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In situ devitrification and consolidation of gas atomized Al87Ni8La5 glassy powders into
highly dense bulk specimens was carried out by spark plasma sintering. Room
temperature compression tests of the consolidated bulk material reveal remarkable
mechanical properties, namely, high compression strength of 930 MPa combined with
plastic strain exceeding 25%. These findings demonstrate that the combined
devitrification and consolidation of glassy precursors by spark plasma sintering is a
suitable method for the production of Al-based materials characterized by high strength
and considerable plastic deformation.
I. INTRODUCTION

Amorphous, partially amorphous, and nanocrystalline
Al-based alloys have attracted widespread attention as
potential candidates for structural as well as functional
applications due to their high strength combined with
low density.1,2 For example, high strength exceeding
1000 MPa and good bending ductility have been achieved
for melt-spun Al-Ln-TM (Ln = rare earth, TM = transition metal) glassy ribbons3 or wires prepared by meltextraction.4 Even higher strength levels are observed for
two-phase alloys with nanoscale fcc-Al particles in an
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amorphous matrix.5 Such nanoscale mixed-phase materials can be obtained directly upon rapid quenching or by
partial devitrification of melt-spun amorphous ribbons.1
They exhibit tensile fracture strengths reaching up to
1560 MPa for an Al88Ni9Ce2Fe1 alloy,6 which is considerably larger than that of the corresponding single-phase
amorphous alloy (1100 MPa).
Although melt-spun ribbons exhibit strength levels exceeding that of conventional Al-based alloys by a factor of
2–3,1,2 their small size prevents engineering applications.
To overcome this limitation, powder metallurgical methods, such as gas atomization followed by hot extrusion,
have been used to create bulk Al-based samples with the
desired microstructure.7–10 Although the strength of the
consolidated Al-based alloys can reach values up to about
1400 MPa for nanocrystalline samples,9 their ductility is
rather poor, not exceeding 2%.9,10
In this work, bulk Al87Ni8La5 samples with high
strength combined with considerable plastic deformation
© 2009 Materials Research Society
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have been produced by spark plasma sintering (SPS)
of gas atomized powders. SPS is a consolidation technique that involves the simultaneous application of a low
voltage and a pulsed electric current under uniaxial pressure.11 The sintering is carried out at relatively low temperatures for a shorter time compared to a conventional
sintering processes. Therefore, the SPS process shows a
large potential for achieving fast and full densification
of amorphous powders without crystallization and of
nanostructured materials suppressing grain growth.11

II. EXPERIMENTAL

Powders with nominal composition Al87Ni8La5 were
prepared by gas atomization. For this, the pure elements
Al (purity 99.98%), Ni (99.7%), and La (99.7%) were first
melted in a graphite crucible under an Ar atmosphere at
about 1400 K. Subsequently, the melt was poured into an
Ar gas stream for atomization. Details of the atomizer
geometry can be found in Gerking.12 To facilitate further
handling, the powders were oxidized by slowly exposing
them to air. The median of the size distribution was determined in a Cilas 715 particle analyzer to be about 14 mm.
The powders were consolidated into cylindrical specimens
of 10 mm diameter under high vacuum by spark plasma
sintering at a temperature of 713 K (heating rate of
10 K/min) and an applied pressure of 500 MPa. The density of the consolidated samples was evaluated by the Archimedes principle and was found to be 98% of the
theoretical density. The phases and the microstructure of
the samples were characterized by x-ray diffraction (XRD)
using a Philips PW 1050 diffractometer (Co-Ka radiation;
The Netherlands), by scanning electron microscopy
(SEM) using a JEOL JSM 6400 microscope (Japan), by
optical microscopy (OM) with a Zeiss Axioskop 40
(Germany), and by transmission electron microscopy
(TEM) using an FEI Tecnai F30 microscope (USA) operated in scanning TEM mode at 300 kV. The Rietveld
method was applied for the profile-fitting structure refinement using the WinPlotR software package (France).13
The thermal stability of the samples was investigated by
differential scanning calorimetry (DSC) with a PerkinElmer DSC7 calorimeter (USA) at 20 K/min heating rate
under a continuous flow of purified argon. The viscosity of
the as-atomized powder as a function of the temperature
was measured by parallel plate rheometry using a PerkinElmer TMA7 (heating rate 10 K/min). Parallelepiped specimens of 4  4 mm2 cross section and 8 mm length were
prepared from the SPS samples. The specimens were tested with an INSTRON 8562 testing facility (Germany)
under quasistatic loading (strain rate of 5  105 s–1) at
room temperature. Both ends of the specimens were carefully polished to make them parallel to each other prior to
the compression test.
2910

