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Abstract —The microstructure and phase selections of
LagsAl14(Cu, Ni)y, alloy were studied by Bridgman
solidification and composite materials of dendrites in
amorphous matrix or micro- and nano- sized eutectic matrix
were formed with different cooling rates. The volume fraction
of the dendrite phase reaches a maximum at the cooling rate of
about 15 K/s, the secondary dendrite arm spacing A, decreases
from 4.3 um to 0.6 um with the increasing of cooling rate R

and obeys the equation of /12R0'57 =1.74 ym(K/s)**". The

compression strength, as well as the elastic strain limit of the
dendrite/amorphous matrix composite are 600 MPa and 2.3%,
respectively. Improved ductility was observed for the dendrite
amorphous matrix composites with more dendrite phase by
slow cooling rate.

Index Terms—Bridgman solidification, bulk metallic glass,
eutectic, La-based alloy.

. INTRODUCTION

COMPOSITE materials with dendrite primary phase
embedded in amorphous or nanocrystalline phase
matrix usually exhibits improved mechanical properties,
e.g. apparent plastic deformation before fracture [1]-[3].
The volume fraction of the dendrite phase (Fy) was usually
controlled by changing composition [1],[4]. However,
cooling rate during solidification has a significant effect on
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the phase formation and the resulting microstructure[5]-[7].
Bridgman solidification is a widely used unidirectional
solidification method by which the cooling rates can be
precisely controlled [8],[9]. In this paper, Bridgman
solidification method was used to study the microstructures
of LagsAls(Cu,Ni)y alloy, to obtain dendrite phase
reinforced metallic amorphous matrix or micro- and nano-
sized eutectic matrix composites.

Il. EXPERIMENTAL PROCEDURES

The ingots were prepared by arc-melting a mixture of
pure La (99.9%), Al (99.9%), Ni (99.98%) and Cu
(99.999%) in an argon atmosphere. The composition,
LagsAl4(Cu, Ni)y, is nominally expressed in atomic
percent and the alloys. Each master ingot was firstly melted
five times, then crushed and remelted four times. Bridgman
solidifications were carried out by inductive melting the
alloys in vacuum sealed quartz tubes with 3 mm internal
diameter and a wall thickness of 1 mm. It involved
remelting prior to steady withdrawal at constant pre-
determined velocity (V) in the range of 0.008-4.82 mm/s
through a temperature gradient (G) of 15 K/mm into a
water bath. The cooling rate (R) can be calculated as
[81.[9]:

R=G-V €))

Then the rod samples with 3 mm diameter were mounted
and polished for observation under a scanning electron
microscope (SEM) and optical microscopy (OM). The
degree of amorphicity of all samples was examined by a X-
ray diffraction (XRD, with Cu Ko radiation) and
differential scanning calorimetry (DSC). The DSC was
performed with a heating rate of 40 K/min.

The compressive tests were performed by an Instron-
5500R mechanical machine. The cylindrical samples with
diameters of 3 mm and length of 6 mm was cut by diamond
cutter, the ends of the specimens, were mechanically
polished. For each type of samples, 3 to 4 specimens were
tested. Strain gauges (Gauge type is FLA-05-11) were
attached to the surface of the specimens to measure the
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Fig. 1 Morphologies of samples cooled by 0.12 K/s, fully eutectic (a); 1.5 K/s, eutectic+dendrite (b); 9 K/s, eutectic+dendrite (c); 15 K/s,
dendrite+amorphous (d); 30 K/s, dendrite+amorphous (e); and 60 K/s, dendrite+amorphous (f).



local deformation. Compressions were conducted using
constant crosshead velocity of 0.06 mm/min. The resulting
strain rate is 1.67 x10 sec™,

I1l. RESULTS AND DISCUSSION

A. Microstructure Selections

Fig. 1 shows the morphologies of samples obtained
under different cooling rates. When the cooling rate is very
low (0.12 K/s), the morphology is fully eutectic, Fig. 1(a).
However, as the cooling rate increases, dendrite plus
eutectic (Fig. 1 (b) and (c)) or dendrite plus amorphous
(Fig. 1 (d)-(f)) can be observed. This alloy has been
previously verified as a pseudo ternary eutectic by studying
the heating and cooling curves in a DTA cell [10]. The
phenomenon that eutectic alloy exhibits eutectic
morphology at slow cooling rates but shows off-eutectic
morphology (dendrite+eutectic) at increased cooling rate,
has been observed in AI-Si binary alloy, this is in
accordance with the skewed eutectic coupled zone theory
[71.[10]. The volume fraction Fy and the secondary arm-
spacing A, of the dendrite phase as functions of cooling rate
R were plotted in Fig. 2.
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Fig. 2. Volume fraction Fqy (1], %) and secondary arm-spacing 1, (O, um)
of the dendrites as functions of the cooling rate R (K/s).

