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ABSTRACT

Metallic glasses (MG) have an amorphous atomic structure and exhibit several exceptional properties such as
high strength, hardness associated with high elastic strain limit and elastic energy storage. But MGs are also
prone to brittle fracture, making them difficult to use as monolithic structural components and might better be
used as a reinforcement phase in hybrid composites such as metal matrix composites (MMC). The failure
behavior of composites depends on the structure of the reinforcement phase. In this work, the failure behavior of
an interpenetrating MMC reinforced with a MG (NiggNbgoTagg) lattice-like preform and AlSil2-matrix was
investigated by in-situ compression tests under scanning electron microscopy to get a better understanding of the
influence of the lattice-like preform and mechanical interference between both phases. Additionally, micro-
structure analysis by scanning transmission electron microscopy and energy dispersive X-ray measurements were
carried out to gain insight into the chemical composition of the interfaces. The failure behavior in manufacturing
direction of the MMC is dominated by shear stress whereas transversely to manufacturing direction by normal
stress and exhibits therefore an anisotropic failure behavior. Investigations of the interfaces show more of a

mechanical than chemical bonding but in general a good interfacial bonding was confirmed.

1. Introduction

Metallic glasses, also known as amorphous metals or glassy metals,
are a unique class of materials that, unlike conventional metals with a
crystalline structure, have a non-crystalline (amorphous) atomic struc-
ture. Due to this structure, they exhibit several exceptional properties,
such as high strength, hardness, and corrosion resistance associated with
high elastic strain limits and the possibility of high elastic energy storage
[1-3]. However, the amorphous structure also causes low ductility and
metallic glasses are therefore susceptible to brittle fracture. This makes
them difficult to use as monolithic structural components [4], which is
why they are often used as a reinforcement phase in a hybrid material,
such as a metal matrix composite (MMC). The ductile matrix partially
compensates for the brittleness of the reinforcement phase, resulting in
more predictable failure behavior [5-7].

MMCs are hybrid materials characterized by a macroscopic com-
posite structure combining a metallic matrix with a reinforcement

phase. In MMCs, the usual reinforcement phases are ceramic materials
embedded mainly in a lightweight metal matrix [8]. The reinforcement
phase can be in different forms, such as particles, fibers, or three-
dimensional structures. Three-dimensional structures are often
referred to as interpenetrating composites, meaning that each compo-
nent in the composite is topologically interconnected throughout the
entire material volume [9]. MMCs have the potential to outperform the
mechanical properties of monolithic components. These improvements
are particularly evident in terms of specific stiffness, creep resistance,
and fatigue behavior [8,10,11]. By using metallic glass as a reinforce-
ment phase, the strength and Young’s modulus of the metallic matrix is
also increased, which has been proven in several studies [5,12,13],
while maintaining the ability of plastic deformation under compressive
load [14]. The failure behavior under mechanical compression depends
on the structure of the reinforcement phase. In [13,15], metallic glass
platelets of Ni-Nb-Ta alloy were used to reinforce a AlSil2-matrix. The
failure behavior of the MMC under compression was studied in in-situ
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compression tests and a dependence on the orientation of the metallic
glass platelets was observed.

In addition, essential for good mechanical properties is the interfa-
cial bonding between the two phases in a hybrid material, because at the
interfaces the load transfer from the matrix to the reinforcement phase
occurs. MMCs with metallic glasses as reinforcement phase in general
exhibit good interfacial bonding due to the metallic character of both
phases [8,16-18]. In several studies [16,19,20] the interfacial bonding
in MMCs with metallic glasses have already been investigated and it was
shown that temperature during the manufacturing process of the com-
posite has a great influence on the interfacial bonding. If the MMC is
manufactured without temperature influence, for example by electro-
lytic deposition of the matrix material [16] or by cold forming [19], no
interfacial bonding develops. Whereas MMCs manufactured at higher
temperatures or had a heat treatment exhibit good interfacial bonding
[16]. According to [16], the good interfacial bonding occurs due to the
formation of an interdiffusion layer at the interfaces. Additional to an
interdiffusion layer, good interfacial bonding can also be achieved by
mechanical bonding [8]. Mechanical bonding occurs through a rough
surface of the reinforcement phase, enabling mechanical keying with the
matrix material.