III. RESULTS AND DISCUSSION

The structure of the gas atomized Al87Ni8La5 powder
is not completely amorphous. The XRD pattern of the
as-atomized powder (Fig. 1) exhibits the typical broad
diffuse maxima characteristic of amorphous material together with a few broad diffraction peaks corresponding
to fcc-Al and Al11La3 phases. Apparently, the cooling
rate during gas atomization (about 102–103 K/s)14 is not
sufficient to suppress the formation of crystalline phases,
as already observed for gas atomized Al-Ni-Mm (Mm =
misch metal) powders.8
Figure 2 shows the constant-rate heating DSC scan
(20 K/min) of the as-atomized powder. The DSC curve
exhibits two exothermic events due to crystallization
with onset temperatures Tx1 = 445 K and Tx2 = 612 K.
This is a common behavior of Al-based glassy alloys
with high Al contents above about 85 at.%, which crystallize through two stages upon heating to elevated temperatures.2,8,15–17 The enthalpies of crystallization
related to the first and second exothermic DSC peaks
are DH1 = 19 J/g and DH2 = 77 J/g, respectively. These
values are similar to those reported for Al-Ni-La alloys
with similar composition (22 and 80 J/g, respectively),18
suggesting that only a small fraction of material crystallizes during gas atomization.
To study the structural evolution during heating,
samples of the gas atomized Al87Ni8La5 powder were
annealed in the DSC by continuous heating at 20 K/min
up to different temperatures through the exothermic peaks

FIG. 1. XRD patterns (Co-Ka radiation) of Al87Ni8La5 powders: asatomized, after heating to different temperatures in the DSC, and bulk
sample consolidated by SPS at 713 K.

J. Mater. Res., Vol. 24, No. 9, Sep 2009

S. Scudino et al.: High-strength Al87Ni8La5 bulk alloy produced by spark plasma sintering of gas atomized powders

FIG. 2. DSC scan and (inset) temperature dependence of the viscosity
for the as-atomized Al87Ni8La5 powder.

and then cooling to room temperature at 100 K/min. The
phases formed were identified by x-ray diffraction and
their patterns are shown in Fig. 1. When the sample is
heated to 573 K, that is, above the first crystallization
peak, the XRD pattern displays the presence of fcc Al.
Heating above the second exothermic DSC peak (673 and
773 K) leads to the decomposition of the residual glassy
phase into the intermetallic compounds Al11La3 and
Al3Ni.
The DSC scan in Fig. 2 shows no clear glass transition
prior to crystallization. To clarify this aspect, the influence of temperature on the viscosity of the as-atomized
powder was studied by parallel plate rheometry (see the
inset in Fig. 2). The viscosity Z can be derived from the
change of the height of the sample versus time as19


2pFh5
;
ð1Þ
Z¼
3V 2 ðdh=dtÞ
where F is the applied load (2.6 N), V is the volume of
material between the plates, and h is the height of the
sample. This allows viscosity measurements in the range
from 105 to 1010 Pa s.20,21 The viscosity decreases with
increasing temperature from about 3  108 Pas at 400 K
to 5  106 Pas at 470 K, which indicates the occurrence
of the glass transition and the transformation of the
glassy solid into the supercooled liquid (SCL). At about
470 K, crystallization sets in and the viscosity abruptly
increases with increasing temperature, indicating the loss
of liquid-like behavior. Interestingly, a second drop of
viscosity is visible at temperatures corresponding to the
second exothermic DSC peak (610 K), where the residual

