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Abstract

The influence of shear in the atomic structure of ternary CussZrssAlg metallic glass
was studied at different temperatures by molecular dynamics (MD) simulation. At
temperatures above and below the glass transition temperature the system was subjected to
a shear deformation cycle; the shear deformation was carried in the [100] direction and then
the original geometry was recovered. The system was analyzed in three states: initial state
(before deformation), deformed state (sheared) and final state (recovery). The different
states obtained by the atomistic simulations were examined by computing the directional
pair distribution functions (dPDF) in the coordinate planes. The results showed by dPDFs
of the planes perpendicular to the coordinate axis are apparently isotropic. However, the
dPDF disengage when computed perpendicular to rotated axis. This reveals that the
anisotropy introduced during the deformation cycles appears in directions [110] and [110],
tilted 45° with respect to the direction of the applied shear. To analyze the subtle structural
change we systematically computed the positions and widths of the dPDF peaks on the
rotated directions, thence allowing us to describe in detail the different signatures of
anisotropy induced by deformation in the metallic glasses.
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1. Introduction

Intense efforts have been made to understand metallic glasses (MGs); their formation,
deformation process, fracture behavior and other aspects of their nature and properties are
currently the focus of intense research. The amorphous structures of MGs are characterized
by the random, disordered atomic arrangement, lacking the principal directions of crystal
lattices. However, since the very beginning of metallic glass research the anisotropy of their
properties and structure was noticed; the extreme high cooling rates and non-isotropic
qguenching conditions of the most common production techniques imply, in fact, the
presence of structural anisotropy [1]. In addition, posterior thermal and mechanical
treatments applied with the aim of modifying some glass properties [2] may erase or
promote anisotropy. MGs have high elastic strain, high strength and high fracture
toughness that make them useful in structural and functional applications [3][4][5][6].
Special interest is focused on the use of these materials in small parts and micro-electro-
mechanical systems; their lack of microstructure combined with outstanding elastic and
mechanical properties down at the microscale [7] open exciting new opportunities of
design. The presence of elastic anisotropy [8], induced either by the production method or
by posterior thermo-deformation [9], is therefore of major interest in order to control the
mechanical properties of these devices as well as to open new possibilities of fine,
directional tuning of the mechanical response. Furthermore, maybe the most salient feature
of glasses is that very subtle, almost imperceptible, changes in the structure lead to
enormous effects on their dynamics. The most striking example is the glass transition, in
which small changes of the liquid structure are accompanied by changes of several order of
magnitudes in viscosity. Also in the glassy state; small structural changes driven by
physical aging may change the glass relaxation dynamics [10] and affect some important

properties like transforming the fracture behavior from ductile to brittle [11]. In this



framework, it is expected that a small anisotropy in the glass structure could induce
perceptible anisotropy of some macroscopic properties.

The experimental access to glass structure is obtained through scattering techniques,
giving us direct information on the reciprocal space. In most cases the obtained
experimental information is averaged over atomic species as well as over several
geometrical directions. Therefore, it is a complex task to experimentally reveal and typify
the anisotropic features in a glass structure [12]. The elastic affine deformations during in-
situ tensile or compression experiments, with the associated anisotropy between the
directions along and across the loading axis, have been well characterized by diffraction
experiments [13]. On the other hand, the permanent remnant anisotropy of the unloaded
samples after a plastic deformation or creep experiment are more subtle and difficult to
identify [14][15]. Molecular dynamics help us to study in depth the atomic scale structure
of glasses with a detail not available experimentally. The short range order (SRO)
rearrangements during deformation, elastic and plastic, have been extensively studied by
atomistic simulation. Compact configurations such as icosahedral atomic coordination have
been connected to more rigid clusters, i.e. local zones less prone to comply under external
stress, generating a heterogeneous scenario in which deformation localizes in softer
environments [16]. The study of structural indicators that define and allow us to
characterize the diverse short range order configurations is important and has received
much attention. The statistical distribution of such local configurations, and its evolution
during quenching, annealing/aging and deformation reveals the trends in SRO associated to
the changes of the macroscopic properties [17][18]. An important, still on-going task is to
relate the short order analysis coming from simulations to the observable changes in the
structure factor S(q) or the pair distribution function g(r) obtained from experiments.