In this work, the elastic—plastic deformation and damage behavior of
an interpenetrating MMC was investigated by mechanical in-situ
compression tests in a scanning electron microscope (SEM). The MMC
is reinforced with a metallic glass lattice-like structure with alloy
composition NiggNbyoTagg and manufactured by a laser powder bed
fusion (LPBF) process according to [21]. This manufacturing process
both enables to control the (an-)isotropy of the interpenetrating MMC
and features a certain micro-roughness enhancing the interfacial
bonding representing a novel approach. The composite was manufac-
tured by infiltrating the metallic glass lattice structure with a eutectic
AlSil12-matrix in a gas pressure infiltration process according to [22].
During the in-situ investigations, special attention was paid to the in-
fluence of the lattice-like geometry of the metallic glass on the damage
behavior of the MMC as well as the interfacial bonding between the
metallic glass and matrix material. To get a better understanding of the
interfacial bonding and its chemical composition, scanning transmission
electron microscopy (STEM) images were taken and energy dispersive X-
ray spectroscopy (EDX) measurements were carried out. To the authors
best knowledge, this is the first time that the failure behavior of an MMC
with this material system (NiggNbggTago-AlSi12) has been investigated
by in-situ compression tests and EDX measurements in a TEM. In addi-
tion, the correlation between the mechanical failure behavior and the
structure of the interface between the metallic glass and the aluminum
alloy was investigated and discussed in detail.

2. Experimental
2.1. Materials and composite manufacturing

In the study at hand, an interpenetrating metal matric composite
(MMC) reinforced with metallic glass and an aluminum matrix was
investigated. The metallic glass alloy has a nominal composition of
NigoNbggTazy (TaNi39.1Nb20.7 wt-%) and was produced by an induc-
tion melting process of the elements with a purity of 99.5 % by
Fraunhofer Institute IFAM (Dresden, Germany). To obtain its amorphous
structure, it was further processed by Nanoval GmbH & Co.KG (Berlin,
Germany) by powder gas atomization, resulting in an amorphous pow-
der with particle size d50 = 44 pm. The amorphous powder was further
processed into an open-porous lattice-like structure with an open
porosity of 63 % by laser powder bed fusion (LPBF) conducted in
cooperation with the research group “Production and Component
Behavior” at the Institute for Applied Materials — Materials Science and
Engineering, Karlsruhe Institute of Technology (KIT, Karlsruhe, Ger-
many). A detailed description of the manufacturing process of the
lattice-like preform is given in [21]. To manufacture the
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interpenetrating MMC, the open-porous preform was infiltrated with an
AlSil12 eutectic aluminum alloy in a gas pressure infiltration process.
Since the metallic glass alloy NiggNbogTay exhibits a high crystalliza-
tion temperature of 694 °C [21] and the AlSil2 a low melting temper-
ature of 577 °C [23], a corresponding process temperature of 660 °C was
chosen to keep the amorphous structure of the metallic glass. For a
detailed description of the infiltration process and the resulting prop-
erties of the MMC, the authors refer to [22].

2.2. Sample preparation and in-situ testing setup

The investigated samples have a cubic geometry with a final edge
length of approximately 3.5 mm. For this purpose, cubes with an initial
edge length of 5 mm were cut from the composite using a diamond wire-
saw by Diamond WireTec GmbH & Co.KG (Weinheim, Germany) and
then manually grinded with abrasive SiC grinding paper of P1200 with a
Tegramin 25 grinding machine by Struers GmbH (Willich, Germany)
until the desired geometry with plane parallel surfaces was achieved.
The surface to be examined was finally polished following the method
published in [22] which is displayed in Table 1. Sputtering the sample
was not necessary.

For the in-situ investigations an in-situ compression device from
Kammrath & Weiss GmbH (Schwerte, Germany) with a 10 kN load cell
was used. The displacement is recorded using a linear glass scale
attached to the module and has a resolution of 0.1 um. The compression
device with an installed sample and a prepared sample are shown in
Fig. 1.