glass crystallizes into intermetallic compounds (Fig. 1). It
has been reported for Al-based glasses that Tg and Tx
increase significantly with increasing solute concentration.1 Although for the present Al87Ni8La5 powder the
composition of the residual glassy phase is not known, it
is most likely depleted in Al due to the formation of fcc
Al during the first crystallization event, as shown in
Fig. 1. It is thus plausible that the residual Al-poor glassy
phase undergoes the glass transition at higher temperature, explaining the second drop of viscosity.
The occurrence of two viscosity drops may be a considerable advantage for the consolidation of the gas atomized powder in assisting interparticle bonding and
densification. To take benefit of the double viscous flow
behavior, during consolidation by SPS, a constant pressure of 500 MPa was applied from room temperature
through the crystallization events to the final sintering
temperature (713 K), which was held for about 5 min.
The consolidation of the Al87Ni8La5 powder at high temperatures can thus be considered as a combined in situ
devitrification and densification of the powders.
The XRD pattern of the Al87Ni8La5 powder sintered
at 713 K is also shown in Fig. 1. The structure consists
of fcc-Al together with two intermetallic compounds,
that is, Al11La3 and Al3Ni. No trace of the amorphous
phase is visible, indicating that complete crystallization
occurred during sintering. The diffraction peaks in Fig. 1
are rather broad, indicating that the phases formed are of
nano or ultra-fine dimensions. Indeed, Rietveld structure
refinement reveals an average grain size for the different
phases ranging between 100 and 200 nm. This is in
agreement with the results reported for the devitrification of melt-spun Al87Ni8La5 glassy ribbons,17 which
show the formation of similar intermetallic phases with
an average grain size of less than 140 nm.
The microstructure of the consolidated bulk material
was studied by OM, SEM, and TEM, and the corresponding micrographs are shown in Fig. 3. Optical microscopy
investigations [Fig. 3(a)] reveal the formation of a bright
interface layer between the particles, which indicates that
particle bonding has taken place during consolidation.
The SEM micrograph in Fig. 3(b) shows that the particles
mostly retain their original spherical shape with a neck
geometry characterized by center approach and particle
penetration,22 as shown in the inset in Fig. 3(b). TEM
investigations of the sintered sample [Figs. 3(c)–3(e)]
show that the microstructure of the particles consists of
black areas, often continuously connected, with dimensions of about 200–300 nm along with bright areas with
dimensions in the range of 100–200 nm. The TEM micrograph in Fig. 3(e) and the corresponding EDX elemental mapping in Fig. 3(f) reveal that the black areas
consist of fcc Al whereas the bright areas comprise two
phases: a Ni-rich phase with size below 100 nm and a
phase that is La-rich with dimensions of about 200 nm,
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FIG. 3. (a) OM, (b) SEM, (c)–(e) TEM micrographs, and (f) EDX elemental mapping of the Al87Ni8La5 powder consolidated by SPS at 713 K.

which most likely correspond to the intermetallics Al3Ni
and Al11La3 observed by XRD (Fig. 1). The black interface between the particles visible in the SEM and TEM
micrographs [Figs. 3(b)–3(d)], corresponding to the
bright areas in Fig. 3(a), is not due to porosity. TEM and
EDX analysis reveals that the particle interface consists
of an fcc Al matrix along with several bright particles
with dimensions below 50 nm, most likely Al11La3 and/
or Al3Ni phases. The fcc Al phase at the interface is
continuously connected to the particles through fcc Al
channels [see arrows in Fig. 3(d)] with a thickness of
about 200 nm. Only a few pores are visible [indicated by
arrows in Fig. 3(c)], corroborating the high density of the
sintered samples evaluated by density measurements.
A typical room temperature uniaxial compression
stress-strain curve for the sintered samples is shown in
Fig. 4(a). The material exhibits an elastic regime of 0.7%
and a yield strength (0.2% offset) of about 740 MPa
followed by a region with strain hardening up to the
maximum stress of 930 MPa. After reaching the maximum, the stress gradually decreases with increasing
strain to about 640 MPa and fracture occurs at 27%
2912

strain. Similar features have recently been reported for
nanocrystalline Al-5 at.% Fe consolidated by SPS.23 The
sintered Al-Fe exhibits a maximum strength of 1045 MPa
followed by a pronounced work softening-like behavior
and a plastic strain of about 30%.23 Plastic deformation
does not lead to further densification, as demonstrated
by the density of the specimen after the compression
test that is reduced by about 1% with respect to the assintered specimen (98% of the theoretical density).
Spark plasma sintering of the Al87Ni8La5 powder
leads to highly dense specimens displaying high strength
combined with remarkable plastic deformation. Such a
behavior is presumably due to the multiphase microstructure consisting of soft fcc-Al and high-strength
intermetallic compounds.8 However, the observed room
temperature plastic deformation is in contrast to that
reported for other Al-based alloys produced by consolidation of gas atomized powders,9,10 which display a
similar microstructure. For example, although fully
crystallized Al-Ni-Y-Co samples exhibit an extremely
high compressive strength of 1420 MPa,9,10 the plastic
strain is only about 1%.10 This is similar to the recent
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FIG. 5. SEM images of a consolidated Al87Ni8La5 specimen: (a) assintered and (b) polished fracture surface after the compression test.
FIG. 4. (a) Compression true stress-true strain curves for the
Al87Ni8La5 bulk material consolidated by SPS at 713 K (present
work) and Al85Ni10La5 consolidated by SPS at 753 K.24 (b) Compression true stress-true strain curves for the Al87Ni8La5 material and pure
Al: experimental data (lines) and values calculated by using the effective medium approach (points).

