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Fracture toughness of some metallic glasses 
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The critical stress intensity factor of Fe4o N i4o B2o, FeaoCrlo N i4o B2o, Ni8o Silo B~o and N i8o Sis Bls 
metallic glass ribbons was measured. Stressing by ultrasound, a new method for preparation a 
sharp crack in a metallic glass, was used. Only shear rupture failures was investigated for all 
alloys. 

1. Introduction 
From previous papers [1-8] it is seen that the fracture 
toughness of metallic glasses is significantly influ- 
enced by a number of factors, which were briefly 
summarized by Henderson et al. [4]: 

1. The thickness of metallic glass specimens lies 
in the range where it is necessary to prove if the 
fracture takes place under conditions of either plane 
stress (vein pattern morphology of the fracture sur- 
faces) or plane strain (cleavage or chevron pattern 
morphology) or under a combination of both these 
modes. 

2. The various "quenched-in" defects, e.g. oxides, 
voids etc., must be taken into account. 

3. The presence of structural relaxation with time 
and its influence on the mechanical properties also 
play an important role. 

Scanning electron microscopy (SEM) of fracture 
surfaces reveals the role of "quenched-in" defects in 
the process of the failure [4] and also enables specifi- 
cation of the stress conditions in the crack tip under 
which the fracture takes place. 

2. Experimental procedure 
The critical stress intensity factor was measured on 

Fe-Ni-B,  Fe -Cr -Ni -B  and Ni-Si B type metallic 
glass ribbons in the centre-cracked panel configura- 
tion [3]. Chemical composition, width 2b, thickness, 
Vickers microhardness and results of the X-ray test 
for amorphousness are shown in Table I. For values 

of thickness and microhardness the ranges of 95% 
reliability are also indicated. The difference between 
the average thicknesses, 36.0 and 36.9#m, for 
Fe40Ni40B20 ribbons are not significant, but we distin- 
guish them because these two ribbons were prepared 
at different velocities of quenching wheel. 

Specimens were cut from the ribbons and in their 
centre a circular hole, 0.1 to 0.5ram diameter, was 
produced by electric discharge machining. 

A sharp crack was produced by high-frequency 
loading using a longitudinal ultrasonic wave of fre- 
quency 22.3 kHz. If the length of the specimen, one 
end of which is mechanically connected with the 
source of ultrasound, is equal to the half-wavelength 
of the stress wave, the specimen is in resonance with 
the source. Thus the maximum amplitude of the mech- 
anical stress 

¢ m =  ~A(QE)  in (1) 

is produced in the half-length of the specimen, where 
f~ is the angular frequency, A is the amplitude of 
oscillation in the junction source-specimen, ~ is the 
density and E is Young's modulus of the specimen. If  
the hole in the specimen, which acts as a stress concen- 
trator, is also situated in this place, suitable conditions 
exist for the nucleation and growth of the fatigue 
crack in the direction perpendicular to the longitudinal 
axis of the specimen. The final length of the crack 
2a ~ 0.7 to 2.3ram was obtained after 1 x l06 to 
3 x 106 cycles with the amplitude A = 2 to 3/~m. It 

T A B L E  I Characteristics of  the experimental materials 

Alloy Width 2b (mm) Thickness (#m) HVM X-ray test* 

Fe40Ni40B20 9.50 20.3 ± 0.7 815 _ 26 A 
9.55 28.5 + 1.1 878 ± 26 A 
9.55 36.0 ± 1.1 882 ± 18 A 
9.55 36.9 -I- 1.2 873 + 31 A 

F%0Ch0Ni40B20 9.50 18.4 -I- 1.1 839 + 30 A 
9.50 20.2 _+ 0.6 812 ± 16 A 

NisoSimBl0 10.20 23.1 -t- 0.6 637 _+ 15 A 

NisoSisB15 10.20 26.6 ± 0.6 682 ± 11 A + C  

*A, only amorphous. A + C, amorphous and crystalline. 
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Figure 1 The distribution of the fatigue cracks near the stress con- 
centrator for Fe4oNi40B20, 36#m thick, ribbon. 

may be estimated from Equation 1 and using Q and E 
from [9], that the maximum tensile stress am ~ 49 MPa 
for Fe40Ni40B20 ribbon. Approximately half of the 
total cycles was used for nucleation. The single crack 
on both sides of the hole and its propagation in the 
expected direction was observed in a few cases only. 
Usually a number of fatigue cracks was observed, one 
of them gradually becoming dominant and propagat- 
ing further in the direction perpendicular to the edge 
of the specimen. Fig. 1 shows this situation for the 
Fe40Ni40B20 specimen, 36#m thick. The arrows indi- 
cate the direction of the mechanical cyclic stressing 
and the direction of the nominal tensile stress during 
the measurement of the fracture toughness. Tips of the 
main crack are designated by the circles and its length 
in the direction of its expected propagation during the 
fracture toughness test was measured optically. No 
slip bands were observed near the fatigue cracks. Thus 
the time necessary for preparation of one specimen 
with a sharp crack by ultrasound was not much longer 
than 2 min. 

The tensile tests were carried out on an Instron 
machine with a strain rate of 2.8 x 10 4 sec 1. For 
calculation of the values of the critical stress intensity 
factor, the following formula was used: 

Re = ffrrY(7~a) 1/2 (2) 

where aft is the nominal stress at fracture and Y is the 
correction for the finite width of the specimen [6]. 

