Fiber metallic glass laminates
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The fabrication and properties of fiber metallic glass laminates (FMGL) composite
composed of Al-based metallic glasses ribbons and fiber/epoxy layers were reported.
The metallic glass composite possesses structural features of low density and high specific
strength compared to Al-based metallic glass and crystalline Al alloys. The material
shows pronounced tensile ductility compared to monolithic bulk metallic glasses.

. INTRODUCTION

The design of modern high-performance structural
engineering materials is driven by optimizing combina-
tions of mechanical properties such as strength, ductility,
toughness, and elasticity." Composites, by incorporating
two or more phases in a material, often possess unique
properties that are not attainable by either of the constit-
uents acting alone.” Metallic glasses, as a new class of
materials, have unique mechanical properties compared
to their crystalline counterparts.> However, their appli-
cability as structural materials is limited by their glass-
forming ability (GFA) and poor ductility. At room tem-
perature, bulk metallic glasses (BMGs) often deform
inhomogeneously with severe plastic strains localized in
narrow shear bands that propagate fast to cause catastro-
phic failure, which often makes them exhibit limited com-
pressive plasticity and near-zero tensile ductility.(kg The
natural way to improve the plasticity of BMGs is to fabri-
cate BMG composites by in/ex situ introducing crystal-
line phases into the glass matrix.”'” Carbon has been
found to be effective for improving the mechanical and
physical properties of BMGs."""? It is reported that signif-
icant tensile ductility and good fatigue resistance can be
achieved by delicately adjusting the microstructure length
scales in BMG composites.'*> While the strategy requires
that the BMGs used have good GFA and high pro-
cessibility during casting, only limited compositions are
available.
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Fiber metal laminates (FML), as a family of new
hybrid composites, consist of bonded thin metal sheets
(e.g., Al alloys) and fiber/adhesive layers.'* This lami-
nated structure, which provides material with excellent
fatigue, impact, and damage tolerance characteristics and
a low density, has been widely used as aircraft struc-
tures.'*'° In this work, we report the formation of fiber
metallic glass laminates (FMGL) composite, which is
composed of Al-based metallic glass layers and carbon
fiber/epoxy layers. The composite exhibits high tensile
strength up to 760 MPa and low density, which grant it
higher specific strength and good ductility both under
tensile and bending conditions.

Il. EXPERIMENTAL

AlggNiglas alloy ingots with nominal composition were
prepared by arc melting the mixtures of pure elements in a
Ti-gettered Ar atmosphere. Metallic glass ribbons with a
thickness of about 30 pm and width of 7 mm were steadily
obtained using the single roller melt spinning technique.
The amorphous nature of both as-cast and laminated rib-
bons was ascertained by x-ray diffraction and differential
scanning calorimetry methods. The unidirectional carbon
fiber prepregs (supplied by GuangWei Composite,
Beijing, China, epoxy 40% wt) were 7 mm in width and
50 pm in thickness. Twenty-ply AlggNiglas glassy rib-
bons and 19-ply carbon fiber layers were stacked alter-
nately with ribbons aligned along the direction of carbon
fibers. The laminated composite was then cured at 130 °C
for 4 h under a pressure of 0.5 MPa, as illustrated in
Fig. 1(a). The final laminated composite had a size of
75 mm x 7 mm X 1.2 mm [Fig. 1(b)]. [There is a differ-
ence between the predicted thickness of the sample
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FIG. 1. (a) Schematic illustrations of the fabrication of FMGL and
(b) photographs of the ultimate FMGL samples.

(1.55 mm) and the actual thickness, because some epoxy
was squeezed out of the structure during pressing/curing.]
The uniaxial tensile and three-point bending tests were
conducted at room temperature using an Instron electro-
mechanical 3384 test system (Norwood, MA) at a strain
rate of 2 x 107* s~ and displacement rate of 0.5 mm
min~ ', respectively. The samples for the tensile test were
first ground carefully into a dog bone shape, and then
bonded to four Al alloy sheets with epoxy at both ends in
case of the clamp effect occurring during the tests. The
uniaxial elongation of the sample in the tensile test was
measured by an extensometer with a gauge length of
25 mm. The normal strain was then determined by the
division of the elongation by the length between the mea-
suring points under no loading. In this study, the normal
(engineering) stress—strain curves were used. The Young’s
modulus of the sample was roughly determined from the
linear regime (in the strain range of 0~0.5%) of tensile
stress—strain curves, as the elastic part of the curve was
not perfectly straight. The support span for three-point
bending is 2 mm. The morphologies of specimens were
observed using a Philips XL 30 scanning electron micro-
scope (SEM; Eindhoven, The Netherlands). The density
was measured using the Archimedean technique with an
accuracy of 1.0%.

lll. RESULTS AND DISCUSSIONS

Figure 2 shows the cross section of the laminated
structure of the composite. The fiber/epoxy layers and
AlggNigLas metallic glass layers are alternately stacked
[Fig. 2(a)]. The contrast of cross section of carbon fibers
embedded in epoxy can be clearly seen in Fig. 2(b). After
being epoxy cured, there are no holes and gaps at the
interface [Fig. 2(b)] and the glassy layers and fiber layers
are well bonded. The average thickness of glass layers
and fiber layers estimated from Fig. 2(a) is 29 and 40 um,
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FIG. 2. (a) Typical SEM micrograph for the cross section of FMGL
and (b) magnified graph that shows the clear contrast for carbon fibers.

respectively. The volume fractions for the two phases are
estimated to be 42% and 58%, respectively.