In this work we analyze molecular dynamics simulations of a CussZrssAlg metallic
glass to investigate the spatial atomic distribution under the effect of shear deformation
cycles at different isotherms. In a previous study we simulated the process in a Pd-based
metallic glass [19], following the same procedure here we computed the partial pair
correlation functions on parallel planes with different orientations relative to a shearing
axis. As in the Pd-based case, the main differences were observed in the second and third

neighboring shell. The results in the previous work showed remnant anisotropy in several



cases, but not defined trends were observed. In this work we systematically analyze the
different deformation cycles, temperatures and the obtained directional pair distribution
functions (dPDF) characterizing the signatures of the remnant anisotropy in the short and

medium range order.

2. Simulations details

MD simulations were performed by using the open source LAMMPS numerical code
developed at Sandia National Laboratories [20]. The potential used was the embedded atom
method (EAM) developed for amorphous ZrCuAl alloys in ref. [21]. The CuseZrisAlg
composition was chosen because it has been shown to be a good glass-former alloy [22]
and also because of the Cu-Zr-Al system has been extensively studied by means of MD
simulations, thus giving us good confidence in the validity of the EAM potential
parameters [21][23][24]. The sample, with aspect ratio 5x5x1 and containing N,=2x10°
atoms, was first melted at T=2000 K and equilibrated for 2 ns. The glassy state was
prepared by quenching at a rate of 10" K s™. After the quenching process, samples were
hold at the final temperature for 2 ns. Final temperatures of 800, 740, 720, 700, 680, 650,
500, 450, 400 and 300 K were used to perform the deformation cycles at different
isotherms. The equilibrated samples were subjected to a shear deformation cycle with the
shear direction parallel to the x axis ([100] direction), at a deformation rate of y = 10 s™.
Periodic boundary conditions were used trough the simulation process. The simulation time
step was 0.001 ps. The deformation cycles were performed in NPT conditions, with
maximum shear deformation of g=dx/Lx= 10, 25 and 40 % respective to the box length
(see Fig. 1). Shear was applied by holding fix the lower surface and displacing the upper
one in the shear direction; the corresponding affine displacement of each atom is added to

that due to the thermal movement.

The atomic directional pair distribution function (dPDF) is computed in planes or

slices perpendicular to defined axes. The dPDF is defined as
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Here, N, ; is the number of atoms in a plane section of thickness A to which the atom i
belongs to, and 7; is the interatomic distance between the ij-atomic pair in the same box
slice. The thickness of the slices was fixed as A= 2 A, the distance in which the PDF is
null. Thence, we will use the following notation, [hkl]-dPDF is the PDF in the planes
normal to the [hKI] direction. In order to reveal changes in the dPDF after different
deformation and detect medium range order changes, we systematically computed the peak
positions r; and widths I; of each ith peak of the dPDFs. The whole systematic analysis was
performed on dPDFs perpendicular to normal x, y and z axes and in axes belonging to the

xy plane and rotated 22.5°, 45° and 67.5° around the z-axis.

3. Results and discussion

Figure 1 shows an example of the initial box and a shear deformed box at &=25%,
the definition of the [100], [010] and [001] directions is also specified there. Here we recall
that the aim of this work is to analyze the remnant effects of the complete deformation
cycle (initial — sheared — recovered) that includes the recovery process at the same shearing
rate. Fig. 1 shows the PDFs obtained for initial and final (recovered) states after a
deformation cycle up to &=25% at 400 K. As we can see all initial dPDFs match perfectly
as expected in the initial isotropic system. After the shearing cycle, the total PDF (not
shown) and the directional ([100], [010] and [001])-dPDFs show small differences
Ag(r) = g(r) finat — 9(r) initiar DELWeEEN initial and recovered states as shown in the inset
plot. The anisotropy, however, is almost undetectable; differences in [100] and [010]-
dPDFs are exactly the same. Only a small increase in intensity of the Ag(r) can be
observed in the [001]-dPDF, which corresponds to the PDF of the atoms inside the (001)
planes in which all the displacements affine to the applied deformation process take place.

