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Abstract Bulk Zr60Cu20Pd10Al10 amorphous alloy was

rolled at room temperature up to 96% reduction in thick-

ness without fracture. The changes of microstructure and

hardness during rolling deformation were investigated by

X-ray diffraction, differential scanning calorimetry, high-

resolution transmission electron microscopy, and microh-

ardness measurement. It is revealed that the rolling

deformation causes the quenched-in nuclei in the glass to

grow slowly before a deformation degree of 90%. Sub-

stantial nanocrystallization occurs at higher deformation

degree, where the softening induced by shear bands can

even be compensated by the nanocrystallization.

Introduction

Bulk amorphous alloys have many unique properties, such

as superior strength and hardness, excellent corrosion

resistance, shaping and forming abilities in a viscous state,

reduced sliding friction, improved wear resistance, and low

magnetic energy loss [1, 2]. Amorphous alloys are meta-

stable materials. Under the actions of external factors (e.g.,

mechanical force), their atoms may rearrange into new

structure, revealed through molecular dynamics simula-

tions by Murali et al. [3]. Therefore, it is important to

examine the stability of the amorphous alloys against

plastic deformation for their safe application.

It is known that the plastic deformation of amorphous

alloys is homogeneous at low stress and high temperature,

but inhomogeneous at high stress and low temperature [4].

During inhomogeneous deformation shear bands with much

free volume were introduced in the amorphous alloys, which

enhance the disorder of the materials [5–9]. For example,

Inoue [10] has noticed that when Zr53Ti2Al10Ni5Cu30

amorphous alloy was rolled up to about 90% reduction in

thickness, no appreciable fringe contrast region corre-

sponding to crystalline phases could be seen in the deformed

sample. On the other hand, the rise of the free volume content

enhances the atomic diffusion, and nanocrystallization may

be triggered. Plastic deformation-introduced nanocrystalli-

zation has been revealed in many amorphous alloys [11–14].

So far, it cannot be well predicted that an amorphous alloy

will become more disordered or ordered during plastic

deformation. Experimental investigation of the structural

evolution of the amorphous alloy with deformation degree is

still necessary. In the article, we present the microstructure

and hardness changes induced by cold rolling in the bulk

Zr60Cu20Pd10Al10 amorphous alloy.

Experimental

The master ingots were prepared by arc melting a mixture

of pure Zr (99.9%), Cu (99.98%), Pd (99.99%), and Al

(99.99%) metals under a Ti-gettered argon atmosphere.

The ingot was inverted and remelted six times to ensure its

compositional homogeneneity and then suck cast into a

water-cooled Cu mold. The obtained plates were cut into

specimens of 10 mm length, 2 mm width, and 1 mm

thickness for rolling. The rolling apparatus consists of two

rollers with a diameter of 100 mm. Covered by two steel

plates with 1 mm original thickness, the specimen was
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rolled repeatedly in one direction until the desired defor-

mation degree was obtained. The deformation degree was

denoted by the reduction in thickness e ¼ ðh0 � hÞ=h0;

where h0 and h represented the specimen thickness before

and after rolling, respectively. Many small deformation

passes were used with a progressively narrowing gap

between the two rollers. The decrease in the gap during

deformation was carefully controlled so that the strain rate

kept about 5.0 9 10-2 s-1.

The structure of the specimen subjected to different

deformation degrees was examined by X-ray diffraction

(XRD) with monochromatic Cu-Ka radiation. Thermal

analyses of both the as-cast and the as-rolled specimens

were performed in a Perkin–Elmer Pyris Diamond differ-

ential scanning calorimetry (DSC) instrument under a flow

of purified argon. The heating rate is 20 K/min. A JEOL

JEM-2100F high-resolution transmission electron micros-

copy instrument was used to examine the microstructures.

