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The e�ects of changes in loading rate and test temperature on the fracture toughness of a
Zr-based bulk metallic glass (BMG) were investigated under both displacement-rate-controlled
and loading-rate-controlled conditions in three-point bending. The tests were conducted at
displacement rates ranging from 0.01 to 10 mm/min, loading rates ranging from 31.5 to 5700
lb/min, and test temperatures from room temperature (298 K) to 623 K. Signi“cant e�ects of
test temperature on the toughness were obtained, while testing under displacement rate control
vs loading rate control also produced di�erences in the toughness and fracture morphology.
A preliminary fracture mechanism map is provided to illustrate the e�ects of changes in tem-
perature and strain rate on the toughness normalized with room-temperature values.
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I. INTRODUCTION

THE interest in metallic glasses has increased after
the development of bulk metallic glasses (BMGs) during
the early 1990s.[1…3] Several multicomponent systems
such as Zr-Al-Ni,[2] Zr-Al-Cu-Ni, [3] and Zr-Ti-Cu-Ni-
Be[1] have been discovered that exhibit exceptional glass
formability. Peker and Johnson[1] reported that Zr-Ti-
Cu-Ni-Be forms glass at cooling rates less than 10 K/s,
enabling fabrication of fully amorphous rods up to
14 mm in diameter. Some of the BMGs possess strength
in excess of structural steel, have greater wear and
corrosion[4] resistance, are tougher than ceramics,[5…8]

and have greater elasticity.
This work is focused on a Zr-Ti-Ni-Cu-Be bulk

metallic glass, with tensile strength of 2 GPa[9…12] and
density of 6.1 g/cm3.[13,14] This BMG is a possible
candidate for structural applications because of its high
strength-to-weight ratio[14] and has been used to fabri-
cate golf club heads because of its high strength-
to-sti�ness ratio. [14] Recent work has begun to
investigate the corrosion resistance,[15,16] mechanical
strength,[9,11,12,15,17] fatigue behavior,[18,19] and glass
formability [3] of these materials. Although metallic
glasses exhibit almost zero global plastic tensile strain
at failure, the elastic strain at failure approaches 2 pct
and high local strains are evident on fracture surfaces.
Surprisingly high values for toughness have been

reported at room temperature,[7,8,10] but very little work
has been reported on the e�ects of changes in test
temperature up to the glass transition temperature (Tg),
or loading conditions, on this property.

The objectives of this work are to determine the
e�ects of changes in test temperature, in addition to
changes in loading rate under both displacement rate
control and loading rate control on the fracture tough-
ness and the failure mechanisms of a Zr-based BMG.
Related recent work has reported the signi“cant e�ects
of displacement rate controlvs loading rate control on
the tensile properties.[20]

II. EXPERIMENTAL PROCEDURES

A. Materials

The zirconium-based bulk metallic glass (BMG) used
in this investigation is commercially known as Vitreloy
I, or Liquidmetal 1 (LM1) (Liquidmetal Technologies,
Lake Forest, CA). The composition of this alloy is
Zr41.8Ti12.9Cu12Ni 9.5Be23.8 (at. pct). The general pro-
cessing details have been summarized elsewhere.[1] The
material was received in the form of plates with 2.7-mm
thickness and is identical in composition, including
oxygen analyses, to our previous works on this
material.[7,8,11,12,20…22]

B. Specimen Preparation

Fatigue precracks and fracture toughness test exper-
iments were conducted on bend bars in general
accordance with ASTM standard E647-2000,[23] E399-
2000,[24] and E992-1984,[25] and the British standard
BS6835-1.[26] The toughness standards forJ control
permit testing under either displacement rate or loading
rate control, and both were used in the present tests,
as described further subsequently. Electrodischarge
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machining (EDM) was used to cut the BMG to suitable
dimensions required for the three-point bending fatigue
tests, in general accordance with the standards.[23…26]

General specimen dimensions for the bend bars were in
the range of W (width) = 10 mm, B (thickness) =
2.7 mm, and S (span) = 40 mm. The EDM surfaces
were “rst ground through 600 grit in order to remove
the EDM layer prior to testing and then polished to a
mirror “nish to enable crack monitoring and visual
examination after testing.

