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The correlation between X-ray scattering structure factor and shear bands density of a

metallic glass and a composite
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The tensile fractured surfaces of ZrTi-based bulk metallic glass and composite samples were studied
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using synchrotron X-ray total scattering. The scanned areas contain different shear bands densities.
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The shear bands create localized atomic strains, which in turn cause more ordered atomic structures.
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Such structural changes were reflected in the scattering structure factor, i.e. the higher the density
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of the shear bands, the higher the scattering structure factor. Similar phenomenon was also found in

the metallic glass composite.
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1. Introduction

Design and development of novel amorphous alloys and bulk metallic glasses (BMGs) have

been the center of research in physics, materials, and engineering communities around the world for

many years [1]. Although BMGs have unique physical and chemical properties with high

mechanical strengths [2], most of them may have near zero tensile ductility at room temperature [4,

5]. During plastic deformations of BMGs, the nucleation of shear bands and their inhomogeneous

propagation play a dominant role in determining their plasticity and ductility [5]. In the past 10-15

years, researchers have used electron or X-ray based imaging and scattering techniques to study the

in-situ deformations of BMGs and BMG composites (BMGCs) in compressive, tensile, or shearing

in order to understand the relationships between the nucleation and propagation of shear bands and

the resultant changes in structure at atomic and nanometer scale [5-7]. For example, Shahabi et al.

found that the shear strain plays important role in triggering the nucleation of more shear bands

from a mature shear band, using high energy X-ray beam [8]. Sun et al. found that, although BMGs

are generally considered as isotropic materials, they could behave anisotropically as the results of

manufacturing or deformation [9]. Mattern and Wang et al. reported that atom reorientation in the

first nearest-neighbor shell resulted in anisotropy near the shear band region [6, 10]. Tensile and

bending deformation induced crystallization behaviors were also reported in a Zr-based BMG [11],

in an Al-based [12] and a Pb-based metallic glass ribbons [13].
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Researchers in Mi’s group have conducted a series of in-situ tensile experiments on BMGs [5]

and BMGC [7] using electron imaging and synchrotron X-ray diffraction techniques. The general

objective of the research is to investigate and understand the evolution of atomic structures, and the

nucleation and propagation of shear bands under different stress and strain fields. In this paper, we

reported some new findings from the above research, and we found that there is strong correlation

between the synchrotron X-ray scattering structure factor and the density of shear bands after

deformation, a very interesting phenomenon that applied to both BMGs and BMGC samples.

2. Experimental

Classical ZrTi-based BMG alloy Vitl (with the normal composition of
Zr412Ti13.8Cu12.5NijoBerz s, at. % [14]) and BMGC (Zr39.6Ti33.0Nb7.6Cus 4Bei2.s, at. % [15]) were used.
The making of the alloy samples and related tensile test are described in details in [7, 16]. Herein,
an array of synchrotron X-ray scattering patterns was collected from the fractured samples on the
locations where shear bands were present. The detailed experimental and data processing are shown

in Supplementary Material.

3. Results and discussion

Fig. 1a and c show the SEM images of the fractured surface of BMG and the BMGC samples,

respectively. A 0.4 mm diameter hole at the center of the BMG, and a 0.125 mm radius notch at the

edge of the BMGC were drilled as the stress concentrators to initiate shear bands. The framed areas

in Fig. 1a and ¢ were enlarged and shown in Fig. 1b and d. The red circles in Fig. 1b and d indicate

the locations where the X-ray scatterings were taken. P1 to P6 mark the circles in the BMG sample,

while PC1 to PC6 for the BMGC sample. Each circle represents the synchrotron X-ray spot size

with a diameter of 70 um used. The first peak of the structure factors S(Q) for each circle was

enlarged and then put together to show their relative difference as illustrated on Fig. 1b and d.
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Fig. 2a shows the structure factor S(Q) of measured Vitl BMG sample marked in Fig. 1c, and
Fig. 2b shows the enlarged view of the region near the first peaks. It is very clear that the peak
intensity for each location is different and P1 has the highest value, followed by P2 to P6. The first
peaks of the S(Q) are reproduced, enlarged and then superimposed onto Fig. 1b. The relative
increase in the peak value is also calculated using the lowest one (P6) as the baseline. The first peak
intensity diffracted at P1 is increased by 7.4%, and that at P2, P3, P4, P5 is increased by 6.4%, 5.7%,

5.6%, and 3.1%, respectively.

