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Abstract

Metallic glasses (MG) exhibit remarkable properties, like high strength, hardness, and elastic strain
limit due their amorphous structure. But they also exhibit low ductility and brittle behavior, making
them less suitable for monolithic components. Therefore, MG offer high potential for use as a
reinforcing phase in a ductile matrix. Especially interpenetrating metal matrix composites (MMCs) are
suitable, since good interfacial adhesion can be achieved due to the metallic character of the MG and
mechanical properties can be further enhanced by the interpenetrating structure. Temperature during
manufacturing process must be below crystallization temperature of the MG. Until now,
interpenetrating MMCs have been manufactured by infiltrating the metal matrix foam with MG,
requiring a high melting temperature of the matrix and thus excludes lightweight metals. In this work
it was possible to infiltrate an open porous lattice structure of MG (NiggNb2oTaz) due to its high
crystallization temperature with AlSi12 by gas pressure infiltration resulting in a novel MMC. X-ray
diffraction measurements confirm that no crystallization occurred during infiltration. Micrographs
show a good infiltration quality and interfacial bonding between both phases. An increase in Young's

modulus of 28% and compressive strength in the MMC can be achieved compared to the AlSi12-matrix.
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1 Introduction

Metal matrix composites (MMCs) are macroscopic composite materials consisting of a metallic matrix
and a reinforcing phase. Typical reinforcing phases in MMCs are ceramic materials, which are mostly
embedded in a light metal matrix [1]. The reinforcing phase can be in particle, fiber or as a 3-
dimensional structure. 3-dimensional structures are also referred to as interpenetrating composites,
in which each phase of the composite is topologically interconnected throughout the entire material
volume [2]. MMCs offer the possibility to outperform monolithic components in mechanical properties
such as specific stiffnesses as well as creep and fatigue behavior [1,3,4].

Metallic glasses have an amorphous structure and thus exhibit remarkable properties, such as high
strength, hardness and elastic strain limit associated with the possibility of high elastic energy storage
[5-7]. However, they also exhibit low ductility and consequently are prone to brittle fracture, which
makes them less suitable for the use as monolithic structural components [8]. Therefore, they are more
likely to be used as a reinforcing phase in a hybrid material, such as MMCs, with a ductile matrix to
compensate for brittleness [9—11]. In several studies it has been proven that reinforcing with metallic
glass increases the strength and Young's modulus of the metallic matrix [9,12,13] and maintains the
plastic deformation capability under compressive loading [14]. Additional, due to the metallic
character of metallic glasses, it is potentially easier to realize an interfacial adhesion to a metallic
matrix than by using a ceramic reinforcement phase [15,16]. However, the temperature in the
manufacturing process of the composite must be lower than the crystallization temperature of the
metallic glass to avoid undesirable crystallization and the associated loss of the mentioned properties.
Since the manufacturing temperatures for metallic glass based MMCs must be low, MMCs reinforced
with metallic glass are often produced by powder metallurgy. For this purpose, powdered metallic
glass combined with the matrix is sintered by hot pressing. Several studies have shown that this
manufacturing process is a good method to manufacture MMCs reinforced with particles of metallic
glass [10,12,17]. Beside powder metallurgical manufacturing, there are already studies investigating
the production of metallic glass based MMCs by gas pressure infiltration. In [13], metallic glass platelets
of Ni-Nb-Ta alloy were infiltrated with an aluminum casting alloy under argon atmosphere without
occurring crystallization. Also interpenetrating MMCs reinforced with metallic glass have been
produced and investigated in several studies. In [18], a titanium foam was infiltrated with melted
metallic glass and the composite was subsequently quenched. The X-ray diffraction (XRD)
measurements showed single crystalline phases at the interfaces between titanium and the metallic
glass. Nevertheless, compared to the monolithic glass or porous titanium, the MMC shows a significant
increase in compressive strength and enhancement of plastic deformation capacity. In [19], porous

