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The structural behavior of Cugy sZr35 5 bulk metallic glass under compressive stress was investigated
by means of in situ high energy x-ray synchrotron diffraction. The topological and chemical
short-range order of the glass changes reversible upon loading within the elastic range. The number
density of Cu—(Zr,Cu) and Zr—Zr nearest neighbor atomic pairs becomes oriented along the loading
direction. The macroscopic stress state is reflected by the medium-range order. The determination of
the components of the strain tensor from the shift of the positions of the nearest neighbor distances
is not possible due to the structure changes. © 2009 American Institute of Physics.

[doi:10.1063/1.3276274]

X-ray diffraction (XRD) or neutron diffraction are well
established methods to measure the elastic strain in crystal-
line materials." Using high energy x-ray synchrotron radia-
tion, Poulsen et al.® demonstrated the possibility to estimate
the components of the strain tensor in a bulk metallic glass
(BMG). Further in situ studies under applied stress for sev-
eral, mostly Zr-based BMGs focused on the global strain
state and the elastic moduli.*”’ The general conclusion of
these studies is that the shift of interatomic distances r; be-
tween 5-20 A representing the strain of the medium-range
order (MRO) is consistent with macroscopic elastic deforma-
tion of the glass. The nearest-neighbor shell at ;<4 A ex-
hibits a different behavior and applying formally the data
analysis results then in different elastic moduli.*? As an ex-
planation the possible dependence on the atomic environ-
ment as well as the specific atom 8pairs were discussed.’ On
the other side, Suzuki and Egami® demonstrated that relax-
ation, elastic or plastic deformation is related to complex
atomic rearrangement. For binary Cu—Zr glassy ribbons ob-
tained by melt spinning recently, changes in the short-range
order (SRO) under tensile stress were observed well below
the elastic limit.®

In this letter, we analyze the changes in SRO of a
Cugy 57135 s BMG under compressive stress. The partial con-
tributions to the first near-neighbor shell of the binary glassy
alloy are analyzed in detail, which give evidence of direc-
tionally dependent structural changes under applied stress.

Alloy ingots with nominal composition of Cug, 571355
were prepared by arc melting a mixture of the pure elements
(purities of 99.99% or higher), followed by suction casting
into a Cu-mold to form rodlike BMGs with a size of ®1
X 30 mm. The compression samples with geometry ®1
X2 mm? were cut from the rods. Macroscopic compression
tests were carried out with an Instron 8562-type machine at
an initial strain rate of 2X 10™* s!. Three samples were
measured to ensure reproducible results. In siftu XRD was
performed under compression at the BW5 beam-line at HA-
SYLAB (DESY Hamburg, Germany) using a straining sys-
tem (Kammrath and Weiss GmbH). The load was stepwise
increased up to 1200 N in steps of 200 N and then further
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increased up to 1450 N (fracture load) with decreasing step
sizes of 100, 50, and 10 N. The experimental details were
already documented in Ref. 5.

The nominal stress-strain curve under compressive load
of the as-cast glass shows an elastic deformation up to
180020 MPa followed by a yielding behavior without sig-
nificant plastic flow before fracture (Fig. 1). The elastic
modulus measured from this macroscopic compression test is
100 =3 GPa. The inset of Fig. 1 shows the diffraction pat-
tern of the Cug, sZr35 5 BMG without applied stress, exhibit-
ing diffuse rings representing its glassy nature. Upon com-
pression loading, the diffraction rings become elliptical,
which can be characterized by intensity curves of I(q,x)
with respect to the polar coordinates (g, ).

The atomic structure of glassy materials is usually iso-
tropic. However, this situation is no more valid in the pres-
ence of stress. The calculation of the atomic pair correlation
function (PDF) using the usual sine-Fourier transformation
of the structure factor for anisotropic glass may result in
systematic errors.” In this case, the directionally dependent
PDF and analogously the structure factor can be expressed
by expansion into spherical harmonics.'™" As such, the
structure factor and the PDF can be separated into two com-
ponents, i.e., isotropic structure factor, Sy(g), and isotropic
PDF, py(r), and anisotropic components of structure factor,
S,(¢q) and PDF, p,(r), respectively.
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FIG. 1. (Color online) Compressive nominal stress-strain curves of the as-

cast Cugy sZr355 BMG. Inset shows a two-dimensional diffraction pattern of
the Cugy 5Zr355 BMG without applied stress.

