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Tensile behavior of bulk metallic glasses by in situ x-ray diffraction
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The authors report the use of in sifu high-energy x-ray diffraction to detect the tensile behavior of
two Zr- and La-based bulk metallic glasses (BMGs). Based on the diffraction data, the tensile elastic
modulus and Poisson’s ratio can be accurately evaluated. No excess free volume appears in the
fractured region. However, a drastic change in atomic-level strains is found in the La-based BMG
along the tensile direction, while a tiny crystalline component is detected in the fracture region of
Zr-based BMG, which may be the different factors leading to the catastrophic failure of them,

respectively. © 2007 American Institute of Physics. [DOL: 10.1063/1.2773945]

With the increase of the critical size of bulk metallic
glasses (BMGs), current research work has focused on their
mechanical properties.lf4 Similar to traditional oxide glasses,
brittleness is also a crucial drawback of BMGs for their
wide-spread potential applications. Although some BMGs
exhibit pronounced plasticity under uniaxial compression or
bending conditions, they are generally destroyed with cata-
strophic failure upon tension at room temperature with slow
strain rate.”™® Usually, a BMG with plasticity forms high-
density shear bands during loading, which can accumulate
plastic strain and alleviate local stress concentration. Up to
date, there is no report on a BMG showing tensile plasticity
at room temperature with slow strain rates.It has been proven
that high-energy x-ray scattering can be used to measure the
elastic strain under cornp1ressi0n9’10 and to detect the change
in excess free volume upon heating11 or homogeneous plastic
deformation'? of BMGs. In this letter, we present the differ-
ence in tensile behaviors of two BMGs, Zr-based BMG with
high fracture strength and La-based BMG with low fracture
strength, by using in sifu x-ray diffraction. It is found that the
elastic modulus, excess free volume, and the strain distribu-
tion on atomic level during tension can be calculated based
on the diffraction data. The tensile behaviors of these two
BMGs are carefully compared.

Prealloyed  ingots of nominal  compositions
Zr62A18Ni13Cu17 and La62A114(CU5/6Ag1/6)14C05Ni5 were pre-
pared by arc melting under a Ti-gettered purified argon at-
mosphere. From ingots, sheet-shaped samples 1 mm thick,
10 mm wide, and 60 mm long were prepared by suction
casting in a water-cooled copper mold. The sheets without
any artifacts were selected to fabricate tensile test specimens
(40X 10X 1 mm?) with a 4 mm diameter reamed hole at
each side. The gauge dimension for the sample is of about
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12X2X1mm’. On an operating platform a tensile/
compression module by Kammrath and Weiss GmbH (maxi-
mum loading 5000 N) was placed, in which a fine-polished
sample was fixed. The in situ structural measurement was
conducted by using synchrotron x-ray diffraction at the BW5
station of HASYLAB, Hamburg.13 The beam size was 1
X 1 mm? and the wavelength used was 0.123 98 A. Due to
the limited width of the window between two sample hold-
ers, seven points (1 mm step) in the middle of each sample
were available for scanning sequentially when holding a
force each time. Diffraction patterns were recorded on an
image plate (MAR 345, with 150X 150 um? pixel size). The
scattering intensity I(g) versus scattering vector of the load-
ing and the transverse directions were extracted by azimuth-
ally caking 5° fractions centered on each direction from the
ring pattern and then integrating within these areas by using
the software package FIT2D."* From I (q), the structure factor
S(g) (g<16 A7") and the pair distribution function (PDF)
G(r) could be obtained by PDFGETX2."”