tungsten was infiltrated with metallic glass. The subsequent XRD measurements did not show any
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crystalline phases and the compressive strength and strain of the MMC exceeded those of the tungsten
foam, as well as the monolithic metallic glass. However, so far only metal matrix foams have been
infiltrated with metallic glass and not vice versa a metallic glass foam with metal matrix. This requires
the second phase to have a much higher melting temperature than the metallic glass. Therefore, light
metal materials such as aluminum and magnesium are not suitable for this process, since most metallic
glasses have a higher melting temperature. In this case, the foam would have to be made of metallic
glass, which requires that the metallic glass has a high crystallization temperature. In previous work
[20], it was possible to manufacture this required open lattice structure of metallic glass with alloy
composition NiggNb2oTayo by laser powder bed fusion (LPBF). The metallic glass exhibits a crystallization
temperature of 694°C and is therefore high enough for an infiltration process with a light metal
material.

In this work, the NigNbaoTayo lattice structure was infiltrated with a eutectic AlSi12 matrix by a gas
pressure infiltration process for the first time, resulting in a novel interpenetrating MMC reinforced
with metallic glass. The AlSi12 matrix has a melting temperature of 577 °C [21], which is far enough
below the crystallization temperature of the metallic glass. Before and after the infiltration process
XRD measurements were performed on the metallic glass to analyze the amorphous structure
regarding crystallization. The microstructure and interfaces of the MMC were investigated and
evaluated from micrographs using digital microscopy and energy dispersive X-ray (EDX) measurements
with scanning electron microscopy (SEM). In addition, the elastic constants (Young's modulus,
Poisson's ratio) were determined by ultrasound phase spectroscopy (UPS) and the mechanical

properties were investigated by compression tests.

2 Experimental

2.1 Materials

In the study at hand, a metallic glass with alloy composition NiggNbyoTazo (TaNi39.1Nb20.7 wt.-%),
produced by Fraunhofer Institute IFAM (Dresden, Germany), was used as reinforcement phase. It
obtained its amorphous structure through a powder gas atomization process by the company Nanoval
GmbH & Co.KG (Berlin, Germany). The amorphous powder with particle size dso=44 um was further
processed into an open-porous lattice structure with a volume fraction of 37 % by LPBF. This process
was conducted in cooperation with the research group “Production and Component Behavior”

(Institute for Applied Materials — Materials Science and Engineering) at Karlsruhe Institute of



Technology. For a detailed description of the process of the lattice structure, the authors refer to [20].

An AlSi12 eutectic aluminum alloy was used as matrix material.

2.2 Gas pressure infiltration process

The interpenetrating composite was manufactured by gas pressure infiltration. For a detailed
description of the equipment used, the authors refer to [22,23]. In the study at hand, the NiggNb2oTazo
lattice structure with a size of 30x30x15mm3 was placed on the bottom of a cylindrical ceramic
crucible so that it was in contact with the crucible only at its corners. A ceramic plate with a hole in the
center was placed above the preform with some distance, and the AlSil12 ingots were placed on top.
This should ensure uniform infiltration of the preform and reduce gas inclusions. Before starting the
infiltration process, the infiltration chamber with the ceramic crucible inside was evacuated and
purged with argon to avoid oxidation of the metallic glass. After evacuating again to a vacuum of
0.08 mbar, the infiltration chamber was heated up to a processing temperature of T,=660°C with a
heating rate of 5.5K/min. During heating, the vacuum in the infiltration chamber was held around
0.1 mbar. The processing temperature mentioned was chosen to be above the melting temperature of
the eutectic AlSi12 matrix (577 °C [21]) and below the crystallization temperature of the metallic glass
(694 °C [20]). The temperature was held for two hours to melt the AlSi12 ingots and homogenize the
melt. Subsequently, an infiltration argon gas pressure of 40 bar was applied and held for 10 minutes
before cooling down the infiltration chamber to room temperature. The solidified interpenetrating

MMC was removed from the ceramic crucible for further characterization.