For the experiments, the compression device was installed in the
vacuum chamber of a scanning electron microscope Prisma E SEM from
ThermoFisher Scientific (Waltham, Massachusetts, USA). The compres-
sion tests were performed with crosshead velocity of 0.5 ym/s, corre-
sponding to a nominal strain rate of de/dt = 1.43 ¢ 10~* 1/s according to
the sample geometry used. To take high-resolution SEM images of the
deformation and damage behavior, the experiment was stopped and the
changes in the microstructure were documented.

2.3. Transmission electron microscopy setup and sample preparation

For microstructure analysis scanning transmission electron micro-
scopy (STEM) and energy dispersive X-ray spectroscopy (EDX) mea-
surements were carried out using a JEOL JEM-ARM200F NEOARM
transmission electron microscope (TEM) from JEOL GmbH (Freising,
Germany) operated at 200 kV. Bright field (BF) and high-angle annular
dark field (HAADF) detectors were used to acquire STEM images of the
interface between the metallic glass NiggNygTago and the AlSil2 alloy.
EDX measurements were performed to gain insight into the chemical
composition.

The TEM lamella was prepared by focused ion-beam lift-out tech-
nique using a ZEISS Crossbeam 550 from ZEISS (Oberkochen, Germany)
equipped with a 30 kV Ga beam and an additional scanning electron

Table 1
Polishing steps to prepare the surfaces for in-situ investigations according to
[22].

Grinding paper/ Suspension Contact Circulation Time
polishing cloth pressure(N) (rpm) (min)
SiC (P1200) Water 25 Co-rotation 5:00
150/150
MD-Largo Diamond, 9 25 Co-rotation 3:30
um 150/150
MD-DAC Diamond, 3 20 Co-rotation 3:30
um 150/150
MD-DUR Diamond, 1 10 Co-rotation 3:30
pm 100/110
MD-CHEM OP-S 10 Counter- 1:10
rotation 150/
150



http://Co.KG

K. Dittmann et al. Composite Structures 337 (2024) 118084

Fig. 1. In-situ compression device by Kammrath & Weiss with installed sample (figure by [24]) and close-up of a prepared MMC sample compared to a cent coin.

microscope (SEM). The region of interest was chosen at the interface of 3. Experimental results

the metallic glass and the aluminum alloy. To protect the surface of the

sample a 3 um Pt-layer was deposited with a gas injection system. Lift- 3.1. In-situ compression investigations

out and thinning of the lamella was carried out at 30 kV followed by

two cleaning steps at lower energies of 5 kV and 2 kV respectively. Preliminary investigations performed on the NiggNbygTago-AlSil2

MMC, that were published by the authors in [22], show that the com-
posite exhibits an inhomogeneous structure in and transversely to the
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Fig. 2. Resulted stress-displacement diagram of one sample tested in infiltration direction named NigoNbooTaz-AlSi12-0° and one sample tested transversely to
infiltration direction named NigoNbygTas-AlSi12-90° by in-situ compression tests. The arrows indicate the holding points at which the high-resolution SEM images
were taken.
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manufacturing direction, which is due to the laser-based manufacturing
process of the NiggNbygTayg lattice-like preform.

Therefore, the in-situ compression tests were performed in
manufacturing direction named NiggNbyoTago-AlSil2-0° and trans-
versely to manufacturing direction named NiggNbygTagy-AlSil12-90°.
Several samples were tested in both directions, but as they all show the
same failure behavior, the results of only one representative sample are
presented in the following. The resulting stress-displacement curves are
shown in Fig. 2. The displacement is given in micrometer, measured by
the linear glass scale of the compression module. To take high-resolution
SEM images of the microstructure, the compression test had to be
interrupted which is reflected in the recorded curve by a drop in stress
due to relaxation. The holding points are indicated by arrows. The MMC
in 0°-direction reaches a maximum compressive strength of 420 MPa,
whereas the MMC in 90°-direction is significantly lower at 270 MPa.
Additionally, the two samples show a remarkably different failure
behavior under maximum compression. At first a similar linear increase
is observed for both samples. After reaching 150 MPa, the curve of the
NigoNbygTaz-AlSi12-90° sample begins to flatten out before reaching
the maximum compressive strength. Upon reaching the maximum, the
curve ends in a constant plateau until the experiment is manually
stopped. Whereas the curve of the NiggNbygTago-AlSil2-0° sample
continues to increase to the maximum compressive strength and de-
creases directly afterwards until it reaches a constant plateau at 330
MPa.