Changes appear when the dPDF are computed in coordinate axes rotated around the
[001] direction. Figure 2 shows the computed dPDFs on a 45° rotated coordinate system,
where the maximum differences are found. In this case, the dPDFs are computed on the
(110) and (110) planes. The lower dPDFs correspond to the isotropic initial state, while the
upper are the final g(r) functions after the deformation cycle. A careful look allows one to

distinguish that the three functions are slightly decoupled, indicating the presence of



remnant anisotropy. This is clearly observed in the inset plot of Fig. 2; the Ag(r) functions
show higher intensity that the ones corresponding to the (100), (010) and (001) planes and,
more interestingly, clear differences in the position of positive and negative maxima can be
seen between them.

In order to rationalize the changes in the glass structure induced by the deformation
we examined the position of the maxima and the widths of the first three peaks of the
PDFs. Figure 3-(a-c) show the peak positions of the [100], [010] and [001]-dPDFs. The
right axes indicate the relative changes referred to the 100% value, given by the average
peak position of the three dPDFs in the initial isotropic state. The lack of detectable
anisotropy when examining these planes, already stated above, is clearly shown here. The
first peak position remains constant after a 10% deformation cycle, however after 25% and
40% cycles it shifts towards shorter r; values. In contrast, the second peak shows a very
slight, although perceptible, positive shift for cycles of 25% and 40%. The position of the
third peak moves rather randomly, with an already visible uncertainty in the initial isotropic
state. This is due to the less pronounced character of the peak, which results in more
uncertainty during the determination of its position by the fitting procedure. Although not
at all clear, a slight increase of r3 can be observed. The opposite behavior of the first and
second atomic shells has been observed experimentally during the expansion of MG
structures, the increase of overall volume per atom is found concurrent with a
counterintuitive shrinkage of the position of the first g(r) maximum, r1, and an expansion of
the other shells r,, r3 and r4 [25]. Here, this suggests that the deformation process introduce
some amount of excess free volume in the glass structure, as it is confirmed by the
expansion of the simulation box during the shearing cycles performed at NPT conditions.
At 400 K the volume per atom changes from 17.430 to 17.431, 17.507 and 17.529 A® after
the 10%, 25% and 40% deformation cycles, respectively.

To further quantitatively describe the changes on the g(r) functions, the width of each
peak, 7i, was evaluated by the gap between the left and right intercepts of g(r) and f(r)=1
(also shown in Fig. 2). Figure 3-(d-f) shows the clear tendencies to widen and to narrow for
the first and second shells respectively. While the widening of the first peak, together with
the tendencies of r; and r, discussed before, can be explained by the deformation cycles

introducing disorder and expanding the structure, the apparently increase of order at the



second shell deduced from the decrease of 77 was not at all expected. Analysis of the
partial Cu-Cu, Zr-Zr, Al-Al, Cu-Zr, Cu-Al and Zr-Al may shed light on the origin of this
overall effect which is related to the differences between the various element environments
when adapting to the deformation process. At this moment, however, the reason behind this
narrowing of the second shell remains unclear to us. As in the case of r; the calculated
values of 73 show a large variability and do not show a clear tendency.

The picture is completely changed when analyzing the dPDFs of the rotated planes.
Figure 4-(a-c) and 4-(d-f) show, respectively, the r; and 7; values obtained for the planes
(110) and (110), in the same system (400 K). As before, the effect of deformation in the
structure is negligible for the 10% cycles. For larger deformations, however, the effect of
the shearing is clear on the structure. The shift of r, and /7 indicates a clear expansion and
increase of disorder of the first atomic shell in the planes (110). These are the planes
elongated during the shearing process. On the other hand, the dPDF of the planes (110)
shows the clear effect of the applied contraction. The [001]-dPDF shows the average effect
on the xy-planes; it is interesting to note that while the overall tendency of r; is dominated
by the shrinkage of the planes (110), the overall /7 is dominated by the widening tendency
of the [110]-dPDF. The changes in the second peak position still clearly show the remnant
effects of the elongation and contraction of the box diagonals during the shearing cycles. In
this case, however, the overall tendency is dominated by the expansion of ry, in agreement
with the increase of the average volume per atom after the cycles. Interestingly, the
narrowing of 73 is evident in all the families of planes, as it was in Fig. 3-e, indicating the
narrowing or ordering of the second shell is an overall behavior related to the adaptation of
CugeZrasAlg to the deformation process. If this structural change is particular of this
composition or is a general behavior in disordered systems is something worth to be
elucidated in future work. The third peak position r; shows a similar, but smaller, tendency
to the one observed for ry, while not noticeable changes in the width 73 can be detected by
the current analysis.