© 2009 American Institute of Physics


http://dx.doi.org/10.1063/1.3276274
http://dx.doi.org/10.1063/1.3276274

251906-2 Wang et al.
5 ——267MP;
0.000 PRI s n S
e TS0 s31MPa
4t - | ——1063MPa
& «-0.006 /\ ——1576MPa
o £ -0.009 A —— 1666MPa
= 3r B oo Peak 11T 1720MPa
£l ~0.0151% Peak IV —— 1812MPa
o 5 i —— 1844MPa
~ 34 5 6 7 8 9 10
e Peak position, ¢ (A") 1870MPal
N —
= S, (@)/(4 7!)
= \J—-—276 MPa — — 1870 MPa’
11V, PP kbt —
_,(q)
| 267 MPa 1870 MPa
2 4 6 8 110 12 14 16
q (A7)

FIG. 2. (Color online) Isotropic component, Sy(g), and anisotropic compo-
nent, S,(g), of the structure factor at different stresses. Inset shows the strain
values measured from four maxima shifting in the structure factor at differ-
ent stresses in the loading direction.

Neglecting order terms /> 2, the components can be cal-
culated from the structure factors in the loading and trans-
verse directions®”

-
So(q) = —[S(q Xx=0°)+28(q,x=90°)], (1)

Sy(q) = 4—5”[s<q,x=oo> — S(g,x=90)]. 2)

The components of p,(r) are then related by a transformation

N
p/(r) = % f SJi(qr)q*dq, 3)

where J; is the spherical Bessel function with
Jo(gr)=sin(gr)/gr, and  J,(qr)=[3/(qr)*=1/qr]sin(gr)
—3/(gr)? cos(gr).

The atomic density of any direction, x, is then given by

[1 [5
p(r,x) = po(r) 7t po(r) EB cos )= 1). (4

Figure 2 compares the calculated isotropic structure fac-
tors, Sp(g), of the as-cast BMG at =267 and 1870 MPa.
The curves are identical within the error limits. The aniso-
tropic part of the structure factor, S,(q), increases gradually
as a function of stress. The position of the first maxima in
S(g,x) shifts linearly with stress to higher g-values for the
loading direction, and to lower g-values for the transverse
direction, respectively. The calculated strain values (o, x)
=[q,(o,x)—q,(0,x)]/q,(c, x) (inset of Fig. 2) are within the
error limits in agreement with the macroscopic strain. An
analysis of the shift in the second and higher maxima results
in different, reduced values of the calculated strain also given
by the inset of Fig. 2, which points to the limitation of the
applied method for glassy materials. The necessary condition
that all interatomic distances are proportionally changed un-
der stress is obviously not valid and this is an indication of
structural changes in the elastic range.

Figure 3(a) shows the isotropic component of the PDF,
po(r), for two directions as well as the anisotropic compo-
nent, py(r). The py(r) 1870 mpa and po(r)267 Mpa CUTves are al-
most identical. The amplitude of the maxima of p,(r) in-
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FIG. 3. (Color online) Results from the PDF analysis: (a) Isotropic compo-
nent, py(r), and anisotropic component, p,(r), of the pair correlation func-
tion. (b) Changes in the first maximum of atomic density, p(r), at 1870 MPa
in the loading direction. Inset shows deconvolution of the first nearest-
neighbor shell into two Gaussians for the BMG compressed at 267 MPa in
the loading direction. (c) Coordination numbers for the Cu—(Zr,Cu) and
Zr—Zr atomic pairs as functions of the applied stress. (d) Strain values vs
applied stress of the BMG measured from the first maximum in the PDF and
from the D values.

creases with stress, indicating that anisotropy of the structure
becomes obviously up to about 16 A as pointed out by ar-
rows in Fig. 3(a).