C. Testing Procedure

All tests were carried out on a 50 Kip MTS closed loop
servohydraulic machine using a MTS 458…20 controller
(MTS, Eden Prairie, MN) and an IBM computer for
data acquisition. A starter notch of 200-lm diameter was
placed to a depth ofa/w = 0.2 to 0.3 using a low-speed
Well vertical diamond wire saw. The samples were then
fatigue precracked at room temperature to a depth ofa/
w = 0.4 according to the standards[23…26] to ensure a
sharp crack tip in the toughness test. During fatigue
precracking, crack growth was measured at a frequency
of 20 Hz under decreasingDK condition (K control),
using an automated load-shedding technique. The load
was decreased after every 40-lm crack growth to provide
a decrease in the stress intensity equal to 0.5 MPa m1/2.
The load ratio (R) of 0.1 was used for all fatigue precrack
conditions. The crack length during precracking as well
as during the toughness testing was measured using the
direct current potential drop method (DCPD) and
standard formula.[27]

The subsequent fracture toughness tests were
conducted at 298, 505, 603, or 623 Kvia the use of an
Applied Test System (ATS) Inc. temperature-controlled
cabinet (ATS Inc., Butler, PA). These temperatures were
selected based on the expected softening that will occur
near Tg, shown via hot hardness studies,[28] and from
tension tests reported elsewhere.[20] The DSC measure-
ments of Tg for this material are also reported else-
where.[29] The chamber•s heating rate was about 0.2 K/s
enabling these temperatures to be reached within 1 to

2 hours and controlled within ±1 K. When the chamber
reached the desired temperature, the sample was left to
equilibrate for 20 to 25 minutes before running the test,
which was monitored and recorded by the LABVIEW
program (National Instruments, Austin, TX).

Most of the fracture toughness tests were carried out
under displacement rate control, by simply changing the
actuator speed over the range 0.01 to 10 mm/min. Some
of the tests were conducted under loading rate control,
matching the same initial loading rate used in the
displacement-rate-controlled tests. In these cases, load-
ing rates of 31.5, 462, and 5722 lb/min were used to
provide the same initial displacement rates used in the
displacement-rate-controlled tests conducted at 0.05 to
5 mm/min.

III. RESULTS

Table I summarizes each of the test conditions used,
while Figure 1 illustrates the range of macroscopic
appearance shown by these samples. In addition to test
temperature, the e�ects of di�erent displacement rates

(d
�
) and loading rates (P

�
) on the toughness are summa-

rized for the displacement-controlled (d
�
) and loading-

rate-controlled (P
�
) tests, respectively. Also included is

the amount of any stable crack growth detectedvia
DCPD, along with the maximum toughness (Kmax).

A. Displacement-Rate-Controlled Tests

All room-temperature toughness tests exhibited load
vs displacement traces that were linear to failure,
regardless of loading conditions,[7,8,11] while higher
temperature tests exhibited varying degrees of nonlin-
earity. Figure 2 schematically shows the e�ects of
changes in the displacement rate on the loadvs displace-
ment traces at 505 and 603 K. Signi“cant nonlinearity
(R-curve) behavior was obtained at elevated tempera-
tures, as discussed subsequently. The stress intensity,K,
vs change in crack length (Da) plots for each test are

Table I. Effect of Test Temperature and Loading Conditions on the Fracture Toughness, Fracture Mode, and Amount of Stable
Crack Growth: d

�
= Displacement Rate Control and P

�
= Loading Rate Control

Test Conditions
Fracture Toughness

(MPa m1/2) Fracture Mode
Stable Crack Growth

(lm)