2.3 X-ray diffraction

XRD measurements were carried out on the metallic glass before and after infiltration to investigate
the amorphous structure and to check of undesired crystallization would have taken place during
infiltration. The measurements were conducted with a Seifert 3003 TT diffractometer provided by the
Chair of Solid State Chemistry (Institute of Physics) at Augsburg University. A sample of the NigogNb2oTaz2o
lattice structure before infiltration was manually milled into powder using a mortar. The infiltrated
MMC was first placed in hydrochloric acid to etch out the AlSi12 matrix. Subsequently, the remaining
NisoNb2oTayo lattice structure was also manually mortared. The XRD pattern was collected at room
temperature in Bragg-Brentano geometry using Cu-K, radiation. The X-ray tube operated at 40kV and
40mA, scan rage 10-60°, step width 0.02°, 40 scans per data point and 160s integration time per

degree.



2.4 Microscopy

A Keyence VHX-6000 digital microscope was used for the characterization of the microstructure by
means of metallography. For this purpose, the samples were embedded in epoxy resin and afterwards
grinded and polished, according to the preparation steps listed in Table 1. The samples were also used
for SEM-EDX microanalysis of the interfaces. This was performed using a Prisma E SEM from
ThermoFisher Scientific. The EDX points of a line spectrum analyses were measured with a voltage of
25kV and electric current of 1nA over a period of 30 seconds and an average of 16000 counts per

second were detected.

Table 1: Grinding and polishing steps to prepare the samples for SEM-EDX microanalysis.

Grit\di'ng paper / Suspension Contact pressure Circulation Tir?e
polishing cloth (N) (rpm) (min)
SiC (P1200) Water 25 Co-rotation 150/150 5:00
MD-Largo Diamond, 9um 25 Co-rotation 150/150 3:30
MD-DAC Diamond, 3um 20 Co-rotation 150/150 3:30
MD-DUR Diamond, 1um 10 Co-rotation 100/110 3:30
MD-CHEM OP-S 10 Counter-rotation 150/150 1:10
2.5 Ultrasound phase spectroscopy

UPS measurements were performed to determine the Young’s modulus and the Poisson’s ratio. The
measurement and evaluation method used is described in detail in [24,25]. The investigated specimens
of the infiltrated MMC have a cubic geometry (5x5x5mm3) and to determine the density of the
specimens, they were weighed with an Explorer EX225D (linearity £+0.1mg) from Ohaus and the
volume was measured with a micrometer screw. The UPS measurements were performed using an
electronic network analyzer of the type R3754A Advantest, connected with two pairs of longitudinal
(Olympus, V122-RM, nominal central frequency 7.5 MHz) and transversal (Olympus, V155-RM, nominal
central frequency 5.0 MHz) ultrasonic wave transducers. Amplitude and phase spectra were obtained
in the frequency range from 10 kHz to 10 MHz. Each direction of one sample was measured three times
with longitudinal waves, where the direction of wave propagation is parallel to polarization direction.
Subsequently, each direction of one sample was measured with transversal waves, where the
polarization direction is orthogonal to the direction of wave propagation, resulting in two directions of

polarization. Each polarization direction was measured three times. This corresponds to nine



measurements per direction and a total of 27 measurements per sample [Table 2]. For this work, five

samples were measured completely, and the results averaged.

Table 2: UPS measurements performed on each sample.

Sensor Wave propagation Polarization =~ Measurements Skizze
sdirection V122 [100] [100] 3
E ’ V155 [100] [010] 3 [001]
t V155 [100] [001] 3
_direction V122 [010] [010] 3 |
¥ SO vass [010] [001] 3
. V122 [001] [001] 3 [100]
z d":°t'°"' V155 [001] [010] 3
3 V155 [001] [100] 3

2.6 Compression tests

Mechanical compression tests were carried out to investigate the mechanical strength of the
infiltrated MMC at room temperature on a Zwick Kappa DS testing machine from Zwick/Roell with a
maximum load cell capacity of 50kN. For this investigation, the cubic specimens of the UPS
measurements were used after the UPS characterization. According to DIN 50106 [26], crosshead
velocity was constantly set to 0.12mm/min, which corresponds to a nominal strain rate of
£€=4-10%s? and a pre-load of 20N was applied. The deformation was measured by digital image
correlation (DIC) at a frame rate of 1Hz using a 12M ARAMIS (2D) system from GOM GmbH and

evaluated with the associated software with a virtual extensometer.