Fig. 1b also shows that the numbers of shear bands at P1 to P6 are gradually decreased. This
paper defined the shear band density (SBD) as the ratio of the measured total length of the shear
bands within the red circle to the area of that circle. From P1 to P4, the SBD was 33.9, 21.6, 13.3,
and 3.0 mm', respectively. No visible shear bands were found at P5 and P6 in the SEM image, so
zero SBD was used for these two locations. Clearly, the higher the SBD, the higher the first peak of

the X-ray scattering structure factor.

Fig. 2c shows all reduced pair distribution function (PDF), G(r), for the 6 locations in the BMG.
Fig. 2d shows the enlarged view, and they are all around 3.04 and 3.05 A. The peak value (A?) is
3.57,3.52,3.49, 3.47, 3.35, and 3.20 for P1 to P6, respectively. The G(r)s show that the P1 has the

highest peak value, while P6 has the lowest.

Similar phenomena were found in BMGC sample. Fig. 2e shows the S(Q) for BMGC sample
[7] (Fig. 1d), and the enlarged view is shown in Fig. 2f. Clearly, the peak values decrease from PC1
to PC4 (Fig. 1d). From the SEM image, the degree of plastic deformation decrease from PC1 to

PC4. As reported in [7], in the region close to PC4, the mark 1 and 2 in the inset of Fig. 3b show
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that the shear bands passed the crystalline dendrites and glass matrix. Although it is difficult to count

and calculate the SBD because of the two phase tangled together, at PC4, the degree of plastic

deformation is the least one among the six circles. Meanwhile, at PC1, PC2 and PC3 the degree of

deformation are much higher, resulting in much higher first peaks. The boundary between crystal

and glass matrix can be regarded as a mark, which correlate to the degree of plastic deformation.

For undeformed region, referring to the top-left corner of Fig. 1d, the boundaries are clear and

distinct. In deformed regions, the boundary will become blurred. Because of the clear boarder and

image, we can make conclusion that PC4 is the least plastic deformed one among these six circles.

4. Conclusion

In summary, synchrotron X-ray was used to scan the fractured surfaces of BMG and BMGC

samples which contain different SBDs. A strong correlation between SBD and the resulting

scattering structure factor was found, i.e. the higher the density of the shear bands, the higher the

X-ray scattering structure factor. The similar regularity was found in BMGC sample.
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Figures

Fig. 1. (a) a SEM image of the fractured Vitl sample, (b) the enlarged view of the framed area

in (a), showing the shear bands, and the red circles, marked P1-P6, representing the locations where

synchrotron X-ray diffraction were taken. The first peak of the structure factor, S(Q), for each circle

was enlarged and then put together to show the relative difference for different locations. (c) a SEM

image of fractured ZrTi-based BMGC sample, (d) the enlarged view of the framed area in (c),

showing an obvious plastic deformation, and the red circles, marked PC1-PC6, showing the

locations where synchrotron X-ray diffraction were taken. Similarly, the first peak of the structure

factor, S(Q), for each circle for BMGC was superimposed on Fig.1d.
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Fig. 2. (a) the structure factor, S(Q), for the red circles in Fig. 1b on the BMG sample, (b) the enlarged view for

the region near the first peaks of the S(Q) in (a), (c) the corresponding reduced PDFs, G(r), calculated based on the

S(Q) in (a), (d) the enlarged view of the first peaks of the G(r) in (c), (e) the structure factor, S(Q) for the ZrTi-based

BMGC within the red circles marked in Fig. 1d, and (f) the enlarged view of their first sharp peak.

Fig. 3. (a) the correlation between the first peak of the structure factor, S(Q) and the SBD for

the BMG sample, (b) a typical shear band behavior, passing through crystalline dendrites and glassy

matrix in the BMGC sample, and the inset showing the enlarged images of the rectangular area.
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