The F4 first increases with the increase of cooling rate
and reaches a maximum of 35% at the cooling rate of 15
K/s and then decreases slowly with the increasing of the
cooling rate, similar result was also observed in Pd-based
alloy [9]. This is because the growth of dendrite is a
competitive process with growth of the eutectic and the
formation of amorphous [10]. When the cooling rate is low,
more eutectic may form and when the cooling rate is high,
more glass will form. Fig. 2 also shows that A, decreases
with the increasing of cooling rate and the correlation
between L, and cooling rate R can be expressed by the
equation:

Ln4, =1.74-0.57LnR )
and then:
A,R%" =1.74 um(K/s)* ©)

as R=GV, G=15 K/mm, thus the equation can also be
expressed by:

AV % =19.06 um®¥/s°® @)
The above equation is very close to the prediction by
1
Jackson-Hunt model, where A,V ?=constant [11]. The

secondary dendrite arm spacing of Pd dendrite in Pd-based
1

alloys was reported to obey A,V 3 —constant [9].
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Fig. 3. XRD patterns for the L66 alloys prepared by Bridgman
solidifications (a);DSC heating curves of L66 alloys (b).

Fig. 3 (a) shows the XRD patterns for the samples
obtained at different cooling rates. For the samples cooled
by 15 K/s and 72 K/s, XRD patterns show crystalline peaks
superimposed on an amorphous maximum, which indicates
that these samples are composite of crystalline and
amorphous. The crystalline phase was identified as a-La



[12] and it exhibits dendritic shape from the SEM
observations, as shown in Fig. 1 (d)-(f). When the cooling
rate is below 12 K/s, only crystalline peaks can be
observed. This indicates that these samples have been fully
crystallized. Their corresponding DSC heating curves are
shown in Fig. 3 (b). Samples prepared by cooling rate of
above 15 K/s exhibit distinct glass transitions and
crystallization events, which indicates that these samples
contain a significant amount of amorphous phase. This is in
good agreement with the XRD and SEM results shown
before. Fig. 3 (b) also shows clearly that the glass transition
temperature T, is almost constant, around 425 K and the
crystallization event includes a primary crystallization
followed by a secondary crystallization for the samples
cooled by 60 K/s and 30 K/s. When the cooling rate is
above 19.5 K/s and below 15 K/s, the primary
crystallization peak is diminished. This causes the Ty
become much higher, thus, AT, which is defined as the
interval between the T, and T, is larger for these samples
than those obtained under high cooling rates. No
crystallization peak was observed for the sample with
cooling rates of below 12 K/s, which indicates that no
amorphous was formed within these samples. This agrees
well with the XRD result and SEM observations.

B. Compressive properties
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Fig. 4. Stress-Strain curves for dendrite-glass composites cooled by 15
K/s and 60 K/s.

Compression tests were performed on the dendrite-glass
composite prepared by the cooling rates from 15 to 60 K/s.
Fig. 4 shows the typical stress-strain curves of compression
tests. No obvious differences in the compressive strength
and modulus were observed for these two specimens cooled
by 15 K/s and 60 K/s. The compressive strength of these
specimens is about 600 MPa. No plastic deformation was
found for the specimens by the cooling rate of 60 K/s, while
a small amount of plastic deformation (about 0.4 %) can be
found for the specimen cooled by 15 K/s. The measured

volume fractions of dendrite La phase are 35% and 28% for
the cooling rate of 15 K/s and 60 K/s, respectively. The
poor plasticity of the specimen cooled by 60 K/s may be
due to the volume fraction of the dendrite phase is too low.
This amount of dendrites cannot effectively hinder the
propagation of shear bands [1], [2].
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Fig. 5. Fracture surfaces of specimens cooled by 15 K/s (a) and 60 K/s
(b).

Fig. 5 shows the fracture surfaces of specimens cooled
by 15 K/s (a) and 60 K/s (b). Both of the fracture surfaces
exhibit vein-like patterns. Fracture surface melting was also
observed. These phenomena are also reported by other
researchers [13],[14].

IV. CONCLUSIONS

Composite materials with dendrite phase embedded in
amorphous matrix and eutectic matrix were obtained by
Bridgman solidification in LaggAl;4(Cu,Ni), alloy. The
volume fraction of the dendrite phase reaches a maximum
at the cooling rate of 15 K/s and the secondary dendrite arm

spacing obeys the relation of /12R0'57 =Constant. The

compression property is very sensitive to the volume
fraction of the dendritic phase. Fracture surface melting
was observed.
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