results of Sasaki et al.24 on fully crystallized nanocrystalline Al85Ni10La5 samples produced by SPS of gas
atomized amorphous powders, which show a compressive strength exceeding 1200 MPa, but no plastic deformation [Fig. 4(a)].
A possible explanation for the larger plastic deformation of the present Al87Ni8La5 with respect to the
Al85Ni10La5 sample of Sasaki et al.24 is the different
microstructures of the sintered samples. The sample of
Sasaki et al.24 sintered at 753 K (above the crystallization temperature) displays a microstructure consisting
of fcc Al regions surrounded by large numbers of intermetallic particles.24 The regions of fcc Al appear to be
confined and constrained by the intermetallic phases,
which presumably leads to the observed lack of deformation capability as a result of the limited dislocation
nucleation and movement. In contrast, in the present
sample, the fcc Al regions at the particle interface (interparticle) are continuously connected to the particles

through intraparticle fcc Al channels (Fig. 3), giving rise
to a network of ultra fine-grained (UFG) Al reinforced
with nanometer-scale intermetallic particles, which
extends over the entire specimen. Within this structure,
the fcc Al regions are not confined and, as a result, the
continuous network of fcc Al may allow the movement
of dislocations, explaining the remarkable plastic deformation. This is corroborated by the comparison between
the particle morphology in the sintered samples before
and after compression (Fig. 5). Before testing, the particles have a regular spherical shape [Fig. 5(a)], whereas
after compression, they collectively assume a squeezed
elliptical shape [Fig. 5(b)] with the major axis perpendicular to the compression direction [indicated by arrows
in Fig. 5(b)]. Assuming that the average local deformation (ep ) of the particles is given by ep ¼ ðl  rÞ=r,
where l is the major axis of the ellipse after compression
and r is the radius of the original undeformed spherical
particle, the value of ep is about 17%. This deformation
can be ascribed to the intraparticle Al regions because
intermetallic phases are typically brittle at room temperature25 and, therefore, are not able to deform plastically.
Similarly to the surrounding particles, the interparticle
Al regions at the interface also deform plastically to
keep geometrical integrity [Fig. 5(b)].
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The uniaxial strain-stress curve of deformable metallic materials can be expressed by the Ramberg-Osgood
equation26
!1=n
sy s
s
e¼ þa
;
ð2Þ
E
E sy
where E is the Young’s modulus of the metallic material, n
is the strain hardening exponent, a is a dimensionless
constant (a ¼ 3=7 is usually taken for Al-based alloys27),
and sy is the yield strength. Based on Eq. (2), the strainstress curve can be successfully modeled by using the
effective medium approach (EMA).28–30 For the present
Al-Ni-La sample, calculations using Eq. (2) and EMA are
performed to determine n of the fcc Al [Fig. 4(b)]. The
calculations are in good agreement with the experimental
results in the strain hardening part of the curve before the
critical strain of structural instability, giving a value of n of
0.16. On the other hand, the value of n for pure aluminum
evaluated from the strain-stress curve in Fig. 4(b) is only
0.04. This indicates that the Al87Ni8La5 sample is characterized by a more intense dislocation storage and interaction compared to pure aluminum.31 Two main reasons
may be responsible for this behavior: (i) extensive generation of dislocation and (ii) limited dislocation movement
by constraint effects.31 When a crystal is plastically deformed, dislocations are generated, moved, and stored.
Dislocation storage, which causes the material to workharden, occurs by mutual trapping or by accommodating
the deformation incompatibility between various parts in
the deformed materials. The dislocations that are mutually
trapped are referred to as statistically stored dislocations32
and their density rS is difficult to estimate. The dislocations that are stored due to deformation incompatibility are
called geometrically necessary dislocations, rG . rG is
mainly related to the thermal mismatch strains imposed
upon cooling down from the processing temperature (rth
G)
and to the strain gradient present during deformation (rsg
G ),
sg 31
þ
r
.
In
the
case
of
the
present
sample
that is, rG ¼ rth
G
G
sg
consisting of fcc Al and rigid intermetallics, rth
G and rG
33,34
can be expressed respectively as


4 Vp DCTE  DT 1
1
1
th
; ð3:1Þ
rG ¼
þ
þ
D1 D2 D3
ð1  Vp Þ b
4e
;
ð3:2Þ
bl
where DCTE is the difference in the coefficient of thermal expansion between fcc Al and the intermetallics,
DT is the temperature differential upon cooling (about
700 K), Vp is the volume fraction of intermetallic phase
(about 0.60), b is the magnitude of the Burger’s vector
(0.28 nm35), D1 , D2 and D3 are the three-dimensional
sizes of the intermetallic phase (about 1 mm  1 mm 
rsg
G ¼
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FIG. 6. SEM images of a consolidated Al87Ni8La5 specimen: (a) assintered, (b) after 4% and (c) 10% plastic deformation.