3 Results and discussion

In the following chapter, the results of the infiltration process and characterization of the infiltrated

MMC are presented and furthermore discussed.

3.1 Composite Manufacturing

Figure 1(a) shows the results of the XRD measurements carried out on the NiggNboTay preform before
and after infiltration to investigate the influence of the process on the amorphous structure of the

metallic glass. Additionally, the XRD pattern of the unprocessed NigoNboTazo powder is included.
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Figure 1: Results of (a) the XRD measurements with the pattern of (1) NiggNb2gTaze-powder, (2) NiggNbzoTaze-preform before
infiltration and (3) NigoNb2oTao-preform after infiltration. Samples of (b) NigopNb2oTazo-preform before infiltration and (c) MMC
infiltrated preform with AISil2-matrix (NigoNbyoTa20-AlSi12).

It shows a broad maximum at 42.5°, which is typical for Ni-Nb-Ta-based metallic glasses [13,27]. The
XRD patterns of the NiggNboTazo-preform before and after the infiltration exhibit crystallization peaks
with a low intensity superimposed on the broad maximum. This nano-crystallization occurs during the
manufacturing process of the preform by LPBF. Further investigations, carried out in [20], showed that
the crystalline fraction is less than 10%. Compared to the resulting XRD pattern of NigNbzoTazo-
prefrom after infiltration in Figure 1(a), the heat during the infiltration process has no influence on the
metallic glass and no further crystallization occurred. Figure 1 also shows a sample of the NigoNbzgTazo-
preform [Figure 1(b)] and infiltrated NiggNbzoTaz-AlSi12 MMC [Figure 1(c)]. The laser-based
manufacturing of the preform was carried out in z-direction, as was the subsequent infiltration to
manufacture the MMC.

Additionally, the infiltration quality was evaluated based on the density of the MMC. For this purpose,
the density of the samples, later used for UPS investigations (volume of approx. 5x5x5mm3), was
compared with the calculated theoretical density. With a reinforcement fraction of 37.72+£0.62 % [20],
and density of the metallic glass pnisonb2ota20=10.72+0.05 g/cm® [20] and AlSi12-matrix
pasiz=2.64g/cm® [21], the theoretical density of the infiltrated MMC is pPmwmc
theoretical = 5.69+0.05 g/cm3. Whereas the measured density of the MMC samples [Figure 1(c)] is
pmmc=5.71+0.04 g/cm? and therefore slightly higher than the theoretical density. The difference could

be due to the small sample size with locally higher reinforcement fraction of the metallic glass. In



addition, the theoretically calculated density of the MMC is also based on experimentally determined
values, which can also lead to deviation. It can be concluded that no significant gas inclusions occurred
during the infiltration process and that the preform has been infiltrated completely.

3.2 Microstructure and interfaces

For visual inspection of the infiltration quality, micrographs were taken in infiltration direction [Figure

2(a)] and transversely to infiltration direction [Figure 2(b)] of the MMC.

a) NigoNboTas Infiltration b) Infiltration T
direction Ni-Nb,.Ta direction
60 20 20
AlSi12-matrix

AlSi12-matrix

200 pm Primary siicon 200 pm

Figure 2: Microscope images of the infiltrated NiggNbzoTaze-AlSi12 MMC (@) in infiltration z-direction and (b) transversely to

infiltration x-direction.