When a material is subjected to an external tension, the
atoms would move apart along the loading direction and
close in the transverse. These movements are reflected by the
change of positions of the first maximum in I(g) or S(q).lo"1
Figure 1 displays in situ I(q) curves of the tensile direction
for Zrg, AlgNij3Cu; BMG with increasing tensile stress. The
inset is the local magnification of the top part of the first
peaks, showing that the peak positions change with stress in
the tensile and transverse directions. the figure does not show
the same curves for Lag,Al;4(Cus/sAg6)14CosNis BMG. Tt
is clear that the increasing tensile stress causes the peaks in
I(g) to move to smaller g values in the loading direction and
while to higher g values in the transverse, indicating the
enlargement of distance between atoms in the loading direc-
tion and contraction in the transverse simultaneously. The
shift of peak position in I(g) of ZrgAlgNi;3Cu;7; BMG upon
tensile stress is nearly in a linear way. Due to finer stress
steps, it shows that the peak position slightly deviates from
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FIG. 1. (Color online) Normalized diffraction curves I(g) of the tensile
direction and the top part magnification of first peaks in I(g) of tensile/
transverse directions changing with increasing stress for Zrg,AlgNij;Cu,,
BMG.

the linear for LagAl4(CussAg;ss)14CosNis BMG at low
stress stage. The difference between ¢, and ¢ [the first-peak
positions in I(g) under zero stress and stress o] reflects a
rapid increase of stain with low stress in this alloy. The ¢
value in peak position was calibrated by using PEAKFIT soft-
ware with AutoFit Peaks I Residuals option to identify the
local maximum.'® Using Eq. (1),' the elastic strains of these
two BMGs can be evaluated.

d—d -
8=_0=M’ (1)

dy q
where ¢ is the elastic strain; d, and d denote the peak posi-
tion in G(r) (positions in real space) under zero stress and
stress 0. Figure 2 shows the relationship between the tensile
stress and the corresponding strain calculated by Eq. (1).
By linearly fitting the points and calculating the ratio of
strains between the transverse and tensile directions for
each alloy, the tensile elastic modulus and Poisson’ ratio
can be obtained, to be about 83 GPa and 0.37 for
Zrg,AlgNij;Cuj; BMG and 34 GPa and 0.36 for
Lag, Al 4(Cus;sAgis6)14CosNis BMG, respectively. The ten-
sile stress-strain curves of these two BMGs at room tempera-
ture with a strain rate of 1X 107 s™! are also illustrated in
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FIG. 2. (Color online) Strains determined from the diffraction data of
tensile/transverse directions. In addition, the tensile stress-strain curves of
ZrgAlgNi 3Cu;; and Lag,Alj4(CussAg6)CosNis BMGs are also included
for comparison.
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FIG. 3. (Color online) (a) Pair distribution functions G(r) of as-cast and
tensioned samples for both BMGs and (b) the atomic level strains deter-
mined from G(r) of tensile/transverse directions under two different stress
values.

Fig. 2. From these curves, one can see that both of them
basically exhibit catastrophic failure upon tension, and
ZrgrAlgNij;Cuy; shows a sign of yielding prior to tensile
fracture even though the compressive plasticity of this
alloy is more than 10%."" The elastic modulus, tensile
fracture strength, and elastic limit are 81 GPa, 1460 MPa,
and 1.9%, respectively, for ZrgAlNij;3Cuj; BMG,
and 38 GPa, 540 MPa, and 1.5%, respectively, for
LagyAl;4(Cus/sAgy6) 14CosNis BMG, in agreement with the
data obtained from x-ray diffraction (XRD) measurements in
Fig. 2. The existing displacement in strains is likely due to
some error in zero strain determination or the base line of the
tensile machine. In addition, the data of Young’s modulus
and Poisson’s ratio were also measured by using a MATEC
6600 model ultrasonic system with the sensitivity of 0.5 ns
to be 80 GPa and 0.38 for ZrsAlgNij3Cuj; BMG and
35 GPa and 0.36 for LagAlj4(CuseAg;e)4CosNis BMG.
All this confirms that the XRD technique is suitable to study
tension behavior of bulk metallic glasses.