0.5 mm), e is the strain, and l is the local length scale
of the deformation field or the size of fcc Al [about
500 nm, see Fig. 3(c)]. By using DCTE of about 5 
14
106 K–1, rth
m2. From
G is estimated as 3.0  10
sg
Eq. (3.2) it follows that rG increases with the strain. At
the applied strain of 2%, rsg
G can reach a value of about
5.7  1014 m2. This indicates that a high density of
dislocations nucleate in the fcc Al during deformation,
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explaining why the present sample has a strain hardening
exponent much larger than that of pure aluminum.
Although the Al network is able to accommodate a
large amount of plastic deformation, deformation of fcc
Al through dislocation activity is nevertheless limited by
the presence of the rigid intermetallics, which most likely
makes further deformation increasingly difficult. The
storage of dislocations may then cause stress concentration in the constrained Al, resulting in the formation of
microcracks between the particles. To clarify this aspect,
the microstructure of the Al87Ni8La5 consolidated samples at different stages of plastic deformation (4% and
10%) was analyzed using SEM and the corresponding
images are shown in Figs. 6(b) and 6(c), respectively,
together with the microstructure of the as-sintered sample
[Fig. 6(a)]. The SEM micrographs in Fig. 6 reveal interesting features. The contraction of the powder particles
parallel to the compression direction (indicated by arrows
in Fig. 6), already observed in Fig. 5(a), starts to be
visible at a plastic deformation of 4% and becomes evident for the sample deformed up to 10% (see, e.g., the
particles labeled 1, 2, and 3). At the same time, microcracks are formed at the interface between the particles
(particles labeled 4 and 5). Only few cracks are clearly
visible in Fig. 6, most likely because the SEM investigation was carried out on the sample surface and, therefore,
the interparticle Al is only partially constrained. In the

inner part of the sample, a larger number of microcracks
may form even at lower strains due to the large hydrostatic stress and the three dimensional constraints.36 Nevertheless, Fig. 6 clearly shows that microcracking occurs
during deformation. As a consequence of crack formation and the resulting stress relaxation, softening-like
behavior can be observed in the strain-stress curve
[Fig. 4(a)]. For large deformations, microcracks readily
coalesce to form a main crack that rapidly propagates
through the sample, finally leading to fracture. Figure 7
shows the fracture surface of the compressed sample,
where interparticle fracture can be clearly observed.
Besides of particle deformation and microcracking, the
sample deformed up to 10% displays profuse shear
banding, as shown by the OM and SEM images in
Fig. 8. The shear bands form at an angle of about 45
with the compression direction (indicated by arrows in
Fig. 8). Multiple shear bands are often observed during
the deformation of metallic glass composites.37,38 The
difference between the present material and metallic
glass composites is that shear banding is typically the
only deformation mechanism of glassy composites, while
dislocation motion is also responsible for the plastic deformation of the present composite, as shown in Fig. 8(d),
where, within the shear bands, both particles and the
interparticle matrix are plastically deformed. The activation of multiple shear bands together with the dislocationassociated deformation results in a composite having a
fracture strain of about 27%.
IV. SUMMARY

FIG. 7. SEM micrograph of the fracture morphology after compression test for the consolidated Al87Ni8La5 specimen.

A bulk Al87Ni8La5 alloy was prepared by combining
devitrification and consolidation of gas atomized powders. Spark plasma sintering leads to highly dense bulk
specimens with a multiphase structure consisting of fccAl together with Al11La3 and Al3Ni intermetallic compounds. The consolidated bulk material exhibits a high
compression strength of 930 MPa together with plastic
strain exceeding 25%. The high deformation capability
is most likely due to the formation of a microstructure
consisting of a network of ultra fine-grained Al reinforced with nanometer-scale intermetallic particles. These

FIG. 8. (a, b) OM and (c, d) SEM images of the consolidated Al87Ni8La5 sample plastically deformed up to 10%, displaying profuse shear
banding.
J. Mater. Res., Vol. 24, No. 9, Sep 2009
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results indicate that spark plasma sintering is a particularly suitable method for the production of Al-based
materials characterized by high strength combined with
considerable plastic strain through the combined devitrification and consolidation of glassy precursors.
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