Both phases of the MMC, the metallic glass NisoNbzoTaz as reinforcement phase and the eutectic
AlSi12-matrix, are clearly visible in the microscope images. The phase of the NigoNboTazo metallic glass
exhibits a different structure in and transversely to infiltration direction. In addition, enclosed gas
pores can be seen distributed through the metallic glass phase. Both is caused by the laser-based
manufacturing process of the preform [20]. The AlSi12-matrix exhibits a typical homogenous structure
with a fine distribution of eutectic Si-lamellaes in the a-aluminum phase [28]. Some primary silicon
precipitates have been developed in the AlSi12-matrix, mainly located at the interfaces to the metallic
glass. This indicates that the metallic glass acts as a nucleating agent for the silicon contained in the
matrix alloy. Nucleation of the primary silicon phase at the reinforcement phase is often observed in
composites with AlSi-based matrix alloys [1]. The interface between the metallic glass and the AlSi12-
matrix does not exhibit a distinct reaction layer on a macroscopic level, which could lead to a
deterioration of the composite properties due to a degradation of the reinforcing phase or
embrittlement [1,29]. Also, in [30-32] an interface without reaction layers between the metallic gas
and the matrix material is observed in sintered composites with metallic glass particles. In [33,34],
metallographic micrographs of composites with reinforcements of metallic glass produced by melting

metallurgy also show no reaction layers between the metallic glass and the AlSil2-matrix.
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Furthermore, the microscope images confirm a good infiltration quality of the preform with the AlSi12-
matrix, as no pores or cavities are visible in the AlSi12 phase. Even the smallest areas in between the
NisoNb2oTaze-preform are filled with matrix material, which can be attributed to the high castability of
the AISi12-matrix [21]. Thus, the composite could be manufactured with comparatively low infiltration

pressures [35,36].

a)
HHH

Primary silicon

Figure 3: (a) SEM image of the NigoNb2oTaz-AlSi12 MMC with the EDX scanning line across the interfaces. Line 1 crosses the
interface of a-aluminum — NiggNboTazp and line 2 the interface of primary silicon — NiggNb2gTazo. Results of line spectrum with
the atomic content of the elements over the length is shown for (b) line 1 and (c) line 2. The position of the interface is marked
with a black line at 6 um.

Figure 3(a) shows the SEM image of the NigoNb2oTa20-AlSi12 MMC, in which the phases of the metallic
glass NigoNb2oTaze and AlSi12-matrix, consisting of primary silicon and a-aluminum, can be seen. Also
included are the EDX scanning lines labeled with 1 and 2, where measurements were carried out at
ten points equally distributed over a length of 9 um. Line 1 starts in the a-aluminum phase and crosses
the interface to the metallic glass NigoNbagTaz, whereas line 2 starts in the primary silicon and ends in
the metallic glass. The atomic content of each element over the length is plotted for line 1 in Figure
3(b) and line 2 in Figure 3(c). The EDX scanning lines confirm the visual evaluation. Whereas line 1 has
an atomic content of 98.4% Al and 1.3 % Si at its starting point, which can be assigned to a-aluminum,
line 2 has an atomic content of 99.0% Si and 0.8 % Al at its starting point, which corresponds to primary
silicon. The aluminum in line 1 and silicon in line 2 decreases slightly with increasing length as they
approach the interface of the metallic glass. In both cases, at 4 um, the elements of metallic glass
nickel, niobium and tantalum begin to increase. It can be observed that the atomic content of silicon
also starts to increase in line 2. In the interface area between 5pum and 6 um, a superposition of all
existing elements occurs except for the aluminum in line 2, which does not exceed a maximum value
of 1.6% over the entire scan. After the interfacial area, in line 1 the elements reach final atomic

contents of 56.9% Ni, 16.1% Nb, 17.1% Ta and a residual atomic content of 1.6 % Al. It is noticeable
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that in the metallic glass phase the silicon content increased to 8-12%. In line 2 the elements reach
final values of 56.7 % Ni, 16.4% Nb, 16.8% Ta and a residual atomic content of 0.7 % Al. It also remains
a silicon content of 7-10% in the metallic glass. Since a diffusion coefficient of only 0.23x102m?/s
[37] was measured for silicon in metallic glass with alloy composition FesoNisoB3o at a temperature of
600K, diffusion is probably not the reason for the silicon found within the metallic glass. It is more
likely that a peak overlap of the Si-K line and Ta-M line occurred at 1.7 keV during the EDX scan and the
peaks are not identified and quantified correctly by the software [38].