Temperature
(K) d

�
(mm/min) P

�
(lb/min) d

�
Control P

�
Control d

�
Control P

�
Control d

�
Control P

�
control

298[7,8] 0.1 „ 20.5, 19.5, 18.4,
17.8, 17, 17, 15

„ mode I „ none „

298[11] 100 „ 20 „ mode I „ none „
505 0.01 „ 80 „ mode I „ 200 „
505 0.05 „ 85 „ mode I „ 100 „
603 0.05 31.5 47 (bent) 143 sample bent

without fail
shear none 1000

603 0.5 462 122 85 shear mode I 350 130
603 5 „ 89 „ mode I „ 85 „
623 5 5700 120 98 shear mode I 280 170
623 10 „ 67 „ mode I „ 100 „
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shown in Figure 3, where DCPD was used to monitor
crack length. It was generally observed that increasing
the displacement rate (up to a certain value) increased the

fracture toughness, while further increases ind
�

produced
reductions in peak load, crack growth, and toughness
(Figure 3(a)). The e�ects of changing the displacement
rate on Kmax at 603 K are shown inFigure 3(a). At the

slowest displacement rate (d
�
) used at 603 K, the sample

bent with signi“cant crack-tip blunting and without
measurable change in the crack length (Figure 1(a)),
producing a lower bound KQ = 47 MPa m 1/2. Increas-

ing the displacement rated
�

to 0.5 mm/min produced
both an increase in load at fracture and additional crack
growth, resulting in Kmax of 122 MPa m1/2, failure via
macroscopic shear, and producing the through-thickness

slant fracture shown inFigure 1(b). Further increasingd
�

to 5 mm/min at T = 603 K reduced both the peak
toughness (i.e., 89 MPa m1/2) and the amount of stable

crack growth, along with producing mode I failure, as
shown in Figure 1(c). Similar results were obtained
for displacement-rate-controlled tests conducted at
T = 623 K, because increasing the displacement rate

Fig. 1„Macroscopic fracture morphology of Zr-based BMGs tested at di�erent test temperatures and di�erent loading rates. (a) Sample bent

without crack growth; d
�

= 0.05 mm/min at T = 603 K. ( b) Sample failed in shear;d
�

= 0.5 mm/min at T = 603 K; d
�
= 5 mm/min and

P
�

= 31.5 lb/min at T = 623 K. ( c) Sample failedvia mode I; d
�
= 0.05 mm/min at T = 298 K; d

�
= 0.01 mm/min at T = 505 K; 0.05 mm/min

at T = 505 K; d
�

= 5 mm/min at T = 603 K; d
�

= 10 mm/min at T = 623 K; P
�

= 462 lb/min at T = 603 K; P
�

= 5700 lb/min at T = 603 K.

Fig. 2„Schematic showing the e�ects of di�erent displacement rates
on the load-time curves for BMG tested at high temperature (e.g.,

505 and 603 K). Slowd
�
. tests ranged from 0.01 to 0.5 mm/min. Fast

d
�

tests ranged from 5 to 10 mm/min.

Fig. 3„Stress intensity, K, vs the change in the crack length (Da)
(R curve) for Zr-based BMG precracked at room temperature and
tested at T = 603 K under di�erent rates for ( a) displacement rate
control and (b) loading rate control.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 39A, SEPTEMBER 2008„2079



from 5 to 10 mm/min decreasedKmax from 120 to
67 MPa m1/2, with a reduction in stable crack growth
from 280 to 100lm and a change in fracture
morphology from shear (i.e., Figure 1(b)) to mode I

failure (i.e., Figure 1(c)). Samples tested underd
�

= 0.01
and 0.05 mm/min atT = 505 K showed only a modest
increase in the peak toughnessKmax from 80 to 85 MPa
m1/2 and mode I failure with a reduction in crack growth
from 200 to 100lm. Figure 4 summarizes the e�ects of
changes in displacement rate onKmax for the tempera-
tures tested.