In the following, the visual results of the in-situ compression test on
the NigoNbgoTagy-AlSi12-0° MMC sample carried out along the
manufacturing direction are presented. Fig. 3 shows the overview SEM
images taken at (a) the beginning. (d) the maximum compressive
strength and (e) the end of the experiment. The figure labelling has been
chosen to correlate with the stress-displacement diagram in Fig. 2. In (a)
the area is marked where the close-up images of the microstructure were
taken during the experiment.

The close-up images of the microstructure were taken at selected
load levels of 150 MPa, 350 MPa, 420 MPa and at the end of experiment
and are shown in Fig. 4. The first holding point was at (b) 150 MPa and
thus in the middle of the linear-elastic range. No visible damage
occurred yet, except of already existing cracks in the NiggNbygTago phase
due to the manufacturing and preparation process of the sample, marked
by yellow arrows. Those cracks propagate in the metallic glass under
increasing stress, as can be seen in (b) at 350 MPa and the end of the
linear-elastic range. In addition, new cracks develop in the metallic glass
phase (yellow arrows), while plastic deformation is visible in the AlSi12-
matrix (white arrows) and local debonding along the phase boundary
between the NiggNbyoTagy metallic glass phase and AlSil2-matrix is
initiated (pink arrows). The plastic deformation in the AlSil2-matrix
occurs mainly due to debonding at the interfaces of the Si-lamellae
and the primary silicon precipitates to the a-aluminum. Additionally,
the Si-lamellae and primary silicon precipitates start to fracture. When
reaching the maximum compressive strength at (d) 420 MPa total failure
occurs in both phases due to brittle fracture in the metallic glass (yellow
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arrows), the Si-lamellae and the primary silicon precipitates as well as
debonding between those phases and the a-aluminum (white arrows). At
the end of the experiment in (e), it is observed that failure occurs in the
AlSil2-matrix and along the interfaces with the metallic glass due to
shear stress in 45°-direction with respect to the compression direction
(white arrows). Whereas the metallic glass phase exhibits brittle failure
due to normal stress along compression direction (yellow arrows).
Additionally, it can be observed that debonding between the metallic
glass and the AlSil2-matrix occurs comparatively less and the interfaces
stay mostly intact at a microscopic level (pink arrows).

In Fig. 5 the results of the in-situ compression test on the
NigoNbyoTaz-AlSi12-90° MMC sample carried out transversely to
manufacturing direction at (a) the beginning, (d) the maximum
compressive strength and (e) the end of experiment are shown. Again,
the area of close-up images of the microstructure is marked in (a) and the
labelling of the figures has been chosen to correlate with the stress-
displacement diagram in Fig. 2.

The close-up images of the microstructure were taken at selected
load levels of 150 MPa, 250 MPa, 260 MPa and at the end of experiment
and are displayed in Fig. 6.

The first holding point was in the linear-elastic range at (b) 150 MPa.
No damage occurred expect of already existing cracks in the
NigoNbggTasy metallic glass phase due to the manufacturing and sample
preparation process, marked by yellow arrows. Increasing the stress to
(c) 250 MPa, already existing cracks start to propagate, and new cracks
occur in the metallic glass (yellow arrows). For the AlSil2-matrix, the
same behavior as in the NiggNbygTagy-AlSil2-0° sample can be
observed. It exhibits plastic deformation causing debonding at the in-
terfaces of the Si-lamellae and the primary silicon precipitates to the
a-aluminum and cracks occur within the lamellae and precipitates
(white arrows). Local debonding between the metallic glass phase and
AlSil12-matrix cannot yet be observed. But at maximum stress at (d) 270
MPa some local areas exhibit debonding, marked by pink arrows.
Additionally, total failure occurs in the metallic glass phase (yellow
arrows) due to brittle fracture and in the AlSi12-matrix due to plastic
deformation and brittle fracture in the Si-lamellae and the primary sil-
icon precipitates. At the end of experiment (e), the same behavior in
total failure can be observed as in the NiggNbogTago-AlSi12-0° sample.
The AlSil2-matrix fails due to shear stress in 45° direction as well as due
to debonding at the interfaces between the metallic glass phase and
matrix (white arrows). The metallic glass phase fails due to normal stress
along compression direction (yellow arrows). Again, debonding be-
tween the metallic glass and AlSil2-matrix occurs comparatively less
and most of the interfaces stay intact (pink arrows).