In the interfacial areas, the individual elements of the matrix are superimposed with those of the
metallic glass in a range of about 3 um. This mixing could indicate the development of an interdiffusion
layer between the two phases, also observed in [39] at the interface between a NiggNbzoTaz0 metallic
glass and an AlSi12-matrix. Such thin interdiffusion layers induce good interfacial bonding between the

two phases, resulting in efficient load transfer from the matrix to the reinforcing phase [1,40].

3.3 Mechanical properties

UPS measurements were carried out to determine the Young's modulus and the Poisson’s ratio of the
NisoNb2oTaze-AlSi12 MMC. This method is intended to provide a reliable value for elastic properties,
since the determination of Young's modulus from compression tests is influenced by the sensitivity of
the experimental setup and setting effects caused by friction between sample and testing tool.
Measurements were carried out in infiltration direction (z-direction) and transversely to infiltration
direction (x- and y-direction). The results of the Young's modulus (E) and the Poisson’s ratio (v) as well
as the sonic speed of longitudinal waves (v.) and transversal waves (vr) are presented in Table 3. The
listed values are the calculated arithmetic average of all five measured samples and their standard
deviation.

Table 3: Results of Young’s modulus (E), Poisson’s ratio (v) and sonic waves (v, vr) measured via ultrasound phase

spectroscopy (UPS) on NigoNb2gTaz-AISI12 MMC in infiltration direction (z-direction) and transversely (x- and y-direction).

E (GPa) v(-) vi (m/s) vr (m/s)
x — direction [100] 95.80 +3.10 0.335+0.012 5035.62 + 35.91 2506.98 + 67.95
y — direction [010] 96.15+2.94 0.328 +0.034 5022.51 + 204.46 2518.70 + 81.49
z - direction [001] 99.26 +1.83 0.323 £0.010 5015.47 + 45.62 2563.49 + 47.18

The results show that the Young's modulus along z-direction, and thus along the preform building and

infiltration direction, is slightly higher than in x- and y-direction. This can be attributed to the
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inhomogeneous structure of the NigNbaoTaz-preform caused by the manufacturing process. No
significant difference of Poisson's ratio can be seen in the three measured directions considering the
standard deviation. Thus, neither the structure of the NiggNbagTaz-preform nor the infiltration
direction seems to affect the Poisson’s ratio. In [13], the same material system (NigoNb2oTa20-AlSi12)
was investigated, but the metallic glass had a platelets structure and a reinforcement fraction of only
9.4-14.3%. Within this study, a Young’s modulus of 87-93 GPa and Poisson’s ratio of 0.31-0.33 was
determined in infiltration direction as well as transversely to the orientation of the metallic glass
platelets. In addition, a Young’s modulus of 85-95GPa with a Poisson’s ratio of 0.31-0.32 was
determined transversely to infiltration direction as well as in orientation of the metallic glass platelets
by UPS. The values are slightly below the values measured in this work, consequently increasing the
reinforcement fraction up to 37.72% did not result in a significantly higher Young’s modulus as
expected. Also, the Poisson’s ratio did not significantly change. In [17], an Al-based MMC reinforced
with 30wt.-% metallic glass particles with alloy composition NiNbss was manufactured and
investigated. It exhibits a Young’s modulus of 110 GPa in compression testing, which is also a higher
Young’s modulus than the MMC studied here despite the lower reinforcement fraction. However, the
MMC in this work exhibits an significant increase in Young's modulus up to 28% compared to plain
AlISi12, whose value measured by UPS is 77-82 GPa [13,25].

Compression tests were carried out to investigate the behavior and maximum strength of the

NisoNb2oTaze-AlSi12 MMC in comparison to the plain AlSil12.

Figure 4: Resulted average compressive stress-strain curves of five samples NigogNb2oTaz0-AlSi MMC in infiltration direction

(0°), five samples transversely to infiltration direction (90°) and five samples plain AlSi12 matrix.

