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Metallic glass ribbon-reinforced glass-ceramic 
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The role of metallic glass ribbons in modifying the properties of glass-ceramics was inves- 
tigated using specimens prepared by conventional pressing and sintering techniques. Even 
very low volume fractions of such reinforcements were found to provide significant improve- 
ments in the strength, elastic properties and fracture toughness of the glass-ceramic matrices. 
The observed improvement in the fracture toughness is explained on the basis of various 
metallic glass ribbon-related energy absorbing mechanisms. 

1. Introduction 
Enhancement in the tensile strength and fracture 
toughness of ceramics has been attempted by several 
techniques such as microcrack toughening and trans- 
formation toughening [1-4]. Recent studies have 
shown that reinforcing ceramics with high strength 
reinforcements is a viable alternative. In these studies 
glass, conventional crystalline ceramics or glass- 
ceramics are used as the matrices [5-7]. Potentials of 
various reinforcements including continuous and dis- 
continuous fibres (or whiskers) of carbon, graphite, 
silicon carbide, alumina and various metals such as 
stainless steel and tungsten, have been investigated 
[5-11]. 

Among the various ceramic matrices, glass-ceramics 
possess unique advantages. They are formed in the 
glassy state and are converted to an almost 100% 
crystalline state by subsequent heat treatment. Such a 
feature facilitates low-temperature composite fabri- 
cation and at the same time provides for a composite 
with high-temperature capabilities (without soften- 
ing). Conventional crystalline ceramics (which are 
formed by sintering powders) possess significant 
porosity, which limits their strength. Glass-ceramics 
on the other hand have little or no porosity, and hence 
are tougher and stronger. 

The potential of metallic glass ribbons as reinforce- 
ments for ceramic matrix composites has not been 
explored so far. Metallic glasses possess superior frac- 
ture strengths and toughness compared to their crys- 
talline counterparts. Metallic glasses also possess 
good oxidation and corrosion resistance. Their unique 
geometry provides a large surface area to bond with 
the matrix. Metallic glasses have been studied as 
reinforcements for brittle polymer matrices by Horn- 
bogen et al. [12-14]. Significant improvement in the 
mechanical properties of the polymer matrices were 
reported by them. The main objective of the present 
study was to develop metallic ribbon-reinforced glass- 
ceramic matrix composites and to evaluate their 

mechanical properties. The nature of the metallic 
glass/glass-ceramic interface and its role on the mech- 
anical properties of the composite system was also of 
interest. 

2. Experimental procedure 
2.1. Specimen preparation 
Two metallic glasses were used as reinforcements in 
the present study; one was an iron-based metallic 
glass, Metglas | 2605S-2 alloy, and the other a nickel- 
based metallic glass Metglas | MBF-75 alloy*. Both of 
these metallic glasses were obtained from Metglas 
Products, a business unit of Allied-Signal Inc. The 
composition and properties of these metallic glasses as 
provided by the manufacturer are listed in Table I. 

Based on initial experimentation and on the basis of 
the low recrystallization temperatures of the two 
chosen metallic glasses, Corning glasses Code 7572 
and 8463 were chosen as matrices. The compositions 
and properties of both these glasses as provided by the 
manufacturer are listed in Table II. 

Rectangular bar-shaped specimens (6.25cm x 
1.25 cm x 0.5 cm) were made using the conventional 
wet pressing and sintering techniques. Amyl acetate 
(3% of the weight of the glass powders) was used as 
the binder. After laying out the metallic glass ribbons 
unidirectionally within the glass powders in a steel die, 
the composite specimens were pressed at 3000p.s.i. 
(~ 20.67 N ram-2). After pressing, the specimens were 
first kept at 200~ for 15 rain to drive out the organic 
binder. The specimens were then sintered at 400 ~ C for 
90 rain. Devitrification of the glassy matrix was car- 
ried out by maintaining the composites at 450~ for 
20 rain. After this treatment the specimens were fur- 
nace cooled to room temperature in order to minimize 
the thermal shock. 