B. Loading-Rate-Controlled Tests

Loading-rate-controlled tests were conducted at
603 K, with loading rates of 462 and 31.5 lb/min con-
ducted to produce the same initial e�ective displacement
rate as the 0.5 and 0.05 mm/min tests conducted under
displacement rate control, respectively. The sample tested

at d
�

= 0.05 mm/min bent without measurable crack
growth, while the loading-rate-controlled test conducted
at 31.5 lb/min exhibited stable crack growth at higher
loads, thereby producing a much higher toughness of
143 MPa m1/2 (Table I and Figure 3(b)) despite the
similar initial displacement rate of 0.05 mm/min in both
tests.Figure 5 compares the loadvs displacement traces
for tests conducted at 603 K under displacement rate
control of 0.5 mm/min and loading rate control of 462
lb/min. While the initial load vs displacement traces are
similar up to 1400 N in Figure 5, signi“cant di�erences
were obtained subsequently. Further increasing the
loading rate to 462 lb/min reduced the BMG fracture

toughness to 85 MPa m1/2, while increasingd
�

from 0.05 to
0.5 mm/min enabled crack growth at higher load, thereby
producing a higher toughness (i.e., 122 MPa m1/2) than
that obtained at 0.05 mm/min (>47 MPa m 1/2), which

bent and did not fail. Further increasing d
�

from 0.5
mm/min reduced the toughness and crack growth from
122 MPa m1/2 and 350lm to 89 MPa m1/2 and only
85-lm crack growth, respectively.

C. Effect of Test Temperature

In order to enable comparison of the data, an e�ective
loading rate (ELR) was calculated. The ELR is the
amount of load point displacement before yielding
(linear part of load vs displacement trace) divided by
time.

The e�ects of changes in test temperature onKmax
obtained at di�erent ELRs are summarized inFigures 6
and 7. While there is not a signi“cant e�ect of ELR at
very low test temperatures (e.g., T £ 505 K), increasing
the test temperature from 603 to 623 K for the samples
tested under high loading rate (i.e. 5 mm/min) enhanced
Kmax from 89 to 120 MPa m1/2 (Figure 7), while further
increases to 10 mm/min reduced the toughness to
67 MPa m1/2 (Table II ). Increases in test temperature
from 505 to 603 K at the same loading rate (e.g.,
0.05 mm/min) produced bending in the sample and no
measurable crack growth. These results highlight the
important combined e�ects of test temperature and

Fig. 4„E�ect of changing the displacement rate d
�

on the fracture
toughness of Zr-based BMG at 505, 603, and 623 K.

Fig. 5„Di�erence in load vs displacement traces for tests conducted

under loading rate control (P
�

= 462 lb/min) and displacement rate

control (d
�

= 0.5 mm/min) at T = 603 K. These tests had the same
e�ective loading rate in the initial loading regime.

Fig. 6„ Kmax obtained at di�erent e�ective loading rates under dis-
placement rate control compared to loading rate control for testing
conducted at 603 K.
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loading condition on the toughness of BMGs, as
discussed subsequently.

IV. DISCUSSION

Previous works[8,11,30…33] have not revealed a signi“-
cant e�ect of changes in loading rate on the fracture
toughness of Zr-based glasses at room temperature,
although changes in notch radius produce tremendous
increases in toughness.[7,8,11,28] However, the present
work shows signi“cant changes in the macroscopic
failure mode and toughness of the samples when tested
at di�erent temperatures and loading rate conditions, as
explained subsequently.

It has been well demonstrated that increasing the test
temperature decreases the viscosity of Vit 1,[34,35] so that
it behaves similarly to a viscous liquid where the
strength is loading rate and temperature dependent, as
shown in recent tension tests on this alloy.[20] The
present work further shows that the toughness and
macroscopic fracture mode at high temperature strongly
depends on the loading rate (i.e., local strain rate).
Wang et al.[36] established a deformation mechanism
map that delineated the boundaries between distinctly
di�erent failure modes in tension. They used the
following equation to arrive at a critical strain rate in
order to produce a change in mechanism from homog-
enous to inhomogenous ”ow[37]:

e
� ¼ A exp

�Ea

RT

� �
½1�

where
A = “tting parameter,
Ea = activation energy of deformation, and
R = gas constant (8.314 · 10-3 KJ/mol).
Wang et al.[36] showed that the di�erences in ”ow