The AlgglasNiy metallic glass ribbons, although show-
ing good bending ductility, exhibited poor tensile ductil-
ity. After about 1% elastic elongation in the tensile
stress—strain curve [Fig. 3(a)], the ribbon fractured cata-
strophically with strength of about 680 MPa. The frac-
ture strength is far lower than that of reported Al-based
metallic glass ribbons,'” which may be due to the edge
defects that formed during melt spinning. The fiber rein-
forced composite (FRC), which consists of carbon fiber/
epoxy layers alone, showed a high fracture strength of
about 900 MPa [Fig. 3(a)] but zero plastic strains under
tensile conditions. The fiber metallic glass laminates,
however, exhibited obvious plastic elongation (about 2%)
in the tensile stress—strain curve, as shown in Fig. 3(a),
which is better than its constituent phases. However, it
had a strength of about 760 MPa, which is slightly lower
than those of reported Al-based metallic glass ribbons
and FRC, but greatly exceeds the highest value (530 MPa)
obtained in optimal age-hardened Al commercial
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alloys.'® After the sample fractured, most fiber layers
were separated from the metallic glass layers and the
fiber bundles were also dispersed [see inset of Fig. 3(a)],
suggesting the delamination at the interfaces as often
occurs in FML,'" which is the dominant failure mode
for FMGL under tensile conditions. In addition, FMGL
has excellent bending ductility compared with FRC.
Figure 3(b) shows the flexural stress—strain curves of
FMGL and FRC. The flexural stress oy and flexural
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FIG. 3. (a) Uniaxial tensile stress—strain curves for AlggNigLas glassy
ribbon (A), FRC (B), and FMGL (C), respectively. The inset is the
photograph of the failed FMGL sample. (b) The flexural stress—strain
curves for FMC (A) and FMGL (B) obtained from three-point bending
tests. The inset is also the photograph of the FMGL sample failed in
three-point bending.

strain g are given by Gy = 3PL/2bd?, & = 6Dd/L? for a
rectangular cross section,?® where P is the bending load,
D is the bending displacement at the midpoint of the
sample, L is the support span, and b, d are the width
and depth of the test sample, respectively. The flexural
strength for FMGL is about 610 MPa, lower than that of
FRC. However, the stable flexural strain (the strain
before which the flexual stress can sustain a rough plat-
form) can reach 6%, which is much better than that of
FRC (2%). It is noted that the delamination did not occur
when the sample failed, which is different from what
happened in the tensile test, suggesting that the interfaces
between metallic glass and fiber layers behave more
strongly under bending conditions.

Table I summarizes some physical and mechanical
properties of FMGL, as well as some commercial Al
alloys and monolithic metallic glasses. It can be seen that
FMGL has a much reduced density (1.86 g/cm3), com-
pared to Al-based metallic glasses and Al commercial
alloys, which can be attributed to the presence of the
much lighter fiber/epoxy phase. The measured density for
FMGL is lower than the calculated density (2.15 g/cm?)
based on the rules of mixture in composite materials
(p = X f:p;, where f; and p; are the volume fraction and
density for the ith phase, and the measured density for
the metallic glass phase and fiber plus epoxy phase are
3.26 g/cm® and 1.41 g/cm?, respectively). This density
discrepancy suggests that the two constitute phases in
FMGL are not in an ideally bonded state and there may
exist some microholes in the epoxy phase due to the gas
emission in the process of curing. Due to the low density,
the specific strength defined by the ratio of strength to
density for FMGL reaches 4.09 x 10° Nm kg~ ', which
exceeds the values obtained from Al-based metallic
glasses, Zr-based BMGs, and Al commercial alloys (ranges
from 1.8 x 10° to 3.45 x 10° Nm kg '). The specific
strength defined by the ratio of yielding strength to the
density for FMGL is also high (2.15 x 10° Nm kg "),
larger than those of materials (Refs. 21-25) that have obvi-
ous plastic strains listed in Table I.