2.2. Testing procedures 
The elastic properties of the unreinforced matrix 
specimens and composite specimens were obtained by 

*Metglas | is a registered trademark of Allied Signal Inc for amorphous metallic alloys and brazing alloys. 
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TAB L E I Properties of the metallic glass ribbons 

Property Metglas 2605S-2" Metglas MBF-75* 

Chemical Fe 78 Ni 50 
composition (%) B 13 Co 23 

Si 9 Cr 10 
Mo 7 
Fe 5 
B 5 

Crystallization 550 605 
temperature (~ C) 

Elastic modulus 85 70 
(GPa) 

Yield strength > 700 1300 
(MPa) 

Coefficient of 76 x 10 -7 78 x 10 7t 
thermal expansion 
(oc-t) 

Density (gcm -3) 7.18 7.46t 

* Code numbers of products of Metglas Products. 
* From [22]. Rest of the entries provided by the manufacturer. 

the non-destructive sonic resonance technique [15]. 
Because it was difficult to detect the torsional reso- 
nance frequency, the shear modulus was determined 
by using the values of the Young's modulus (which 
was obtained from the flexural resonant frequency), 
and by assuming a Poisson's ratio of 0.25 for the 
composite system. 

Modulus of rupture (MOR) measurements were 
made by using the three-point bend test in an Instron 
testing machine with a cross-head speed of 0.05 cm 
min -1 . The span-to-depth ratio for the specimens was 
maintained in accordance with ASTM specification 
C-203/85. 

Static fracture toughness tests were performed by 
fracturing single-edge notched beam (SENB) speci- 
mens, in three-point bending. The notches were cut 
using a diamond blade. The specimens were annealed 
after cutting the notch, at 200 ~ C, to heal up micro- 
cracks which might have formed at the root of the 
notch. The fracture toughness was determined using 
the equations given by Gross and Srawley [16]. The 
fracture toughness values for the unreinforced matrix 
specimens were also determined by the non-destruc- 
tive indentation technique [17, 18]. The specimens 
were indented using a Vicker's indentor with a load of 
0.3 kg. The fracture toughness was determined by 
using the equations given by Lawn [17]. 

The pull-out test was carried out in order to evalu- 

T A B L E I I Properties of the ceramic glass matrices (as specified 
by the manufacturer) 

Property Corning Glass Corning Glass 
7572* 8463* 

Softening point (o C) 375 370 

Coefficient of thermal 95 • 10 -7 105 x 10 7 
expansion (o C-  l ) 

Density (gcm -3) (powder) 3.8 3.8 
(fired) 6.0 6.2 

Continuous service 450 450 
temperature (o C) 

Chemical composition PbO 70 PbO 84 
(%) 

B203 5-10 B203 5-10 
SiO 2 2-5 SiO 2 2-5 
A1203 1-5 A1203 1-5 
ZnO 10-20 ZnO 10-20 

*Code numbers of products of Coming Glass Co. 

ate the interfacial bond strength. An embedded length 
of 1.0cm of ribbon (and width 0.5cm) was used for 
this purpose. In such a technique the interfacial bond 
strength can be determined by balancing the tensile 
forces to the shear forces acting on the embedded 
portion of the ribbon. 

Fractographic studies were carried out using a scan- 
ning electron microscope. 

3. Results and discussion 
3.1. Elastic proper t ies 
The values of the elastic properties of the unreinforced 
matrix and composite specimens as measured by the 
sonic resonance technique, are presented in Table III. 
A significant improvement in the elastic properties 
is observed, even with the low volume fraction of 
reinforcements used. The rule of mixtures (ROM) as 
used to characterize the elastic properties of several 
composite systems is given by the equation 

Ec = EmVm 4- EfVf (1) 

where E is the Young's modulus, V the volume frac- 
tion and subscripts c, m and f refer to the composite, 
matrix and ribbon, respectively. The values of E cal- 
culated using the ROM are compared with the experi- 
mentally measured values in Table IV. As is evident 
from the results, the ROM does not characterize the 
elastic modulus of the composite system under con- 
sideration. A better estimate of E can be made by 
considering the equation given by Halpin and Tsai 

TAB LE I I I Elastic properties of the glass-ceramic matrices and composite systems obtained by the sonic resonance technique 

