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Abstract The fracture behaviour of Mg65Cu25Y10 bulk

metallic glass (BMG) during room-temperature three-point

bending was investigated. The BMG was initially produced

by casting into a wedge-shaped mold which generated an

amorphous structure below the ~4 mm thickness zone of

the wedge. Three-point bend testing was then carried out

on the BMG with the fracture angles and salient features of

the fracture surfaces examined by scanning electron

microscopy. Observations indicate that this type of defor-

mation mode results in fracture via crack propagation from

both surfaces of the samples where the tensile and com-

pressive stresses are greatest. The direction of crack

propagation was also found to deviate considerably from

45� to the length direction of sample. A scanning electron

microscopy (SEM) study of the fracture surfaces indicated

that deformation banding was a feature of crack propaga-

tion within compressive zone whereas the tensile zone

generated a featureless surface characteristic of brittle

failure. The mechanism of failure of the present alloy is

discussed on the basis of the observed features on the

fracture surfaces and the direction of propagation of cracks

during failure and compared with the failure mechanism of

samples fractured under both simple tension and

compression.

Introduction

Bulk metallic glasses (BMGs) have shown potential as

structure materials due to their attractive mechanical prop-

erties, but several practical applications are limited by their

lack of plasticity [1]. The deformation and fracture behav-

iour of metallic glasses has been widely investigated [1–12].

In general, the plastic deformation of a metallic glass is

localised within narrow shear bands, followed by the rapid

propagation of these bands leading to sudden fracture. Under

a compressive load, metallic glasses deform and fracture

along localised shear bands and the fracture angle between

the compressive axis and the shear plane, hC, is generally

less than 45� (42–43�) [12]. However, under tensile loading,

the fracture angle between the tensile axis and the shear

plane, hT, is generally found to be larger than 45o, and in the

range of 50–65�, with an average value of 56� [12].

Zhang et al. [12] recently investigated the compressive

and tensile fracture behaviour of a Zr59Cu20Al10Ni8Ti3
BMG and observed a deviation of crack propagation from

45� of both hC and hT. Such an effect was argued to be a

result of a combined effect of the normal and shear stresses

on the fracture plane during crack propagation. Conse-

quently, fracture in these and other materials does not

appear to occur along the maximum shear stress plane

under both compressive and tensile loading. It is pertinent

to note, however, that less research has been carried out on

the fracture behaviour of BMGs during deformation pro-

cesses that generate both principal compressive and tensile

stresses in a given sample. In cases such as tensile defor-

mation of notched samples [11], the complex stress state

generated within the sample may strongly influence the

deformation and fracture behaviour of the BMG [11].

Recent work has shown that Mg-based amorphous

alloys can be produced in rod form with a diameter of up to
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~4 mm by conventional casting methods [13]; a discovery

that is expected to stimulate further research into this new

type of high-strength bulk lightweight alloy. A useful

outcome of the discovery of Mg-base BMGs is their large

supercooled liquid region (DTx) which can be exploited to

allow for large strain deformation processing, since this

temperature interval can result in superplastic deformation

by ideal Newtonian flow [14, 15]. Nevertheless, very little

has been published concerning the deformation behaviour

of Mg-base BMGs at room temperature, particularly in the

presence of a complex stress state. In the present paper,

three-point bending was carried out on an amorphous

Mg65Cu25Y10 alloy at room temperature to investigate its

fracture behaviour under a more complex deformation

condition than is associated with both simple tension and

compression.

Experimental procedure

An alloy of composition (at.%) Mg65Cu25Y10 was pro-

duced in ingot form by melting high purity magnesium

(99.98 wt.%) and a Cu–Y master alloy in an electrical

resistance furnace in an argon atmosphere. The Cu–Y

master alloy was initially prepared by arc melting high-

purity copper and yttrium (99.99 wt.%). Wedge-shaped

samples [16] of a width of 40 mm were prepared by con-

ventional mold casting. Previous work has shown that, for

this alloy composition, the maximum thickness of the

casting that generates a completely amorphous state is

~4 mm [17] which is similar to that observed for

cylindrical castings [13].