behavior (i.e., homogenousvs inhomogenous) at di�er-
ent strain rates could be rationalized using this approach
across a range of temperatures and strain rates.
Although the present experiments were conducted on
sharply cracked samples,Figure 1 clearly shows a
transition in ”ow/fracture behavior from shear to mode
I as the e�ective loading rate increases, whether this was
conducted under displacement rate control or loading
rate control. Because of the similarity of observations
and realization that ”ow/fracture in the present pre-
cracked experiments are similarly controlled by the
temperature and strain-rate-induced changes to the
viscosity of the glass, this formula was used to estimate
the local strain rate that must be present in order to
produce the failure mode obtained for the various
testing conditions used presently. In the present case, the
homogenous deformation region is considered for the
samples that exhibited the macroscopic sheared fracture
surface (i.e., Figure 1(b)). In this regime, the e�ective
strength (i.e., viscosity) of the material must be low
enough to create such a large process zone that it
approaches the specimen thickness, thereby promoting
the through-thickness slant fracture. In contrast, the
mode I (i.e., ”at) fracture surface represents fracture
when the strength (viscosity) of the glasses is higher,
because the process zone is well within the thickness of
the sample and fracture occurs under nominally plane
strain conditions. The calculated strain rate values for
some of the testing conditions are shown in TableII ,
using the correlation provided by Wang.[36]

Alternately, changing the loading rate (i.e., e
�
) also

a�ects the viscosity of the BMG at di�erent tempera-
tures, as shown in previous work[20…38] on very similar
material. Previous work[38] showed a decrease in the
viscosity with increasing e

�
based on the following

equation:[39]

g=gN
¼ 1� exp � a

e
�
gN

 !b
0
@

1
A ½2�

Table II. Test Conditions, Failure Mode, and Calculated e
�
, g, and rY for the Tested Zr-Based BMG

Sample ID T (K) Test Type Testing Rate Failure Appearance Kmax (MPa m1/2) e
�

(s-1) g (Pa s) r (MPa) E (GPa)

7, 8 298 d
�

0.1 mm/min mode I 18.4 ± 1.4 „ „ 2000 100
11 298 100 mm/min mode I 20 „ „ 2000 100
BMGA5-1 603 0.5 mm/min shear 122 5· 10-4 1.5 · 1012 1425 40
BMGA6-1 603 d

�
5 mm/min mode I 89 2 · 10-2 3 · 1010 1800 80

BMGA8-1 603 P
�

31.5 lb/min shear 143 1.5· 10-4 3 · 1012 1350 40
BMGA10-1 623 5722 lb/min mode I 98 6· 10-2 1.1 · 1010 1980 80
BMGA9-1 623 d

�
5 mm/min shear 120 1.5· 10-3 3 · 1011 1350 40

BMGA11-1 10 mm/min mode I 67 2 · 10-1 3.3 · 109 2000 85

Fig. 7„E�ect of test temperature on Kmax at failure for Zr-based
BMG at di�erent temperatures and ELRs.
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where
g = viscosity,
gN = Newtonian viscosity, and
a and b = “tting parameters.
The viscosity for each temperature and strain rate

summarized for the present data in TableII was
obtained by using the relationship developed in previous
work (cf. Figure 8 in Reference 38).

We propose that the change in macroscopic fracture
from shear/slant to ”at/mode I is related to the size of
the plastic zone relative to the sample thickness. In order
to determine the plastic zone size at failure, the
estimated yield stress of the material was “rst calculated
using the following relationship between the yield stress
(r), viscosity (g), and strain rate (e

�
).[40] Values for e

�
and g

were calculated as discussed earlier, while the values for
r were calculated using Eq. [3].[40]

r ¼ 3g�e� ½3�

Samples that were tested at highe
�

or P
�

failed in ”at/
mode I manner, and the calculated e�ectivee

�
•s were

relatively high, ranging from 2 · 10-2 s-1 to 2 · 10-1 s-1.
The calculated g for these conditions of ”at/mode I
failure ranged from 3 · 1010 to 3.3 · 109 Pa s,