3.2. TEM investigations

In the following section, the results of the TEM investigations per-
formed on the MMC at the interface between the metallic glass
NigoNbggTayy and the AlSil2-matrix are presented. Fig. 7 shows the
interface recorded in (a) bright field (BF) and (b) high angle annular

Fig. 3. Overview SEM images of the NigogNbygTas-AlSi12-0° sample tested in manufacturing direction at (a) the beginning with the marked area where close-up
images are taken, (d) the maximum compressive strength and (e) the end of experiment.
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Fig. 4. Close-up SEM images of the NiggNbyTago-AlSi12-0° sample tested in manufacturing direction at (b) 150 MPa, (c) 350 MPa, (d) 420 MPa and (e) the end

of experiment.
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Fig. 5. Overview SEM images of the NiggNbygTas0-A1Si12-90° sample tested transversely to manufacturing direction at (a) the beginning with the marked area where
close-up images are taken, (d) the maximum compressive strength and (e) the end of experiment.

dark field (HAADF-) modes. In HAADF mode the metallic glass appears
bright, while in BF mode it is completely dark. In the STEM images, the
location of the EDX line scan is marked. The result of the EDX line scan is
presented in a diagram in (c). In general, the interface between the two
phases appears rough which is due to the primary silicon precipitates
located at the interface. Neither in HAADF nor in BF mode is a reaction
layer visible between the two phases, which could have been formed
during the infiltration process. The resulting EDX line scan confirms the
visual evaluation The scan starts in the NiggNbogTazo phase with a high
intensity of nickel and lower intensity of niobium and tantalum. In

addition, some silicon is detected which is probably a misidentification
of the EDX scan and will be further discussed in the next section.
Approaching the interface at 0.8 um the element content of Ni, Nb and
Ta decrease to zero while the Si content increases. Also, a slight increase
in oxygen and aluminum can be observed in the interface area (between
0.75 pm and 1.0 pm) superimposed with the elements of the metallic
glass, leading to the suggestion that some minor diffusion into the
metallic glass phase has occurred. Both elements decrease at 1 ym again,
whereas the silicon continues to increase. At 1.75 um, the silicon de-
creases again and an increase in aluminum can be observed. This
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Fig. 6. Close-up SEM images of the NiggNbogTazo-AlSi12-90° sample tested transversely to manufacturing direction at (b) 150 MPa, (c) 250 MPa, (d) 270 MPa and (e)

the end of experiment.

confirms that a primary silicon precipitate embedded in a-aluminum has
accumulated to the interface.

4. Discussion
4.1. Failure behavior under compression

The sample NiggNbygTasy-AlSil12-0° tested in manufacturing direc-
tion exhibits with 420 MPa significantly higher maximum compressive
strength then the sample NiggNbygTagp-AlSi12-90° tested transversely to
manufacturing direction and only exhibits a compressive strength of
270 MPa. These results correlate with the results of mechanical
compression tests performed ex-situ on the same material NiggNbygTago-
AlSi12 MMC as published by the authors in [22], where the samples in
0°-direction reaches a maximum compressive strength of 430 MPa and
in 90°-direction of 280 MPa. The significant difference is due to the
anisotropic NiggNbggTago-lattice structure caused by the laser-based
manufacturing process [21,22]. Both samples show already existing
cracks in the linear-elastic range in the NigoNbygTayy phase. This is
probably due to the sample preparation process and can be confirmed by
comparing the SEM images with micrographs of the microstructure of
the same NiggNbygTas-AlSi12 MMC in [22], where no cracks are visible
in the microstructure of the NiggNbggTayy phase.