The as-cast samples were sectioned below the 4 mm

thickness zone of the wedge and machined and polished to

produce rectangular samples of size 15 mm · 2 mm

· 1 mm. A Philips X1400 X-ray diffractometer was used to

examine the phase constituents of samples after casting. In

order to eliminate the probable influence of surface oxida-

tion, all the samples were mechanically polished before

carrying out XRD. Five specimens were prepared for three-

point bend testing using a MTS servohydraulic testing ma-

chine at a punch velocity of 5 · 10)4 m/s. A schematic

diagram of the bending procedure is shown in Fig. 1. The

fracture angles, i.e., the angles between the loading axis, as

well as the fracture surfaces were examined by scanning

electron microscopy (SEM) using a Hitachi S4500 field

emission gun (FEG) SEM.

Results and discussion

Figure 2 shows a typical XRD spectrum of an as-cast

sample which is similar in form to several other

investigations [13, 16, 17] and confirms that the alloy is

amorphous. Recent work has shown that this amorphous

structure crystallizes to produce a successive range of

crystalline phases including Mg2Cu, Mg24Y5 and Cu2Y on

reheating [17].

Unlike uniaxial tension and compression, three-point

bending induces a high gradient in stress state through the

thickness of the sample whereby the face of loading

experiences a compressive stress but which decreases to a

neutral point at the mid-thickness of the section where the

transverse shear stress is maximum through to a pure ten-

sile stress at the opposite face [18]. Figure 3 is a typical

load–displacement curve of the three-point bend test of

Mg65Cu25Y10 BMG. The load–displacement curve is linear

up to the point of failure, which indicates elastic defor-

mation is predominant, but this is followed by a small drop

in load prior to failure. The bend strength of this specimen

was calculated to be ~560 MPa, which is close to the

tensile strength of the alloy. Figure 4 shows an SEM

micrograph of the transverse section of a sample fractured

during mechanical testing. The surfaces are shown by the

dashed horizontal lines with the direction of crack propa-

gation relative to the sample surfaces clearly seen. The

diagram in Fig. 4b is a schematic of the entire fracture

surface showing the areas examined by SEM (A–D). For a
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Fig. 1 Schematic diagram of the experimental set-up for three-point

bend testing
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Fig. 2 XRD spectrum of the as-cast alloy taken below the 4 mm

thickness point of a casting produced in a wedge-shaped mold

showing the characteristic profile of an amorphous alloy
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given failed sample, the crack angle was found to change

through the thickness direction of test piece. Figure 4a

shows a typical example where the angle between the

fracture surface and the axis of loading was ~80–90o at the

opposite face to loading (bottom surface) which deviates to

20–40� at the top surface. The values of h in bending

therefore differ to that for a range of metallic glasses in

pure tension (hT = 50–65�) and pure compression

(hC = 42o) (see e.g. Tables 1 and 2 in ref. 12) and confirms

the complex stress state during bending. Overall, a crack is

most likely to initiate at the surface that experiences a pure

tensile stress state and will propagate perpendicular to the

surface [19]. Due to the compressive stress state within the

upper half of a sample, the crack appears to deviate to-

wards 45� to the load axis, which is the expected value for

pure compressive deformation of a material that follows

the von Mises criterion [18]. In three-point bending tests,

the first fracture results from the interaction between the

gradient of the stress field induced and the distribution of

the fracture stresses through the test specimens [19].

Figure 5 shows a series SEM micrographs of a region

that experiences a compressive stress state (region A–C in

Fig. 4b). Figure 5a, b show the general morphology of

the fracture surface where striations associated with

deformation banding are evident. The deformation bands

are similar in morphology to that observed by He et al. [20]

in Zr-base BMGs deformed in compression and have the

form of localised protuberances (arrowed in Fig. 5b) with a

band spacing of up to 20 lm. Figure 5c and the higher

magnification micrograph of Fig. 5d show a deformed step

in region B with deformation bands. Figure 6 shows some

further SEM micrographs taken at region C which clearly

shows localised deformation banding. SEM micrographs of

a region that experiences a tensile stress state (D) are

shown in Fig. 7. In this region, the fracture surface is

characterised by an essentially featureless morphology but

Fig. 7b shows the presence of fine striations on the fracture

surface.

Similar to amorphous alloys in the form of thin ribbons,

BMGs often fail at low deformation temperature through

the formation of shear bands which propagate catastroph-

ically due to material’s lack of structure that characterises a

dislocation-containing crystalline metal which can undergo

extensive plastic deformation and work hardening [21].