Samples tested in infiltration direction are referred to as NiggNbyoTaz-AlSi12-0° (z-direction) and

transversely to infiltration direction NigoNb2oTa20-AlSi12-90° (x- and y-direction). The average resulting

12



compressive stress-strain curves of the measured samples are shown in Figure 4. The average values
of the yield strength Ryo2 (0.2% offset), maximum compressive strength R, and corresponding
compressive strain € are listed in Table 4.

Table 4: Average values of the offset yield strength Rp,0.2, maximum compressive strength R, and corresponding compressive

strain € of AIS|12, NisoszoTazo-Alsi-on and NieoszoTazo-Alsilz-f)on.

Rpo.2 (MPa) Rm (MPa) € (at Rm) (%)
AlSi12 157.27 +19.85 - -
NigoNbr.Tazo-AlSi2-0° 294.01 + 15.80 430.51+4.94 1.12 +0.07
NigoNbr.Tazo-AlSi2-90° 186.67 + 18.82 280.11+7.04 3.36+0.61

The plain AlSi12 reaches an average yield strength of Rp02=157.27 MPa, which corresponds to the
results in literature [13,21]. As expected, the reinforcement by the metallic glass in the AlSi12 causes
a significant increase of Rpo2 to 294.01MPa in NigoNb2oTaz-AlSi12-0° and to 186.67 MPa in
NigoNb2oTaze-AlSi12-90°. The MMC in 0°-direction reaches a maximum compressive strength of
Rm=430.51 MPa with a corresponding compressive strain of €=1.12%, the MMC in 90°-direction only
reaches a maximum value of R,=280.11MPa but therefore a significantly higher compressive strain
€=3.36%. In addition, the curves of the two directions show a remarkably different compressive failure
behavior. Whereas the stress of the 0°-direction decreases again after reaching the maximum strength,
the stress of the 90°-direction remains almost at the same value over the strain. These significant
differences between the two directions are caused by the inhomogeneous structure of the
NisoNb2oTaze-preform due to the manufacturing process. In [20], compression tests were carried out
on the NigNbaoTaz-preform and the dependence of the compressive strength on the manufacturing
direction was also demonstrated. A dependence of the maximum compressive strength and failure
behavior on the orientation of the metallic glass platelets was also observed in [13,39].

The NigoNbaoTaz-preform in [20] exhibits a brittle failure behavior, which is typical for metallic glasses
and makes them less suitable for the use as monolithic structural components [8].The failure behavior
of the infiltrated NigoNbzoTaz-preform in this work confirms that by embedding it in a ductile matrix,
the brittle failure behavior of the metallic glass can be compensated by the plasticity of the matrix [1].
Furthermore, a significant increase in maximum compressive strength was achieved in the
NisoNb2oTaze-AlSi12 MMC compared to the pure NiggNbyoTaz-preform, which exhibits a compressive
strength of 90 MPa in 0°-direction and of 15 MPa in 90°-direction [20]. However, it should be noted
that the MMC is a bulk material, whereas the preform is a lattice structure with only 37 % volume

fraction.
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In [33], metallic glass ribbons Ni-20.6Nb-40.2Ta (wt.-%) were used to reinforce (reinforcement fraction:
20%) an Al-based matrix and an offset yield strength of 163 MPa could be achieved. In [17], a particle
reinforced MMC (reinforcement fraction: 30%) with NizoNbso metallic glass and Al-matrix was loaded
under compression and reached a maximum compressive strength of 146 MPa. Metallic glass ribbons
with alloy composition NiggNbyoTaze were used to reinforce a AlSil2-matrix (reinforcement fraction:
9.4-14.3%) in [13], and an offset yield strength of 149-163 MPa could be achieved. Compared to this,
the NigoNbzoTaze-Alsil2 MMC in this work achieved a significantly higher compressive strength of
280MPa and 430 MPa, even though the Young’s modulus is comparable low as already discussed. This
increase is due to the higher reinforcement fraction of 37 % metallic glass and to the interpenetrating
structure of the NiggNbzoTaze-preform in the MMC. In addition, the high strength of the MMC confirms
the good interfacial adhesions between the NiggNb2gTaze-preform and AlSi12-matrix, which is generally
observed for metal matrix composites with reinforcing elements of metallic glass [17,30,41].