In the study at hand, both samples feature a brittle failure behavior of
the reinforcement phase and ductile failure behavior of the matrix
phase. Similar behavior has been observed in other MMCs reinforced

with metallic glass [14,25]. In [13,15], the same material system
(NigoNbgoTagp-AlSil2) was studied, but instead of an interpenetrating
lattice structure, the metallic glass featured a platelet structure repre-
senting a particle reinforced MMC. There, a dependence of the
maximum compressive strength and the failure behavior on the orien-
tation of the metallic glass platelets was also observed. In [13] ex-situ
compression tests were carried out and samples tested along the orien-
tation of the platelets exhibit higher compressive strength compared to
the samples tested transversely to the platelets direction. In [15], sam-
ples with a similar reinforcement fraction of 36 % were investigated
regarding the failure behavior by in-situ compression tests and exhibit a
similar failure behavior as the samples tested in the study at hand. It
occurs debonding at the interfaces between the primary silicon pre-
cipitates and Si-lamellae to the a-aluminum and brittle fractures in the
metallic glass and the silicon. Like the samples tested in the study at
hand, the metallic glass phase fails due to normal stress parallel to load
direction no matter the sample is tested along or transversely to the
platelet’s orientation. Samples tested along the orientation of the
platelets can be compared to the samples tested along the manufacturing
direction (NiggNbygTazy-AlSi12-0°) in this work. In both cases the
AlSi12-matrix fails due to shear stress in 45°-direction to the load di-
rection and shearing of the entire sample can be observed. But whereas
in [15] debonding between the metallic glass and the a-aluminum oc-
curs parallel to the load direction, in the study at hand debonding occurs
along the 45°-direction. The samples tested transversely to the orien-
tation of the platelets can be compared with the samples tested
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Fig. 7. STEM images of the interface between the metallic glass NiggNbogTazo and the AlSil2-matrix, taken in (a) bright field (BF) and (b) high-angle annular dark
field (HAADF) modes with marked EDX scanning line. And (c) the results of the EDX line scan.

transversely to the manufacturing direction (NiggNbggTago-AlSi12-90°).
In this work, again a failure due to shear stress in the AlSil2-matrix can
be observed, whereas in [15] plastic deformation in the matrix occurs
disturbed over the whole sample without a preferred direction. How-
ever, in both cases at the end a buckling of the sample instead of shearing
can be observed. The slight differences between the failure behavior of
the samples in this work compared to [15] are due to the lattice-like
compared to the particle-based reinforcement of the metallic glass.
However, also in [15] comparatively less debonding occurs at the in-
terfaces between the AlSil12-matrix and the NiggNbogTay metallic glass.

In general, the main form of deformation in metallic glasses are shear
bands which propagate at an angle of 45° to load direction [26].

However, the SEM images of both deformed samples show that most
cracks in the NiggNbyoTagg phase are parallel to the direction of
compression, regardless of whether the loading direction is along or
transversely to the manufacturing direction. This is because in com-
posites the failure of individual phases is strongly influenced by inter-
facial bonding and residual stresses induced during the manufacturing
process of the composite [10], the same observation could be made in
[15]. Additionally, brittle fracture in the metallic glass phase parallel to
load direction can be explained using the model according to [27],
which was developed to explain failure in fibers as a function of their
orientation. According to this model, compression under compressive
load leads to transverse strain in the sample and “in-situ” axial strain



K. Dittmann et al.

develops in fibers oriented vertically to the load direction. Regarding the
failure behavior of the glassy lattice preform in this work, tensile stresses
are induced in the lattice struts vertical to load direction leading to
fractures parallel to load direction. For fibers oriented parallel to the
load direction, failure occurs mainly by fiber buckling [27]. Since
buckling is hardly possible in a 3-dimensional structure, damage in the
lattice struts parallel to load direction is also initiated by tensile stresses.