Glass-ceramic Metallic-glass Volume fraction 
matrix reinforcement of reinforcement 
(Corning code) (Metglas alloy) (%) 

E (Gea) Increase 
in E (%) 

7572 - 0 33.4 -- 
7572 2605S-2 0.73 44.0 31.7 
7572 2605S-2 1.24 47.7 42.8 
7572 2605S-2 1.64 69.4 108.0 
7572 MBF-75 0.74 42.l 25.9 
8463 - 0 28.1 - 
8463 MBF-75 0.69 36.0 28.0 
8463 MBF-75 0.73 40.8 45.4 
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Figure ! Plot of the Young's modulus of the Metglas 2605S-2 
alloy-reinforced 7572 matrix composites as a function of volume 
fraction of metallic glass reinforcement. (*) Experimentally 
measured, ( I )  obtained from the rule of mixtures, (O) fitted to the 
Halpin-Tsai equation for 4: = 0.24. 

[19, 20], according to which 

Ec 1 + ~/~ Vr 
- ( 2 )  

G 1 - q V  r 

where r/ is the reinforcing efficiency, which will be 
equal to one for a strongly bonded system, and ~ is an 
empirical constant which depends on parameters like 
reinforcement aspect ratio, and bond strength. 

The value of ~ can be obtained by fitting the experi- 
mentally obtained values of E to the equation given by 
Halpin and Tsai. For the system under consideration 
the value of ~ is found to be 0.24 (Fig. 1). The value 
of the reinforcing efficiency, ~1, was assumed to be 
unity, because strong bonding was observed between 
the ribbon and the matrix (Fig. 2). 

3.2. Strength 
The MOR values of the unreinforced matrix and the 
composite specimens are presented in Table V. In the 
system under consideration, the reinforcing ribbons 
not only have a higher fracture stress but also a higher 
fracture strain as compared to the matrix. In the initial 
stages of loading (in three-point bending), the matrix 
carries a major portion of the load. When the fracture 
strength of the matrix is reached, the matrix cracks 

T A B L E  IV Comparison of the experimentally measured and 
calculated (by ROM) values of Young's modulus for the Metglas 
2605S-2-reinforced 7572 glass-ceramic system 

Volume fraction of 
reinforcement (%) 

Young's modulus Young's modulus 
calculated by ROM measured 
(GPa) experimentally (GPa) 

0.73 33.78 44.03 
1.24 34.04 47.70 
1.64 34.24 69.43 

and the load is transferred to the reinforcing ribbons. 
Two different failure sequences can be envisaged 
depending upon the volume fraction of reinforce- 
ments used. For low volume fractions, when the 
matrix cracks, the transfer of the load to the ribbons 
overloads them and they fail. Hence 

a~* = am* V~ + a; ~ (3) 

where rr* is the fracture stress of the composite, o-* is 
the fracture stress of the matrix, and a~ is the stress 
transferred to the ribbons when the matrix cracks. 

When the volume fraction of  the reinforcements is 
high, the transfer of load to the ribbons is not suf- 
ficient to fracture them and they continue to carry the 
load until their fracture strength is reached. Under 
these conditions 

a* = a* ~ (4) 

where o-~' is the fracture stress of the ribbons. 
The cross-over point between these two types of 

behaviour occurs at a critical volume fraction, G', 
where 

am* 
, (5) 

For the composite system under consideration the 
calculated value of ~' is 0.5%. All the composite speci- 
mens used in the current study had a volume fraction 
of reinforcements greater than this critical volume 
fraction. Hence the strength of the composite speci- 
mens is essentially a function of the volume fraction of 
the metallic glass reinforcements. Higher volume frac- 
tions of reinforcements should show significant 
improvements in the fracture strength, The variation 
in the MOR of the composite specimens with increas- 
ing volume fraction of metallic glass reinforcements is 
illustrated in Fig. 3. 