respectively. The combined e�ects ofg and e
�

provided
the calculated stresses shown in TableII , which are
consistent with recently obtained data under both
displacement-rate-controlled[20,38] and loading-rate-con-
trolled[20] experiments on this material. This information
is used in TableIII to calculate the plastic zone sizes at
Kmax and the critical thickness for plane strain condi-
tions, using ASTM standards.[24] The likely stress state
(i.e., plane r, plane e, and mixture plane r and e) at
failure is then presented based on these calculations and
compared to the macroscopic failure mode. TableIII
reveals that samples failing in shear (i.e., Figure 1(b))
consistently exhibited the highest toughness (i.e., Kmax),
while the calculated plastic zone sizes atKmax clearly
place these samples in planer. The plastic zone sizes at
failure in these samples approach the sample thickness,
thereby producing the classic shear mode shown in
Figure 1(b), along with the high toughness demon-
strated. In contrast, samples tested under nominally
plane strain conditions exhibited lower toughness (i.e.,
Kmax) and mode I failure, consistent with the smaller
plastic zone sizes at failure in these samples. Samples
exhibiting a mixture of plane r and plane e exhibited
toughness values intermediate between those in planer
and plane e, as shown in TableIII and summarized in
Figure 8; Figure 9 further plots the value of Kmax
against the ratio B/Bcrit as well asB/rp, where B is the
thickness of the samples tested (i.e., either 2.7 or 4 mm)
and Bcrit and rp are the critical thickness and plastic zone
size for plane strain[24] given theKmax and yield strength
of the material, also summarized separately in TableIII .
Consistent with the information provided in Figure 8,
Figure 9 reveals that the test conditions producing high
values of Kmax correspond to samples that have low
values ofB/rp and B/Bcrit, as expected. The lowest values
of Kmax correspond to samples that have high values of
B/rp and B/Bcrit , consistent with fracture toughness
values obtained under plane strain conditions.

The preceding analyses were primarily conducted
using theK standards provided by ASTM with regard to
the stress states likely present during the test as well as
the validity according to the ASTM standards. Because
of the large nonlinearity often exhibited and noncata-
strophic failure, the results were also analyzed using

Table III. Failure Mode and Calculated rp, Critical Thickness, and Stress State under Different Test Conditions

ID Conditions
Kmax

(MPa m1/2)
Plane e
rp (mm)

Planer
rp (mm) B (mm) Bcrit (mm) Stress State

Failure
Mode

7, 8 T = 298 K, 0.1 mm/min 18.4 ± 1.4 0.003 to 0.005 0.009 to 0.016 4 0.14 to 0.26 planee mode I
11 T = 298 K, 100 mm/min 20 0.005 0.016 4 0.3 planee mode I
BMGA1 T = 505 K, 0.05 mm/min 85 0.12 0.36 2.7 5.6 mixed planee/r mode I
BMGA2 T = 505 K, 0.01 mm/min 80 0.10 0.32 2.7 5 mixed planee/r mode I
BMGA4-1 T = 603 K, 0.05 mm/min 47 0.33 1.00 2.7 NA planer DNF
BMGA5-1 T = 603 K, 0.5 mm/min 122 0.40 1.20 2.7 19 planer shear
BMGA6-1 T = 603 K, 5 mm/min 89 0.13 0.39 2.7 6.2 mixed planee/r mode I
BMGA7-1 T = 603 K, 462 lb/min 85 0.20 0.60 2.7 9.4 mixed planee/r mode I
BMGA8-1 T = 603 K, 31.5 lb/min 143 0.60 1.80 2.7 28 planer shear
BMGA9-1 T = 623 K, 5 mm/min 120 0.42 1.26 2.7 20 planer shear
BMGA10-1 T = 623 K, 5722 lb/min 98 0.13 0.39 2.7 6.7 mixed planee/r mode I
BMGA11-1 T = 623 K, 10 mm/min 67 0.06 0.18 2.7 2.8 planee mode I
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Fig. 8„ Kmax vs calculated plastic zone sizes along with likely stress
state present at failure.
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ASTM-E992-84 in terms of the equivalent energy
method (i.e., KEE), as well as according to the standards
for J testing, ASTM-1820-99.[41] Table IV summarizes
the toughness data according toKmax, KEE, and Jmax.
The calculations for Kmax and KEE both reveal similar
trends for the magnitude of toughness under the
di�erent test conditions. However, the J-test standard[41]

is more lenient with respect to sample thickness require-
ments for validity, while Table IV summarizes theJmax
calculated for the given test conditions. According to the
J standard, the following samples exhibit valid data for
both the thickness and uncracked ligament criteria:
BMGA6-1, BMGA10-1, and BMGA11-1. The follow-
ing samples exhibit valid data for only the uncracked
ligament criteria: BMGA5-1, BMGA8-1, and BMGA9-1.
Trends in toughness (i.e., Jmax) similar to that obtained
for Kmax and KEE were exhibited (TableIV ).