The pair distribution functions G(r) of each sample upon
the stress adjacent to fracture strength were obtained by Fou-
rier transformation of the S(g) data, reflecting a statistical
average in the number of surrounding atoms (r=18 A), in-
cluding increase or decease around each central atom. From
the shift of peak position in G(r), the strain in atomic level
can be estimated. To get rid of the uncertainty of peak posi-
tion in G(r), as shown in Fig. 3(a), that sometimes shows
peak splitting or asymmetry, the points with G(r)=0 were
measured to determine the strain change in the tensile/
transverse directions for each alloy. As shown in Fig. 3(b)
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FIG. 4. (Color online) High-resolution /(g) curves obtained for the fractured
samples by using 0.1 mm sized beam at different depths below the fracture
surface. The inset shows the part of Bragg ring on a two-dimensional XRD
pattern, correspondingly.

larger strain fluctuation in the range of 5~ 12 A along tensile
direction is detected for Lag,Al4(Cus,sAg)/6)14C0osNis BMG,
whereas the stain variation becomes rather small for
ZrgAlgNi ;Cuy; BMG. The local strains are even beyond the
elastic limit of LagyAl4(CuscAgise)14CosNis BMG at the
place where r=11 A though it is still under the elastic defor-
mation. In contrast, the strain changes along the transverse
direction for both BMGs are quite similar and no drastic
variation is detected. It seems that the larger variation in
local strain could cause La-based BMG to be catastrophic
failure easily with relative low elastic limit. Different distri-
butions in local stains were also observed in
Zrs7TisCu,gNigAl;, with high fracture stlrength,10 and rather
tremendous in Mg—Cu-Y BMG with low fracture strength.9
At the moment, the origin for this inhomogeneous variation
in local strain is not clear yet and more studies are needed.

The fracture of ZrgAlgNijsCuj;; BMG  almost
follows the Mohr-Coulomb criterion’ with the fracture
angle of mnearly 55° to the tensile direction, while
Lag,Al;4(Cus/sAg,6) 14CosNis BMG abides by the maximum
normal stress criterion, being fractured perpendicular to the
tensile direction. The fracture of BMGs upon compression is
often ascribed to the formation and coalescence of excess
free volume.'® However, it is quite difficult to measure the
free volume content in BMGs by conventional experimental
methods. In this work the region within 5 mm width from
the fractured surface was examined by high-resolution XRD
with the beam size of 0.1 X2 mm? and wavelength of
0.110 696 A at the beamline PETRA2 of HASYLAB. It is
confirmed that they are almost the same, e.g., the first peak
position at 2.585(1) A~' for the as-cast ZrgAlgNi ;Cuy,
BMG and 2.585(2) A~! for the fractured one, indicating that
no obvious increase of excess free volume appears in the
fractured region. However, on XRD patterns, Bragg diffrac-
tion from crystalline component is clearly observed in the
fracture region of about 0.5 mm width for Zrg,AlgNi;;Cuy;
BMG, as shown in Fig. 4. Beyond this range, only amor-
phous phase is detected, indicating that the crystalline phase
with a small fraction is likely formed upon tension rather
than pre-existing during casting. However, no crystalline
phase is detected for LagAl4(Cus;cAgss)12CosNis BMG

Appl. Phys. Lett. 91, 081913 (2007)

even in the region of only 0.1 mm adjacent to the fracture
surface. Comparing with uniaxial compression, no crystal-
line phase was detected in a 55% strained Zrg,AlgNi;3Cu;
sample.17 This suggests that the existing tiny crystalline com-
ponent could destroy the homogeneity of this BMG and pro-
mote the catastrophic failure.

In summary, no tensile plasticity is observed in
ZrgAlgNij3Cu;; and LagyAlj4(CussAge)14CosNis BMGs
though the Zrg, AlgNi ;3Cu;; BMG exhibits a sign of yielding
before catastrophic failure. Using the diffraction data by in
situ high-energy x-ray diffraction, the tensile modulus and
Poisson’s ratio can be accurately evaluated. Also no excess
free volume is found in the fractured regions. However, for
LagAlj4(CussAg6)CosNis BMG a large variation in
atomic-level strains was detected along the tensile direction
and no crystalline precipitates are observed after failure. In-
terestingly, the situation is just opposite for Zrg,AlgNi;;Cu;
BMG, in which local strains slightly varied along both ten-
sile and transverse directions and a tiny crystalline compo-
nent was detected at the fractured region of about 0.5 mm
layer.
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