3. Discussion 
Fractographic analysis of the fracture by SEM 
TESLA BS 300 and Jeol CF 35 confirmed that the 
failure of all specimens was caused by shear mech- 
anism with subsequent meniscus instability [10], i.e. by 
a combination of tearing and opening mode. Thus the 
measured values of the critical stress intensity factors 
depend on the specimen thickness [11]. Figs 2a and b 
show SEM images of the opposite fracture surfaces 
for the Fe40Ni40B20 specimen 36 #m thick in the tran- 
sition region fatigue shear failure. These images show 
a "mirror" similarity of the vein morphology of the 
opposite surfaces within the shear region. The failure 
morphology of the other alloys under investigation 
shows no significant differences from that shown in 
Fig. 2. Small differences may be found in the size 
of the smooth region, which is governed by inhomo- 
geneous shear, and also in the density and width of the 
veins. 

Fig. 3a shows the dependence of measured values of 
the fracture stress on (rca) i/2 for all four thicknesses of 
the Fe40Ni40B20 alloy. Fig. 3b shows the same depen- 
dence for both thicknesses of the Fe30CrmNi40B20 alloy 
as well as for the NisoSimBm and NisoSisB~5 alloys. If 
the geometrical correction Y ~ 1, which is valid for 
the length of the investigated cracks, the slope of the 
straight line fitting the experimental values represents 
the value of Ko. 

The dependence of Kc on thickness for the 
Fe40 Ni40 B20 specimens and the values of this factor for 
the Fe30CrmNi40B20 alloy of both thicknesses, as well 
as for the NisoSil0B m and the NisoSisB~s alloys, are 
shown in Fig. 4. The range of 95% reliability is also 
shown, each range being not larger than 5% of the 
mean value. The measured values of Kc are in good 
agreement with the results of some previous papers 
[1, 4, 5, 7, 8]. On the other hand, for similar alloy 
compositions and similar specimen thicknesses a failure 
under plane-strain conditions with the values of K~ 
around 10MPam 1/2 was observed by some authors 
[2, 3, 61. 

As the difference between the plasticity properties 

Figure 2 SEMs of the fracture surfaces of the Fe40Ni40B20 ribbon exhibiting the transition from the fatigue failure to the shear one. (a) and 
(b) are matching photographs of the same regions of  the fracture. 
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Figure 3 The fracture stress plotted against (Tza) t/2 for (a) Fe40Ni40B2o alloy (0) 36.9#m, (E~) 36.0#m, (e)  28.5#m, (-e-) 20.3#m, and (b) 
( ~ ,  ~ )  Fe3oCrl0Ni40B20, (~) NisoSil0B~0 and (tD) NisoSisBls alloys ( ~ ,  20.2/~m; ~ ,  18.4/~m). 

of the Fe40Ni40B20 specimens prepared at different 
cooling rates was not confirmed by the values of 
microhardness (in Table I), the increase of Kc with 
specimen thickness shown in Fig. 4 may be explained 
as follows. In thin specimens the condition of plane 
stress in the crack tip may be expected over the whole 
specimen thickness. If the thickness increased a 
triaxial stress appears in the middle of the specimen 
and this region grows with the further thickness 
increase. This effect results in the decrease of the value 
of the shear component of the stress intensity tensor in 
the middle layer of the specimen. Supposing that the 
failure in this region is not caused by the normal stress 
component (in fact, we did not observe it on any 
specimen), it is necessary to increase the nominal ten- 
sile stress in thicker specimens to initiate the shear 
failure also in their middle layers. 

It may be concluded from Fig. 4, that the substi- 
tution of one quarter of the iron atoms by chromium 
atoms in the FegoNigoB20 alloy leads to the apparent 
decrease of Kc. However, a similar conclusion about 
the influence of the different proportion of the metal- 
loid atoms in the Ni-Si-B type alloys cannot be made, 
because of significant differences in the specimen 
thicknesses. However, it is interesting to note that the 
presence of the crystalline phase in the Niso Sis B,5 alloy 
(see Table I), caused no decrease of toughness in 
comparison with only amorphous NisoSi,oBlo alloy. 
This crystalline phase consists probably only of the 
small crystallites formed on the surface during the 
preparation of the specimens and such surface effects 
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Figure 4 The critical stress intensity factor K c as a function of  
thickness for various metallic glasses. (O) Fe40Ni40B20, (e)  

Fe30Crl0Ni40B20, (~) NisoSitoBi0, (tD) NisoSisBls. 

have no influence on the behaviour of the crack tip in 
the stress field. 

Henning et al. [6] pointed out the strong depen- 
dence of the measured value of Kc on the value of the 
parameter a/b up to a/b = 0.3 also for unstiffened 
specimens. However, in agreement with Waku and 
Masumoto [8], such dependence was not confirmed by 
our measurements, which show a small dispersion for 
the series of specimens with different initial crack 
lengths. The subcritical crack growth under gradual 
loading of the Fe40 Ni40 B20 specimens, 40 #m thick, was 
also observed by Henning et al. [6]. No fractographic 
evidence of this phenomena was found on any of our 
specimens. 

Stressing by ultrasound was used for the first time 
to produce a sharp crack in a metallic glass. This 
method is more efficient than the usual cycle loading 
in fatigue-test machines with a frequency of about 
1 Hz [2]. However, on the other hand, not all speci- 
mens prepared by this method show ideal geometrical 
localization of the crack, but this fact is of little impor- 
tance, as was confirmed by a low dispersion of K~ 
values on the samples with quite differently located 
cracks. However, it may be expected that the eliptical 
initial hole will cause a better geometrical localization 
of the crack. A further advantage of this method lies 
in the fact that fatigue cracks are produced at stresses, 
which are lower by one order of magnitude than 
classic loading in fatigue-test machines [2-4]. 
Therefore, no slip bands are observed near fatigue 
failure and also the fatigue fracture surface is smoother 
(compare Figs 2 and 1 in [1]). 
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