The large di�erences in toughness and failure mode
obtained presently when tested under di�erent loading
conditions (displacement rate control vs loading rate
control) are broadly consistent with recent uniaxial
tension data conducted using similar temperature ranges
under both displacement rate and loading rate control.
In those experiments,[20] the strength, ductility, and
failure mode were strongly a�ected by such changes in
test conditions and rationalized based on the type of
”ow ( e.g., Newtonian and non-Newtonian) likely pres-
ent in the di�erent test conditions.

That work, [20] along with previous work,[38] used the
classic Spaepen plot[42] to rationalize the e�ects of

changes in test temperature and strain rate on the
transition from inhomogenous ”ow to homogeneous
”ow for uniaxial tension [20] and compression.[38] The
present work also demonstrates the important e�ects of
changes in test temperature, loading rate, and loading
conditions (i.e., displacement rate controlvs loading rate
control) on the toughness obtained on fatigue pre-
cracked samples for samples of “xed thickness. In the
present work, the changes in the loading conditions
a�ect the local strain rate at the crack tip, which thereby
a�ects the ”ow stress, deformation mechanism, and
viscosity of the glass in the crack-tip process zone. The
strain rates have been estimated in TableII , while
Figure 10 is a schematic fracture mechanism plot of
normalized toughnessvs normalized test temperature
for the samples tested presently at di�erent crack-tip
strain rates, somewhat analogous to the deformation
mechanism plot originally provided by Spaepen[42] and
more recent attempts to de“ne fracture mechanism maps
of crystalline solids.[43…47] In this regard, Figure 10 is an
initial attempt to illustrate the possible e�ects of changes
in crack-tip strain rate on the ratio: fatigue-precracked
fracture toughness,K, divided by the room-temperature
fracture toughness,KRT, at di�erent temperatures and
crack-tip strain rates for a “xed sample thickness. While
there are limited data at this time, and much more data
are needed over a wider range of strain rates, test
temperatures, sample thicknesses, and di�erent metallic
glasses, some general observations are clear upon
approaching Tg. Fatigue precracked samples tested at
su�ciently low strain rates will exhibit homogeneous
”ow at the crack tip to such an extent that extensive
crack-tip blunting and general yielding occurs without
any crack growth (Figure 1(a)). Samples tested at
somewhat higher strain rates (e.g., 10-4 to 10-3 s-1) will
exhibit through-thickness shear fracture and very high
toughness (i.e., region above the solid line) under plane
stress conditions due to the large plastic zone size in
comparison to the sample thickness (Figures 1(b), 8,
and 9). In this regime, increasing the strain rate (e.g.,
from 10-4 to 10-3 s-1) decreases the toughness obtained
in plane stress due to the change in ”ow stress and drop in
viscosity[48] at higher strain rates (TableII ). Continued
increases in the strain rate (e.g., from 10-2 to 10-1 s-1)
continue to decrease the toughness, as shown in
Figure 10, and produces a change from shear to mode I
failure, as discussed subsequently and shown below the
solid line in Figure 10.

Although samples tested at the highest crack-tip
strain rates (e.g., 2 · 10-1 s-1) still exhibited toughness
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Fig. 9„ Kmax vs B/Bcrit and Kmax vs B/rp along with likely stress state
present at failure.