Early work on the fracture behaviour of metallic glasses

showed that voids and vein patterns were usually present

on the fracture surfaces, which implies that flow processes

are active which may subsequently result in fracture by

microvoid coalescence [7–10]. However, no evidence of

voids or vein-like patterns was found in the fractured

samples of the present Mg alloy following three-point

bending. The notable features of the fracture surface,

particularly in the compressive region (Fig. 5), indicate
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Fig. 3 Load–displacement curve from a typical three-point bend test

of the BMG, tested at a punch velocity of ~5 · 10)4 m/s
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Fig. 4 (a) SEM micrograph of the side view of a fractured sample

after testing indicating the direction of crack propagation as a function

of stress state (tensile at the top and compressive at the bottom). (b)

Schematic diagram of the fracture surface where A–D are indicated in

the text
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that substantial localised deformation banding occurs. Such

a phenomenon is probably a consequence of the high

strength, large elastic energy and low melting temperature

of this amorphous alloy which are common characteristics

of some BMGs [20].

Under compressive loading, there is evidence that the

deformation bands that form can partially melt [11, 20]

which may result in a condition of reduced friction

between the sliding surfaces. The partial melting observed

by He et al. [20] was argued to be a result of the high

Fig. 5 SEM micrographs of the

fracture surface in (the

compressive) region A (a and b)

and B (c and d) of Fig. 4b

showing various deformation

features

Fig. 7 SEM micrographs of the fracture surface in (the tensile)

region D of Fig. 4b showing an essentially featureless morphology
Fig. 6 SEM micrographs of the fracture surface in region C of

Fig. 4b
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local increases in temperature during deformation due to

the characteristic high strength and large elastic strain

energy of BMGs. It has been shown that the temperature

rise (DT) associated with the propagation of a crack tip

may be well up to 280 �C which is dependent on the

thermal expansion coefficient, bulk modulus and local

stress state of the material [11, 22, 23]. It has also been

reported that deformation-induced nanocrystallization can

occur in an Al-based amorphous alloy at temperatures

below ambient [24]. For the present alloy, the glass

transition, crystallization and melting temperatures are

~140 �C, ~200 �C and ~450 �C, respectively [17]. Hence,

the temperature rise within a deformation band may result

in either Newtonian plastic flow [18] or melting due to

the high local stress state at the crack front. Under con-

ditions of either localised melting (>Tm) or Newtonian

plastic flow (>Tg), the normal stress will subsequently

decrease via the decrease in friction which will subse-

quently increase the ease of sliding of the fracture sur-

faces. Hence, it is likely that the angle between the

loading axis and the sliding direction, h, will be sub-

stantially decreased. As hdecreases, however, the effective

shear stress,s, will also increase thereby reducing the ease

of sliding. The optimum condition will result in a value of

h somewhat below 45o due to the decrease in friction

whereas s increases by only a small value. Under tensile

loading, however, the initiation of failure occurs at an

effective shear stress, s, which is essentially the same

value as for compression [12]. The difference both in the

direction of crack propagation and fracture surfaces

between regions of sample undergoing either compressive

and tensile loading is that, in the latter, cores and veins

may be produced at a certain normal stress with eventual

failure occurring under a co-operative combination of

shear and normal stresses [12]. It is likely that crack

initiation occurs in the vicinity of the tensile surface of

sample during bending with the stress state across the

flexing sample no longer comparable with the uncracked

state. Hence, the crack-tip stress fields are expected to

govern the crack path. It is pertinent to point out, how-

ever, that the crack-tip stress will be affected by the

loading stress in the specimen [25–29]. Therefore, bend-

ing may result in crack initiation on one or both sides of

the sample, as indicated in Fig. 1, that results in crack

propagation at an angle of ~90� on the tensile side that

approaches less than 45� on the compressive side of the

sample.

Conclusions

A Mg65Cu25Y10 BMG was produced by casting into a

wedge-shaped mold which generated a completely amor-

phous structure in the alloy for section sizes below

~4 mm. The ambient temperature deformation behaviour

of the BMG was studied by three-point bend testing. The

following conclusions can be made: (i) unlike pure ten-

sion or compression, there is a considerable deviation of

the crack angle from 45� to the stress axis for both the

compressive and tensile sides of the sample; (ii) There is

evidence of plastic deformation on the side of the sample

that experiences a compressive stress state, as character-

ised by deformation bands on the fracture surface which

is possibly a result of the high strength, large elastic

energy and low melting temperature of the Mg-base

metallic glass, and (iii) For a range of samples, crack

propagation followed a consistent path, which provides

evidence that the final fracture plane is a result of the

interaction between the gradient of the stress field and the

distribution of the fracture stresses through the test

specimens.
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