In [18], an interpenetrating MMC of titanium reinforced with a Mg-based metallic glass (reinforcement
fraction: 30%) was investigated by performing compression tests. Compared to the porous titanium
with a compressive strength of 800 MPa and the monolithic Mg-based metallic glass of 825 MPa, the
compressive strength was increased to 1783 MPa in the MMC. Also, a significant enhancement of the
plastic deformation capacity up to 31% compressive strain compared to the monolithic metallic glass
was achieved. In [19], an porous tungsten was infiltrated with a Zr-based metallic glass (reinforcement
fraction: 20%) and investigated by compression tests. The maximum compressive strength of
3450MPa at 50% compressive strain significantly exceeded that of the tungsten foam (about
1500 MPa at 30%), as well as the monolithic Zr-based metallic glass (about 2000 MPa at 1% strain).
Compared to this, the NiggNb2oTaz-AlSi12 MMC in this work shows an equally significant increase in
compressive strength compared to the plain AlSil2-matrix and NigoNbaoTazo-preform. However, the
MMC reaches its maximum strength already at 1.1 % and 3.4 % compressive strain. Since no values of
the monolithic NiggNb3oTazo bulk metallic glass are available for investigations under compression, only
a comparison with the compressive strain of the NiggNbzoTazo-preform in [20] can be made, whereby a
comparable increase of compressive strain in the infiltrated MMC can be observed.

In [42], an interpenetrating MMC based on a ceramic foam (reinforcement fraction: 26%) and
infiltrated with AISi10Mg was investigated under compression load. It shows similar failure behavior
to the NigoNb2oTaz-AlSi12 MMC in 0°-direction in this work and achieves a similar maximum strength
of 400MPa at 1% compressive strain. This indicates that the metallic glass reinforced MMC
manufactured in this work can achieve comparable mechanical properties under compression as a

MMC reinforced by ceramic.
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To the best knowledge of the authors of this publication, this is the first time that an interpenetrating
MMC reinforced with a 3D-printed NigsoNb2oTazo metallic glass preform has been successfully infiltrated
with a lightweight AlISi12 alloy. The interpenetrating structure of the metallic glass increased the
mechanical strength under compression compared to particle reinforced MMCs, even though the
Young’s modulus could not be increased by increasing of reinforcement fraction in this case. Also, the
plastic deformation capacity and maximum strength were significantly increased compared to the

plain NigogNbzeTazo-preform and AlSi12-matrix.

4 Conclusion

In this work, a novel interpenetrating MMC with an open porous lattice structure of metallic glass with
alloy composition NiggNboTazo as reinforcement phase and a eutectic AlSi12 as matrix material could
be manufactured for the first time successfully by gas pressure infiltration. Process temperature was
chosen to be 660 °C and a pressure of 40bar was applied. The result of the XRD measurement after
infiltration shows that no crystallization occurred during the infiltration process. Investigations by
digital microscopy and SEM-EDX on micrographs show a high infiltration quality and good interfacial
bonding between the metallic glass and matrix without forming a reaction layer. Good interfacial
adhesion is confirmed by the results of the compression tests. The NigNb2oTaze-AlSi12 MMC has a
strength of 430.51 MPa in z-direction and 280.11 MPa in x- and y-directions. As expected, a significantly
higher strength is obtained in the MMC reinforced with metallic glass than in the pure AlSi12-matrix.
Also regarding to particle reinforced MMCs, a comparatively higher strength could be achieved with
the interpenetrating structure in this work. The behavior under pressure differs between z- and x-/y-
direction, which can be attributed to the inhomogeneous structure of the NigoNbyoTaz-preform caused
by the laser-based manufacturing process. The Young's modulus and Poisson’s ratio is with 95.80 GPa
and 0.335 in x-direction, 96.15GPa and 0.328 in y-direction and 99.26 GPa and 0.323 in z-direction

comparable low and could not be increased by a higher volume fraction of the metallic glass.
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