The selected area electron diffraction (SAED) was per-

formed on an area of 1 lm diameter. The microhardness of

the specimen was measured by an HDX-1000 digital mi-

crohardness tester, which consisted of a square-based

pyramidal diamond indenter with a 136� angle between

two opposite faces. The static load was 100 g and the dwell

time of loading was 15 s. Twenty indentations were made

for each specimen.

Results

Thickness reduction as high as 96% was achieved during

the rolling deformation. The specimen with such a high

deformation degree has no cracks, and still exhibits a good

ductility shown by a 180� bending without fracture. No

crystalline phases were detected by XRD in the as-cast and

as-rolled Zr60Cu20Pd10Al10 specimens, as shown in Fig. 1.

By fitting the broad diffraction peak located at 2h & 38�
using the Lorentz analysis, it becomes clear that the value

of the full width at half-maximum (FWHM) increases by

5.2% from the as-cast to the rolled specimen with e ¼ 90%
and then decreases by 1.4% from e ¼ 90% to e ¼ 96%

(Fig. 2).

Figure 3 shows the DSC curves of the as-cast specimen

and the rolled specimen. The crystallization takes place

through two stages. When e increased from 0 to 96%, both

the peak temperatures of the first and second exothermic

reactions, TP1 and TP2, remain almost unchanged. Figure 4

shows the enthalpy of the two reactions, DH1 and DH2.

DH1 decreases slowly with the increasing in e: An obvious

decrease in DH1 occurs in the range of e from 90 to 96%.

The magnitude is about by 1.9%. In contrast, DH2 remains

unchanged during deformation, which indicates that the

rolling has no influence on the second crystallization event.

Moreover, during rolling, the enthalpy at the glass transi-

tion (denoted as DH, calculated by integrating the heat flow

between 500 and 670 K) was found to be reduced by 33%

(e ¼ 0; DH = 4.02 J/g; e ¼ 90%; DH = 2.70 J/g). This

phenomenon was ascribed to the formation of nanovoids,

which might lead to the reduction of the free volume [15].

The TEM images and SAED patterns of the as-cast

specimen and the rolled specimen with thickness reduction

of 96% are shown in Fig. 5. The bright-field TEM image of

the as-cast specimen exhibits a uniform featureless contrast

(Fig. 5a). The inset is the corresponding SAED pattern, in

which no diffraction haloes or spots reflecting crystalline

phases can be found. All these verify the amorphous nature

Fig. 1 Typical XRD patterns of the as-cast and rolled amorphous

Zr60Cu20Pd10Al10 alloy

Fig. 2 FWHM of the amorphous Zr60Cu20Pd10Al10 alloy as a

function of e
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of the as-cast specimen. Figure 5b shows the high magni-

fication image of Fig. 5a, which is also amorphous. In the

specimen rolled up to e ¼ 96%; some dark precipitates

appear in and around the shear band (Fig. 5c). In the SAED

pattern diffuse rings originating from the amorphous matrix

and some sharp diffraction rings and dots can be observed,

indicating occurrence of nanocrystallization. Figure 5d

shows the high magnification image of Fig. 5c, which

possesses obvious lattice fringes. As the preparation process

of all the TEM foils is strictly controlled, the possibility that

the precipitates in the TEM foils result from the improper

operation in preparation or the excessive radiation of the

electron beam can be excluded. So the rolling at room

temperature has induced nanocrystallization.

Figure 6 shows the microhardness at different reduc-

tions in thickness. It first decreases quickly from the as-cast

value 5.65 to 4.86 GPa for e ¼ 40%; and then decreases

slowly in the range of e ¼ 40% to e ¼ 90%: Beyond e ¼
90%; it increases from 4.82 to 5.00 GPa drastically.

