− 3) (200) 54 54.9

and the distance of the specimen from the screen. In
some of patterns (Fig. 7) such a ring is hardly visi-
ble due to increase of contrast during printing. How-
ever, such a ring is clearly seen in all original nega-
tive images used for analysis. Experimental and calcu-
lated angles between crystallographic planes according
to the sections [001], [110], [111] and [010] of recip-
rocal lattice (Fig. 7), respectively, are summarized in
Table III.

Multicomponent Ge18Cr4AlCeSm phase being
metastable disappears on subsequent heating and an-
other unknown phase(s) forms (Fig. 8). Analysis of the
structure of this phase(s) is out of the purpose of this
paper. It can be a multicomponent phase or one of
two phases with unknown structure observed in ternary
Ge-Al-Cr system [6].

Metallic amorphous alloys quite often have so called
as-quenched nuclei of crystalline phase or medium
range order zones that use to be the centres of the
subsequent crystallization [7]. However, crystallization
of such a glass follows one of the four mechanisms
described in the introductory part. In the present Ge-
based amorphous alloy two different phases often hav-
ing no common interface (that should exist in the case
of eutectic reaction or spinodal decomposition) grew
simultaneously from the amorphous matrix.
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Figure 11 Kissinger plot.

An activation energyE (the energy barrier opposing
the reaction B) was obtained using Kissinger analy-
sis [8] from the shift of the peak temperature in the
DSC curve (Tm) using equation:

−E

R
= d

(
ln Vh/T2

m

)
d(1/Tm)

(7)

Kissinger plot (lnVh/T2
m) vs. (1/Tm) is shown in

Fig. 11. The calculated activation energy is 360 kJ/mol.
Linear shape of the Kissinger plot suggests no change
of the transformation mechanism at different heating
rates.

5. Conclusions
Ge68Cr14Al10Ce4Sm4 amorphous alloy has a multi-
stage crystallization process. After the completion of
the structural relaxation process on the first stage of
crystallization two crystalline phases: Fd3m Ge and the
multicomponent Ge18Cr4AlCeSm phase nucleate and
grow simultaneously during a single stage transforma-

tion. The size and volume fraction of the multicompo-
nent phase depends upon the heating rate used whereas
the size and distribution of the Ge particles are indepen-
dent of the heating rate. Such a phase transformation
can not be described by one of the following mecha-
nisms: polymorphous, eutectic, primary and spinodal
decomposition. It looks like a combination of the poly-
morphous and primary crystallization. Multicompo-
nent Ge18Cr4AlCeSm phase is a metastable phase and
disappears during subsequent heating. This phase was
found to have a tetragonal lattice ofa= 0.438 nm and
c= 0.925 nm. It can be suggested that Ge nanoparti-
cles grew from the Ge – enriched zones formed during
structural relaxation. As chemical composition of the
multicomponent phase is close to composition of the
amorphous matrix it likely nucleates by polymorphous
mechanism.
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