The analysis of simulations in the whole range of temperatures show the same
qualitative signatures of the induced anisotropy. However, the intensity of these changes is

temperature dependent. Fig. 4-g shows the behavior of Ary =7y 110) — 71,170) and
AL = I} [110) — I1,;1170), Which account for the difference between the positions and widths
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of the peaks of the dPDF in the planes (110) and (110) after a deformation cycle up to 25%.
As it can be seen, both the values of Ar; and AT show an overall decrease as the material’s
temperature increases. This behavior is expected as the increase of atomic mobility
facilitates the equilibration of the deformation signatures. However, the fast shearing rate of
the MD simulations makes that anisotropy is not erased even above the glass transition (at
736 K in this system), thus indicating that the time scale of the experiments is always
smaller than the relaxation time of the system. An anomaly in the overall behavior is
observed near the glass transition, where Ar; increases. Currently we do not know the
origin of this slight increase of induced anisotropy at these temperatures.

We will discuss here the results of our simulations in comparison with experimental
diffraction studies covering different deformation regimes (elastic, plastic-homogenous,
plastic-inhomogeneous) and diverse types of loading configurations (uniaxial, bending,
rolling, etc.). Although our simulations are performed in a deformation mode different from
these experimental configurations, they can approximate the structural changes expected in
the main directions (along and across) relative to the shearing planes appearing in each
case. Firstly, however, we will discuss the effect of just thermal expansion. In such case
metallic glasses are characterized by a counterintuitive decrease of r; due to the skewness
of the first peak generated by the anharmonicity of the interatomic potential [17]. This
behavior is not only found in metallic glasses, but also in simple mono-component liquid
metals. Therefore, the reduction of the absolute value of Ar; with increasing temperature
(Figure 4) may come partly from this effect, as both 7y 110y and 7y [17¢; decrease due to
thermal expansion. Conversely, the decrease of the anisotropic differences observed for r; (i
>1) and for all 7; (including 77) as temperature increases can only be attributed to the
higher ability of the system to relax. It is interesting to note here that in terms of the overall
ri, 71 and volume behaviors, the simulated shearing cycles produce a similar effect as to the
isotropic thermal expansion. However, the anisotropy revealed by the directional PDFs
implies that the microscopic origins of these changes are different.

The elastic deformation regime has been investigated by in situ diffraction
experiments [13][26][27]. The anisotropic changes of the first diffraction peak (in the
reciprocal space) or of the r; (i >2) values (in the real space) follow the expected elastic

strains in agreement with the macroscopic Young’s modulus and Poisson’s ratio. Instead,
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the changes in the first and second peaks of the g(r) can only be explained by taking into
account non-affine SRO rearrangements dependent on the particular elemental composition
of the alloy [28]. The contribution of these anelastic or non-affine rearrangements was
estimated to be almost 20-25% of the total apparent elastic strain [29]. In the case of
homogeneous deformation or creep under static loads similar anisotropic SRO effects,
basically perceived in the first and second PDF peaks, are also found. The remaining
anisotropy after creep seems to be originated by similar anisotropic SRO changes as the
ones generating the non-affine contribution in the elastic regime [30].

In the inhomogeneous plastic regime the activation of shear bands generates local
regions subjected to high degrees of shearing. Heavily deformed samples, by rolling or
high-pressure torsion, show a small change in r; and an increase of 77 of the overall g(r)
[31][32]. Although these effects have been interpreted as not being compatible with an
increase of free volume, we show in this work that an increase of the overall volume after
the shearing cycle is in fact compatible with a constant or even smaller r; and a larger 77.
The difference of structure between inside and outside shear bands was studied by nano-
beam electron diffraction in ref. [33]. They found very small differences in the overall g(r);
the width and position of the first peak did not change appreciably while the only
observable difference was a slight decrease of the intensity, attributed to a reduction of the
SRO. However, as we shown in this work, although the overall g(r) may seem little
affected by shearing the system contains significant anisotropic structural differences
between the principal directions in agreement with some recent experimental studies [34].