Plastic deformation in the matrix phase occurs through brittle frac-
tures in the Si-lamellae and in primary silicon precipitates, growing with
increasing load. Similar effects are also observed in unreinforced AlSi
alloys under compression load [28]. In [24] a AlSi10Mg alloy was used
as matrix material reinforced with an interpenetrating AloO3 foam and
investigated by in-situ compression tests. Also, brittle fractures in the
precipitates as well as local debonding at the interfaces between the
precipitates and the a-aluminum was observed under increasing
compression load.

In both samples tested in 0°-direction and 90°-direction the matrix
fails due to shear stress in 45° to load direction. Crack propagation in the
matrix is restricted in composites by the reinforcement phase [8].
However, in the sample NiggNbogTag-AlSi12-0° shearing of the entire
sample can be observed. The development of the shear band probably
leads to the significant decrease of the stress after reaching the
maximum compressive strength. Even at the end of experiment, the
sample is not totally separated through the shear band but still holding
together by the matrix phase. This was also observed in [24,29], where
fractured ceramic phases were still held together by an interconnected
metallic matrix phase. Reason is that the energy is absorbed by plastic
deformation and by the hardening of the matrix alloy. Failure at a shear
angle of 45° to load direction was also observed in publications with
composites with high ceramic reinforcement content [24,30-32].

In the sample NiggNbggTag-AlSi12-90°, the failure behavior is not
dominated by shear stress but by normal stress. This is indicated by the
composite failing by buckling and not by shear. This means that in this
direction the geometry of the metallic glass lattice structure is absorbing
the shear stress of the AlSil2-matrix, resulting in a constant stress
plateau at maximum compressive strength. This behavior was also
observed in interpenetrating MMCs reinforced with a homogenous
metallic glass structure in [33,34].

4.2. Interface between NigoNbzoTazp metallic glass and AlSi12 matrix

The results of the EDX line scan exhibit a certain intensity of silicon
detected in the metallic glass phase. In [35] a diffusion coefficient of
only 0.23 x 10722 m?/s for silicon in metallic glass of composition
Fe4oNigoBoo was measured at a temperature of 600 K. Additionally,
diffusion rates in metallic glasses are in generally very low [36].
Regarding this, the silicon found in the metallic glass is probably not due
to diffusion but to misidentification of the peaks. Since the peaks of Si-K
line and Ta-M line both appear at 1.7 keV, a peak overlap occurs during
the EDX scan resulting in inaccurate identification and quantification by
the software [37].

The EDX line scan shows that a primary silicon precipitate has
accumulated at the interface. This has already been observed in micro-
graphs of previous investigations on the NiggNbygTagp-AlSil2 MMC
[22]. This is because the metallic glass acts as a nucleating agent for the
silicon, which is often observed in composites with AlSi-based matrix
alloys [8,24]. Also, in AlSi10Mg-alloy studies of [38,39] deposition of
the silicon at phase boundaries was observed.

At the interface between the NiggNbyoTago metallic glass and AlSi12-
matrix a slight increase of oxygen can be observed on the side of the
metallic glass phase. This indicates that residual oxygen reacted with the
oxygen affine elements Ni and Nb during the manufacturing process of
the composite. Studies in [40,41] confirm that a reaction between ox-
ygen and glassy Ni-Nb alloys can occur near the surface at low tem-
peratures. In addition, some aluminum is detected in the EDX line scan
overlaying the elements of metallic glass Ni, Nb, and Ta, in an area of
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0.25 um. Therefore, it can be assumed that an interdiffusion layer has
formed between the reinforcement and matrix phases during the
manufacturing process. However, the reaction layer is comparatively
thin, indicating that the metallic glass is resistant to reaction with
aluminum, which was also observed in [42,43]. Thin interdiffusion
layers normally provide good interfacial bonding and efficient load
transfer between the reinforcement and matrix phases in a composite
[8,44,45]. During thinning of the TEM lamellae for TEM sample prep-
aration for the EDX measurements, it was observed that the interface
between the metallic glass and the AlSi alloy seems to be very brittle and
started to crack with decreasing thickness of the lamella. The interface
shown in Fig. 7 was one of the few areas still being intact, indicating that
the interface is mechanically weak despite the interdiffusion layer.