Figure 3(b) demonstrates the change in the SRO of the
Cugy 57135 5 glass under applied stress by comparing the first
maximum of the PDF of the unstrained state with that under
1870 MPa compressive stress. The two maxima in the first
nearest-neighbor shell can be attributed to the Cu—Cu plus
Zr—Cu (Subpeak I at r=2.7 A), and to the Zr—Zr (Subpeak II
at r=3.2 A) pairs, respectively. Beside the shift of the
maxima positions the intensities of the two subpeaks change
with stress. Also shown in Fig. 3(b) is the PDF curve, p(r'),
of the stressed state after normalization the maxima position
by r'=r/1.01. In the loading direction the intensity of the
Subpeak I increases, and decreases for the Subpeak II, re-
spectively. For the transverse direction change becomes re-
versed as it follows the y-dependence of the anisotropic
component p,(r) contribution to the PDF in Eq. (4). The
integrations over the two components of the first maximum
of the radial distribution function, 47rr?p(r), are related to the
atomic nearest-neighbor numbers. The averaged weighted
coordination numbers calculated by a fit of two Gaussian
curves [inset of Fig. 3(b)] are plotted in Fig. 3(c) as a func-
tion of the stress. These values are not identical with partial
coordination number, Nl , estimated only under a presump-
tion that individual atomic pairs are resolved in the total PDF
curve, which is not the case. Due to the systematic errors in
experimental data and data evaluation, the accuracy of coor-
dination numbers is usually =10%. Here we are focusing on
the relative change of nearest-neighbor numbers which can
be determined much more precisely. Because the isotropic
part is not altered with stress, the changes are related to the
anisotropic part of p,(r) only. For the Cu—(Zr,Cu) pairs, the
coordination number increases in the loading direction but
decreases in the transverse direction and an opposite behav-
ior occurs for the Zr—Zr pairs. The coordination number
changes reflect the topological rearrangements within the
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atomic nearest-neighbor environment in the elastic stress
state. The total coordination numbers of the Cu—(Zr,Cu)
pair and the Zr—Zr pair, i.e., (NGUE o)+ NEwHns,)/2 and
(Nidine ;. yiansverse) /3 - remain almost constant at 7.9 +0.1
and 4.2 + 0.2, respectively, which suggests that, for the Zr—Zr
pair, the bond reorientation is processed by breaking the
bonds in the loading direction and reforming new bonds in
the transverse direction and the opposite behavior occurs in
the Cu—(Zr,Cu) pair. The observed structural changes in the
elastic range are completely reversible. The PDF of BMGs
after unloading from yield stress did not show significant
difference to the as-cast state. Due to the atomic rearrange-
ment, also the nearest-neighbor distances are not only influ-
enced by the stress. Calculations of strain from the shift in
the first maximum positions in the PDF are therefore not in
agreement with macroscopic values.

The behavior of the PDF at larger r-values representing
the MRO of metallic %lasses can be well approximated by a
damped oscillation'*"

A ( r) . (2’777’ CD) 5
p(r)—l—rﬁexp—gsm Lt (5)
where A is a normalization constant (in the present study, the
value of A is 6.2.), B is an exponent (~0.69)," ¢is a decay
exponent, D is the oscillation frequency, and @ is the phase
shift constant. The parameters D and ¢ were determined by a
fit of Eq. (5) to the PDFs for r>6.3 A. The parameter D is
related to the maxima positions of the PDF. Then the relative
shift of the D value reflects the averaged strain value in the
MRO, i.e., e,=[D(o,x)-D(0,x)]/D(co,x), which is given in
Fig. 3(d). The strain values in the loading direction and the
transverse direction are calculated to be &;;,=-0.0157 and
£7,=0.0055, respectively, at 1870 MPa, and the Poisson’s
ratio is 0.350. These values are consistent with the macro-
scopic mechanical properties of this BMG.’

The parameter of £ in Eq. (5) is a measure of the corre-
lation length describing to what extent a correlation between
a central atom and its surrounding atoms exist. In a metallic
glass this is typically about 20 A and smaller in the corre-
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sponding liquid state. The fit results show an increase in { in
the loading direction with stress (from 3.14 to 3.18 A) and a
decrease in the transverse direction (from 3.14 to 3.11 A),
respectively, which points to atomic rearrangements in the
elastic range leading to a more ordered atomic structure in
the loading direction, and a more disordered structure in the
transverse direction. The reported sharpening (in the loading
direction) and broadening (in the transverse direction) of the
first maximum in the PDF upon loading is consistent with
the observation in the parameter of §.3

In summary, anisotropic atomic structural changes occur
in the CugysZr355 BMG under compression in the elastic
range. The atomic bond reorientations are accompanied by
directionally dependent changes in the chemical and topo-
logical SRO. The MRO reflects the macroscopic strain of the
BMG. Due to the atomic rearrangements upon stress, the
strain values cannot be correctly determined using nearest
neighbor distances.
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