Discussion

The amorphous Zr60Cu20Pd10Al10 alloy was rolled using

multiple passes at a small amount of thickness reduction

per pass, so as to get large reductions in thickness and

minimize any thermal effect during deformation. When a

metal is cold deformed, part of the mechanical energy is

stored in the form of defects. For amorphous alloys, the

consequence is an increase in the free volume in the shear

bands, due to which FWHM constantly rises before

e ¼ 90%:

During inhomogeneous deformation the strain in the

shear band is very high, while that in the areas far from the

shear band is near zero. As preexisting shear bands are the

weak links in the deformed amorphous alloys, as evidenced

by the direct observation that they are preferentially etched

[16] and exhibit different electron diffraction contrast from

the undeformed material [17, 18], some shear bands may

undergo repeated slippages during the subsequent defor-

mation while new shear bands form. Correspondingly the

microstructure change during rolling preferentially occurs

inside or around the shear bands.

For the Zr–Cu–Pd–Al systems, the heat of mixing of Zr–

Pd is -91 KJ/mol, being considerably more negative than

those of the other atom pairs (the values of Al–Pd, Zr–Al,

Zr–Cu, Cu–Pd, Cu–Al are -46, -44, -49, -14, -1 KJ/

mol [19], respectively). Thus, Pd has strong attractive

interaction with Zr. This may lead to the formation of short

range order (Zr, Pd) domains in liquid state. When the

liquid is cooled below the liquidus temperature, the size of

the domains may further enlarge and finally the short-range

order (Zr, Pd) rich domains remain as quenched-in nuclei

in the amorphous phase [20]. It was reported that when the

Zr60Cu20Pd10Al10 amorphous alloy was annealed near the

glass transition temperature (Tg) or at higher temperatures,

the Zr2(Cu, Pd) nanocrystalline microstructure occurred

[10]. The nanocrystallization was thought to be a result of a

high density of quenched-in nuclei. The Zr–Pd atomic

cluster seemed to act as preferential nucleation sites of

Zr2(Cu, Pd) phase. The subsequent growth reaction of the

Zr2(Cu, Pd) phase was sluggish because of the necessity of

the redistribution of Al element into the remaining amor-

phous phase, the increase in the thermal stability of the

remaining amorphous phase, and the enrichment of Al

element at the amorphous/Zr2(Cu, Pd) interface [21]. The

growth of the quenched-in nuclei during deformation can

be revealed by Fig. 4. The continuous decreasing of DH1

shows the nuclei existed in the as-cast specimen grow as

rolling deformation proceeds. A rapid growth of the nuclei

Fig. 3 DSC curves of the amorphous Zr60Cu20Pd10Al10 alloy

Fig. 4 The dependences of DH1 and DH2 on e
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occurs at e beyond 90%, thus nanocrystals with enough size

to detect happened in the rolled specimen of e ¼ 96%:

Such a nanocrystallization even leads to an obvious

decrease in the FWHM.

Inhomogeneous deformation is characterized by the

formation of localized shear bands. The formation of shear

bands in amorphous alloys must be associated with work

softening behavior. The decrease in hardness from e ¼ 0%

to e ¼ 90% can be contributed to the formation of the shear

bands. On the other hand, nanocrystallites can often

strengthen the amorphous matrix, as in nanocrystalline/

amorphous matrix composites produced by thermal route

[22–24]. The nanocrystallization induced by deformation

makes the microhardness increase. The rise of the hardness

when e changes from 90 to 96% reflects that the nano-

crystallization has been enough to compensate for the

softening induced by shear bands.

Conclusions

The quenched-in nuclei in the Zr60Cu20Pd10Al10 amor-

phous alloy grow continuously during rolling deformation.

However, the rise of free volume associated with shear

bands formation dominates the structural and hardness

changes before e ¼ 90%: As a result, the FWHM con-

stantly rises and the hardness decreases. As e exceeds 90%,

nanocrystallization substantially occurs, which makes the

FWHM decrease and the hardness increase.

Fig. 5 TEM bright-field images

and selected area diffraction

patterns of the as-cast specimen

(a), the rolled specimen with

thickness reduction of 96% (c);

b and d are the magnified TEM

images of (a) and (c),

respectively

Fig. 6 Microhardness change with e for the amorphous Zr60Cu20

Pd10Al10 alloy
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