Figure 2 Strong (void-free) bonding between the Metglas 2605S-2 alloy ribbon and 7572 matrix. (a) The matrix is observed to be almost 100% 
crystalline. (b) Matrix material adhering to the ribbon surface. 
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Figure 3 Plot of the fracture strength of the Metglas 2605S-2 alloy 

reinforced 7572 matrix composites as a function of volume fraction 

of metallic glass reinforcement�9 

The Young's modulus (E) of the specimens was also 
calculated from the results of the three-point bend 
test. The values of E obtained from the three-point 
bend test with those obtained from the sonic reso- 
nance test are compared in Table VI. The values of E 
obtained for the unreinforced matrix specimen by 
both techniques agree well; on the other hand, the 
values obtained for the composite specimen do not. 
This discrepancy may be attributed to the non- 
uniform load carrying characteristics of the composite 
system. 

3.3. Fracture t o u g h n e s s  
The fracture toughness values for the unreinforced 
matrix and composite specimens as measured by the 
single-edge notched beam technique, are listed in Table 
VII. The fracture toughness values for the unreinforced 
matrix specimens as measured by the indentation 
technique, are listed in Table VIII. The indentation 
technique cannot be used to measure the fracture 
toughness of the composite specimens because the 
reinforcing ribbons are positioned far away from the 
surface (where the indentation is carried out), and as 
a result do not affect the crack growth behaviour at 
the indentation. A plot of the fracture toughness 
against the volume fraction of metallic glass reinforce- 
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Figure 4 Plot of the fracture toughness of the Metglas 2605S-2 

alloy-reinforced 7572 matrix composites as a function of volume 

fraction of metallic glass reinforcement. 

ments is provided in Fig. 4. A clear enhancement in 
the fracture toughness with respect to the unreinforced 
matrix is evident from this plot. This behaviour can be 
attributed to improvements in the various mechanical 
properties such as Young's modulus, fracture stress 
and fracture strain, which can be correlated to the 
fracture toughness using the empirical equation given 
by Hahn and Rosenfield [21], according to which 

Klc = (Etrf~rL) ~ (6) 

where KIo is the fracture toughness, O'r is the fracture 
stress, sf is the fracture strain, and L is a geometrical 
correction factor. 

In the system studied, the Young's modulus, frac- 
ture stress and fracture strain all increase with increas- 
ing volume fraction of reinforcements, and hence the 
fracture toughness is also expected to improve. The 
improvement in the fracture toughness can also be 
explained on the basis of fracture energy consider- 
ations. The fracture toughness is related to the 
Young's modulus and fracture energy (Glo) by the 
equation 

K~ = (EG~)  ~ (7) 

The total energy absorbed during fracture of the 
composite is the sum of the energies absorbed by the 

T A B  LE V Results of the three-point bend tests carried out on the glass-ceramic matrices and composite specimens 

Glass-ceramic Metallic-glass Volume fraction M OR (MPa) Increase in E (GPa) 

matrix reinforcement of reinforcement M OR (%) 

(Corning code) (Metglas alloy) (%) 

7572 - 0 14.98 - 26.15 

7572 2605S-2 0.80 28.25 88.59 5.32* 

7572 2605S-2 1.24 30.22 101.70 - 

7572 2605S-2 1.64 41.25 175.40 - 
7572 MBF-75 0.74 32.27 115.39 - 

7572 MBF-75 1.01 33.25 121.96 - 

8463 - 0 11.30 - - 
8463 MBF-75 0.68 20.42 80.70 - 
8463 MBF-75 0.69 21.62 91.33 -- 

8463 M BF-75 0.71 22.60 100.00 -- 
8463 MBF-75 0.73 23.16 104.95 -- 
8463 MBF-75 0.77 25.30 124.20 - 

* Value which does not agree with that obtained by the sonic resonance technique. 
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Figure 5 Crack arrest and deflection at the metallic glass ribbon 
(Metglas 2605S-2)-matrix (7572) interface. The crack originated at 
the tensile surface during the bend test. 

matrix-related processes (Gm) and by the ribbon-related 
processes (Gf). Hence 

G,r = GrVr+ G m V  m (8) 