To shed light on the deformation mechanism of
FMGL, the micrographs of the fracture surface for the
tensile sample are shown in Fig. 4. The delamination can

TABLE I. Mechanical and physical properties for different classes of materials, including density p, Young’s modulus E, the yielding strength G,
fracture strength G, tensile plastic elongation €, and specific strength 6, defined by the ratio of fracture strength to the density.

Materials p (g/cm3) E (GPa) oy (MPa) o (MPa) gp (%) Gp (10 Nm.kg’l) Reference

FMGL 1.86 70.7 ~400 760 ~2 409 This work

AlggNigLas glassy ribbon 3.26 75.0 680 680 0 209 This work
Alg7NisYg glassy ribbon 3.30 71.2 1140 1140 0 345 17
Zr47.5Cuy7.5Als BMG 7.195 88.7 2000 2265 0 315 21
Zre4.13Cu;5.75Ni ¢ 1,Al o BMG 6.604 78.4 1690 1690 0 256 22
Al alloy 7075-T6 2.85 71 480 510~538 5~8 ~180 23
Carbon fiber-T300 1.74 230 3500 3500 ~0 2011 24
GLARE (FML) ~2.3 58 283~305 716 ~4.7 311 25
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FIG. 4. (a) Typical micrographs of fracture surface of FMGL after the
uniaxial test in large scale. One can clearly see the laminate structure;
(b) fracture appearance of fiber/epoxy layer in FMGL; (c) fracture
appearance of the metallic glass layer in FMGL; (d) side view of the
delaminated glassy ribbon near the fracture region.

be clearly seen at the interfaces between the metallic
glass and fiber/epoxy layers from the fracture surface
[Fig. 4(a)]. However, the fibers are not separated from
the epoxy after the sample failed as shown in Fig. 4(b). In
addition, the river patterns can be seen from the fracture
surface of the metallic glass layer in FMGL [Fig. 4(c)],
which is often observed in the fracture of ductile metallic
glasses.”®?’” Moreover, multiple shear bands can also be
observed from the side of delaminated glassy layers near
the fracture regions [Fig. 4(d)]. All the markings indicate
that the glassy layers in FMGL were subjected to signif-
icant plastic deformation before the sample failed. Gen-
erally, monolithic glassy ribbons generally exhibit zero
plastic strain in tensile tests; especially in the presence of
edge defects.'” The cracks will be initiated from these
defects and rapidly propagate under unconstrained load
conditions. However, the glassy ribbons laminated and
confined with fiber layers are in a complex stress state
during the deformation. The propagation of cracks in the
glassy ribbons could be constrained by the complex
stress states even if the globe FMGL is under a tensile
load, and then plastic yielding occurs at the crack tips.
Because the FRC has higher strength than the metallic
glass ribbon, the high loads in FMGL during deformation
will first induce the plastic yielding of the metallic glass
layers, which redistributes the high stresses in-plane in
the metallic glass layer to a large area, but also in the
thickness direction into the fiber layers. The load transfer
to fiber layers prohibits premature failure, but induces
shear stresses at the interface, resulting in delamina-
tion."” In addition, the fatigue behavior is often greatly
enhanced due to the unique balance between delamination

at the interfaces and crack growth in the metal layers
for FML during cyclic loading.m’19 Therefore, excellent
fatigue resistance is expected for the FMGL.

Inducing structural inhomogeneity is an effective
approach to ductilize BMG and BMG-based com-
posites."**?® This kind of structure often consists of
micro- or nano-scale regions with different elastic/plastic
properties (soft and hard regions®?). The soft region can
facilitate shear band initiation, while the hard regions can
effectively impede shear bands from propagating cata-
strophically. The interaction between soft/hard regions
would induce the formation and branching/arresting of
multiple shear bands, accommodating more inelastic
strain. The plasticity enhancement in FMGL can also be
explained by the soft-hard model. The metallic glassy
phase, which will yield first in the deformation, can be
viewed as “soft regions” in FMGL. The shear bands
initiated in metallic glassy layers will effectively be
arrested by the fiber layers (hard regions). On the other
hand, the high stress in the fiber layer will also be relaxed
by the yielding of glassy layers. The synergy and inter-
action between the glassy layers and fiber layers is
responsible for the pronounced tensile ductility in
FMGL. In addition, the mechanical properties of FMGL
can gradually change by tuning the arrangement of the
fiber and metallic glassy layers such as the volume frac-
tion of two phases, the thickness of fiber layers, and so
on. Therefore, in FMGL the soft and hard regions are
controllable.

IV. CONCLUSIONS

We obtained the fiber metallic glass laminates com-
posite composed of Al-based metallic glasses ribbons
and fiber/epoxy layers. The fabrication and formation of
the novel alloys are investigated. The metallic glass com-
posite possesses structural features of low density and
high specific strength compared to Al-based metallic
glass and crystalline Al alloys. The material shows pro-
nounced tensile ductility compared to monolithic BMGs.
The strategy might have implications for the future
search of tough metallic material.
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