Table IV. Comparison of the Toughness Results Using Different ASTM Standards

ID Conditions Kmax (MPa m1/2) KEE (MPa m1/2) Jmax (KJ/m 2)

BMGA5-1 T = 603 K, 0.5 mm/min 122 125 352
BMGA6-1 T = 603 K, 5 mm/min 89 83.5 140
BMGA7-1 T = 603 K, 462 lb/min 85 80 102
BMGA8-1 T = 603 K, 31.5 lb/min 143 215.8 474
BMGA9-1 T = 623 K, 5 mm/min 120 131 348
BMGA10-1 T = 623 K, 5722 lb/min 98 91.5 146
BMGA11-1 T = 623 K, 10 mm/min 67 64 71
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values well in excess of their room-temperature values,
fracture occurred under mode I conditions (Figure 1(c)).
This di�erence between the high toughness shear frac-
ture (i.e., Figure 1(b)) described previously and that
obtained in mode I (i.e. Figure 1(c)) arises due to the
signi“cant change in viscosity of the glass and the
increase in local ”ow stress due to the high local strain
rate, without a corresponding increase in the local
fracture strain. This reduces the plastic zone size at
fracture and, hence, the toughness. Decreasing the strain
rate in this regime (e.g., from 10-1 to 10-2 s-1) produces
an increase in the toughness with fracture still occurring
under mode I conditions (i.e., Figure 1(c)). This appar-
ently arises from the combined e�ects of the somewhat
increased viscosity of the glass and decreased local ”ow
stress (due to the lower strain rate) and increase in the
local strain at failure produced by the larger plastic zone
size (TableII ). Conducting tests at crack-tip strain
rates over a wider range of strain rates and tempera-
tures as well as those at much higher strain rates (e.g.,
>10 -1 s-1) would be useful in completing this portion of
the map in order to investigate the transition in fracture
mechanism (i.e., shear vs mode I) and toughness, in
addition to determining the limit to toughness at high
temperatures in the high-strain-rate regime. Such exper-
iments are planned.

V. CONCLUSIONS

The e�ects of changes in test temperature and loading
rate conditions (i.e., displacement rate controlvs loading
rate control) on the toughness and failure mode of a Zr-
based BMG have been determined. Signi“cantly di�er-
ent values for the toughness and failure mode were
obtained for samples tested at the same temperature
near Tg but di�erent loading conditions ( i.e., displace-
ment rate control vs loading rate control). These were
rationalized by using recently obtained information on

the e�ects of changes in test temperature, strain rate,
and loading conditions (i.e., displacement rate controlvs
loading rate control) on the ”ow and fracture of these
materials.[20,38]

Samples tested under conditions of plane strain at
room temperature (i.e., signi“cantly below Tg) exhibited
the lowest toughness values and were not signi“cantly
a�ected by changes in loading rate over the range
examined. Samples tested at elevated temperatures
exhibited signi“cant e�ects of loading conditions (i.e.,
displacement rate controlvs loading rate control) as well
as changes in loading rate on the magnitude of toughness
and extent of stable cracking measured. The signi“cant
drop in ”ow stress and change from intense shear to
more homogeneous ”ow at elevated temperature pro-
duced such extensive crack-tip blunting that noR-curve
or additional cracking was measured at the slowest
displacement rate at 603 K. However, increases to the
displacement rate or loading rate produced changes to
the viscosity of the glass and increased the ”ow stress of
the material in the crack-tip region to such an extent that
fracture and R-curve behavior at elevated toughness
were often observed. The magnitude of toughness and
extent of stable crack growth were a�ected by test
temperature as well as loading conditions (i.e., displace-
ment rate control vs loading rate control) and loading/
displacement rate. Transition from higher toughness
through-thickness shear fracture to mode I failure at
reduced toughness occurred upon increasing the strain
rate su�ciently. A normalized plot of toughness vs test
temperature was constructed in order to delineate the
di�erent fracture regimes exhibited.
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Fig. 10„Preliminary fracture mechanism map for LM-1 tested at
2.7-mm thickness under the conditions shown. Individual data points
shown along with transition from higher toughness (shear fracture)
to lower toughness mode I fracture. Solid line delineates approxi-
mate position of transition.
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gN Newtonian viscosity
e
� strain rate (s-1)
ELR e�ective loading rate (mm/min)
Tg glass transition temperature (K)
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