The contribution to Gr arises from four different 
ribbon-related processes. In addition to energy absorbed 
by ribbon failure (specific ribbon fracture energy, wf), 
energy is also dissipated as a result of ribbon-matrix 
debonding (wd) and ribbon pull-out (Wp). Further- 
more, there exists a bending component (Wb) as the 
crack in the surrounding matrix opens before the 
reinforcing component is broken. Hence, 

Gr = Wp + w b + Wd + Wf (9) 

It is believed that this crack deflection at the 
ribbon-matrix interface, strengthens the composite 
and makes it tougher by causing secondary processes 
such as debonding and pull-out to come into play, 
thereby absorbing energy. This particular phenom- 
enon can be observed in Fig. 5. Another mechanism of 
energy absorption is the initiation of secondary cracks 
at the edges of the reinforcing ribbons (Fig. 6). These 
are created when under the influence of bending 
moments, the sharp edges of the ribbons tend to 
wedge open the brittle matrix. The ribbons can also be 
assumed to exhibit higher fracture strengths as a result 
of hinderance of shear failure due to the surrounding 
rigid matrix, increasing the contribution of Wr (Fig. 7). 

A very strong bond between the ribbon and matrix 
was observed, as was evinced by the absence of 
ribbon-matrix debonding in the pull-out test. Hence 
the wd and Wp contributions are low in the case of the 
system under consideration. The main contribution to 

T A B L E  VI Comparison of the values of the Young's modulus 
of the Metglas 2605S-2 reinforced 7572 glass-ceramic specimens 
obtained from the sonic resonance and three-point bend tests 

Test Average Young's Average Young's 
modulus 7572 modulus 
matrix (GPa) 7572 + 2605S-2 

composite (GPa) 

Dynamic resonance 33.40 44.00 
Three-point bending 26.15 5.32 

Figure 6 Microcracks originating at the edges of the reinforcing 
ribbons (Metglas 2605S-2) in the 7572 matrix. 

the fracture energy of the present system are believed 
to arise from the wf and Wb components. 

4. Conclusions 
1. Introduction of even a very low volume fraction 

of metallic glass reinforcements, provide significant 
improvements in the elastic properties, fracture 
strength and fracture toughness of the brittle glass- 
ceramic matrices. The strength of the composite sys- 
tem is a function of the fracture strength and the 
volume fraction of the ribbons, and increases propor- 
tionately with increasing volume fraction of reinforce- 
ments. 

2. The elastic properties of the present composite 
system do not obey the rule of mixtures. They can be 

T A B L E  VII  Fracture toughness obtained by the notched 
beam tests 

Sample Kic Average Kit Standard Variance 
(MPam 1/2) (MPam ~12) deviation (%) 

7572 matrix 0.4046 0.378 0.0237 6.26 
0.3580 
0.3730 

7572 matrix 1.0886 0.952 0.3022 31.74 
reinforced with 0.8320 
0.6% Metglas 1.1800 
2605S-2 0.7080 

7572 matrix 1.372 1.401 0.041 2.93 
reinforced with 1.430 
1.24% Metglas 
2605S-2 

T A B L E  VI I I  Fracture toughness obtained by the indentation 
technique 

Specimen Lead Borosilicate glass, code 7572. 
Indentation load (kg) 0.3 
Loading time (see) 20 
Loading speed (pro sec ~) 50 
Number of specimens 3 
Indentations per specimen 25 
Fracture toughness, K~r 0,496) 
(MPa m 1/2) 0,433 ~, Average 0.46 

0,450) 
Standard deviation 0.0327 
Variance (%) 7.11 
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Figure 7 Micrographs illustrating the high ductility of the metallic glass ribbons. (a) A crushed ribbon (Metglas 2605S-2) in composite failure. 
(b) Vein type of fracture pattern on the metallic glass (Metglas 2605S-2) ribbon surface. 

predicted by using the empirical equation given by 
Halpin and Tasi [19, 20]. 

3. The improvement in the fracture toughness of the 
present composite system is due to the introduction of 
various ribbon-related energy-absorbing mechanisms 
such as crack arrest and deflection and elastic bending 
and fracture of the ribbons. Microcracking of the 
matrix at the edges of the ribbons also contributes to 
the fracture toughness. 
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