4.3. Correlation between the interfaces and mechanical failure behavior

In [8], it is described that two types of bonding at interfaces in MMCs
exist: mechanical and chemical bonding. Mechanical bonding occurs
when the reinforcing phase has a rough surface, enabling mechanical
keying with the matrix. A chemical bond is formed when a solid solution
and/or chemical compound is formed at the interface by diffusion and
reaction of the elements. Normally, MMCs with an amorphous rein-
forcement phase and metallic matrix exhibit good interfacial bonding
due to the metallic character of both phases [8,16-18]. In this work, an
interdiffusion layer and thus a chemical bond could have been formed at
the interfaces between the reinforcing NiggNbygTagg metallic glass and
AlSil2-matrix, but it is very weak and brittle and therefore does not
provide a consistently good interfacial bonding. However, also a rough
surface at the interface is observed in the STEM images in Fig. 7, indi-
cating mechanical bonding between the two phases. This is confirmed
by the in-situ results where little interfacial debonding is observed. The
fractures do not propagate exactly at the interface but in the matrix close
to the interface and it can be observed that matrix material sticks to the
surface of the metallic glass. Another weakness of the interface is the
deposition of the primary silicon precipitates to the metallic glass phase,
in these areas it can be observed that cracks propagate directly along the
interfaces. Fig. 8 shows a hardness indentation that was performed on
the interface between the NiggNbygTayo metallic glass and AlSil2-matrix
for further investigations of the interfacial bonding. Crack growth can be
observed at the corners of the indent between the metallic glass and the
AlSil12-matrix. On closer inspection, it is evident that the cracks grow
only along the interface of the Si-lamellae and primary silicon pre-
cipitates to the metallic glass phase and a-aluminum and do not further
propagate. This was also observed in [15] and indicates good interfacial

v v

AlSi12 |1,

Fig. 8. Hardness indentation on the interface between the NiggNbsgTasg
metallic glass and AlSil2-matrix.
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adhesion, confirming the assumptions made.
5. Conclusions

In this work an interpenetrating MMC with a NiggNbyoTag metallic
glass reinforcement phase and a AlSil2-matrix was investigated in and
transversely to manufacturing direction by in-situ compression tests in a
SEM and EDX measurements in a TEM. To the author’s best knowledge,
this is the first time the in situ mechanical failure behavior of this ma-
terial system and its correlation with interfacial adhesion have been
investigated. The following conclusions can be drawn.

The sample tested in manufacturing direction (NiggNbygTago-AlSil2-
0°) exhibits a different failure behavior and higher compressive strength
than the sample tested transversely to manufacturing direction
(NiggNbgpTagp-AlSi12-0°) indicating an anisotropic failure behavior.

Both samples show shear stress failure in the matrix phase and
normal stress failure in the metallic glass phase. But whereas the failure
behavior in the 0°-sample is dominated by shear stress resulting in
shearing of the whole sample, the 90°-sample is dominated by normal
stress resulting in buckling of the sample in the end of experiment.

The metallic glass phase fails due to brittle fractures along the load
direction in both samples and the matrix due to plastic deformation. The
plastic deformation occurs through brittle fractures in the Si-lamellae
and the primary silicon precipitates as well as debonding on the in-
terfaces between the silicon and a-aluminum.

Debonding at the interface between the metallic glass and matrix
occurs less in 0°-direction than in 90°-direction with the mechanical
interface strength being relatively low.

The STEM images showing a rough interface between the metallic
glass and matrix phase. The EDX line scan across the interface shows
that some reaction between oxygen and the elements Ni and Nb of the
metallic glass took place. Additionally, a thin interdiffusion layer could
have been formed through a reaction between the a-aluminum and the
elements of the metallic glass.

The sample preparation for the TEM investigations shows that the
interfaces between the metallic glass and matrix are brittle. Conse-
quently, the good interfacial bonding, that is observed, is both based on
mechanical interlocking due to the roughness of the interface as well as
due to the shrinkage of the aluminum melt after infiltration.

To sum up, the manufacturing method presented delivers mechani-
cally performing interpenetrating composites featuring an anisotropy
that might be controlled by the preform structure with a sufficient
interface bonding.
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