Summarizing, the overall effect found in our simulations is the increase of the volume
per atom, the shrinkage of r; and the expansion of the other g(r) peaks, in agreement with
the observed structural changes connected to expansion and rejuvenation of metallic glasses
[15][25][35]. In addition to the overall effects, the analysis method used in this work
reveals very clearly that anisotropy is introduced parallel and perpendicular to the
elongation [110] direction. We will note here that, during the deformation process, we
observed some localization of deformation in bands. This is one of the characteristics that
governs the plastic deformation of MGs as it was shown by Spaepen [36] in his
experimental studies. Figure 5 shows the atomic displacements recorded during a

deformation cycle. There is an evident localization of the displacements in ‘soft’ zones.



This is expected in amorphous structures which are intrinsically characterized by
heterogeneity at the nm-scale. The displacement of the atoms localizes in bands basically
parallel to the xz-planes, precursors of the macroscopic shear banding that will occur
parallel to the shear direction. However, the structural modifications seen in the dPDFs
show that the anisotropic changes of the atomic structure are along and across the [110]
direction and not within the shearing zx planes. This is important to bear in mind when
searching anisotropic signatures of plastic deformation after creep or plastic deformation
experiments of diverse geometry. The observed remnant anisotropy decreases with
temperature, as expected due to enhanced atomic mobility, but the qualitative basic
signatures shown by the dPDFs do not change. A future detailed study of the change in
relaxation time as function of temperature and how the relation between relaxation time
(temperature) and shear rate affect the induction or erosion of remnant anisotropy should

allow us to better rationalize the effect of temperature.

4. Conclusions

Deformation in a prototypical metallic glass, ZrsCussAlg, was simulated in order to
reveal the remnant anisotropy. Deformation cycles up to a 10%, 25% and 40%, followed by
a recovery of the original shape were performed. Alterations in the short and medium range
atomic order were exposed by the differential pair distribution functions computed in
different orientations. Anisotropy at low (10%) deformations is only observed in the
moderate increase of the position of the second peak of g(r), witness of the generation of
free volume in the glass along the shear cycle. Larger deformation cycles, however, induce
noticeable changes in the short and medium range orders and introduce significant
anisotropy along the [110] and [110] directions. The above features were observed in all
the tested temperatures, although they become progressively reduced as temperature
increases. Further work will be devoted to compare to other glass compositions and to
check if the observed trends are composition-dependent or are general features of metallic

glasses.
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Figure Captions

Figure 1. Top) Process of shear deformation up to 25% at 400 K. Left: initial state after
annealing. Right: sheared box. Bottom) Directional [100], [010] and [001]-PDFs before and
after the shear deformation cycle at 400 K. In order to help visual comparison, the PDFs are
displaced vertically; the initial states below and the final states above. The inset shows the

Ag(r) showing differences of the atomic distributions between initial and final states.

Figure 2. Directional [110], [110] and [001]-PDFs before and after the shear deformation
cycle at 400 K. Same captions than in Fig. 1.

Figure 3. Positions of the maxima (a-c) and widths (d-f) of the [100], [010] and [001]-dPDF
peaks after complete shear deformation cycles with different values of maximum shear (10,
25 and 40%). The value of 0% shear correspond to the non-deformed initial state. From top

to bottom, first second and third peak.

Figure 4. Positions of the maxima (a-c) and widths (d-f) of the [110], [110] and [001]-PDF
peaks after complete shear deformation cycles with different values of maximum shear (10,
25 and 40%). The value of 0% shear correspond to the non-deformed initial state. From top
to bottom, first second and third peak. g) Evolution with temperature of the differences
between [110] and [110]-dPDFs in position of the maximum, Ary, and width, A73, of the
first peak.

Figure 5. Non-affine atomic displacements from the original initial state during a shear

deformation cycle at 400 K. Lighter colored atoms correspond to larger displacements.
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*Highlights (for review)

Highlights

e Molecular dynamics simulation of shear deformation in CuZrAl glass former
e Analysis of shear deformation cycle effects on the atomic structure of the glass
e Remnant anisotropy revealed by directional pair distribution functions

e Anisotropy perceptible along and across 45° respect to the shear direction
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