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Tensile behavior of Cu-coated
Pd,,Cu;,Ni;oP,, metallic glassy wire

I. Hussain2,Y.Y. Jiang?, Y. D. Jial, G. Wang?, Q. J. Zhai', K. C. Chan?® & J.Yi!

Catastrophic brittle fracture of monolithic metallic glass (MG) hinders engineering application of
 MGs. Although many techniques has been tried to enhance tensile ductility of metallic glasses, the
Accepted: 22 March 2018 : enhancement is quite limited. Here, we show the effect of electrodeposited Cu coating on tensile
Published online: 04 April 2018 . plasticity enhancement of Pd,,Cu;(Ni;,P,, MG wires, with different volume fractions of copper

© coatings (R), from 0% to 97%. With increasing R, tensile elongation is enhanced to 7.1%. The plasticity
enhancement is due to confinement of the Cu coatings, which lead to multiple and secondary shear
bands, according to SEM investigations. In addition, the SEM images also show that the patterns on
the fracture surface of the Cu-coated MG wires vary with volume fraction of the Cu coatings. The size
of shear offset decreases with increasing R. The viscous fingerings on the fracture surface of monolithic
MG wire changes into dimples on the fracture surface of Cu coated MG wires with R of 90% and 97%. The
electrodeposition technique used in this work provides a useful way to enhance plasticity of monolithic
MGs under tensile loading at room temperature.

Received: 11 January 2018

Plasticity of bulk and micro-sized MG is mediated by shear bands with highly localized strain?. However, in
tension, the tensile stress enhances softening and instability, a dominant shear band slips without obstacle, and
bulk and micro-sized MGs fracture elastically®. Various approaches have been introduced to retard the dominant
shear band to improve tensile ductility of bulk and micro-sized MGs, such as designing MG matrix composites*?,
sharp-and-deep notches®, laminating MG with ductile crystalline metals”®, surface mechanical treatment®!!,
laser surface texturing treatment'?, and MG-based chiral nanolattice'®. In addition, size reduction approach
changes room temperature plastic deformation mechanism of MG from shear banding into homogeneous plastic
flow'*18, However, the transition occurs at submicron length scale!”".

At the same time, other techniques have been introduced to improve compressive plasticity of bulk MGs.
What attracted our attention was metal coating technique. By using this technique, compressive plasticity of
Fe-based metallic glass was improved from 0.5% to 5.0%’. Furthermore, a theoretical study has shown that a thin
metal coating slows down shear band dynamics and retards its attainment to a critical unstable state?'. However,
metal coating effects on tensile plasticity of MGs have not yet been investigated.

Here, Pd,Cu;(Ni,;,P,, MG wires are chosen for investigation, because such wires can have much higher ratio
of lateral surface area to cross section area that provide sufficient adhesive force to prevent sliding between the
MG core and the metal coating, as described in the literature?!. Cu is chosen to be electrodeposited onto the
Pd,;Cu;,Ni, P,y MG wires for investigation, because the Cu electrodeposition technique is flexible and facile. It is
shown that tensile ductility of the Cu coated MG wires increases significantly with increasing Cu coating content.
At the same time, fracture morphology changes from viscous fingering to dimpling.

Results

Coating quality. High quality coating is expected for high mechanical performance of metal coated mate-
rials®. Therefore, before tensile tests, the coating quality was investigated using scanning electron microscope
(SEM). The SEM images in Fig. 1 show surface (Fig. 1(a)) and the cross-sectional (Fig. 1(b)) of morphology a
Cu-coated Pd,,Cu;oNi, P,y MG wire. Figure 1(a) shows homogeneous Cu coating surface without any detected
defects. At the same time, the cross-sectional image of the coated wire in Fig. 1(b) shows that the Cu layer is con-
tinuous without pore; and no defects, such as voids and/or cracks, can be detected at or near the interface between
the coating and the MG core. All these images confirm that high quality Cu coating was well adhered to the MG
wire. The high quality electrodeposition was kept from sample to sample by using constant electrodeposition
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Figure 1. Surface and cross-sectional morphology of Cu-coated Pd,,Cu;(Ni,,P,, MG wires: (a) optical image
of the cross section of Cu-coated Pd,;Cus,Ni,(P,y MG wire; (b) SEM image of the surface of homogeneous Cu
coating without detected defects.
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Figure 2. Engineering tensile stress-strain curves of Cu-coated Pd,,Cu;(Ni, P,y MG wires with coating volume
fraction R of 0%, 45%, 70%, 90%, and 97%, and electrodeposited pure Cu. The straight dash lines are eyesight
guide of the tensile stress-strain curves of the as-cast Pd,(Cus(Ni, (P, MG wire and the wire with R of 45%

for showing the nonlinearity of the curve. The inset indicates five stages of tensile deformation process of Cu-
coated Pd,,Cu;,Ni, P,y MG wires. In stage I, both the coating and the wire core deform linearly. In stage II, the
coating deforms plastically while the wire core elastically. In stage III, both the coating and the wire core deform
plastically. In stage IV, the wire core fractures. In stage V, the coating necks and then fractures.

parameters, such as electrolyte composition, working temperature, current density, pH value, the surface state
of the MG wire, electroplating time span and so forth by following previous work®2. The high quality can also
prevent the MG core from sliding during tension. In order to confirm this, the two ends of the sample shown in
Fig. 5(b) was polished by using SiC paper along the dashed lines before tensile testing. After the tensile testing, the
polished cross-sections were investigated in SEM. The SEM image in Fig. 1(c) shows no sliding can be detected
along the interface between the Cu coating and the MG core.

Tensile behavior of as-cast and Cu-coated MG wires. Tensile behavior of as-cast and Cu-coated
Pd,;Cus3oNioP,y MG wires with specific R values of 45%, 90%, and 97% were characterized as shown in Fig. 2 by
using tensile testing sample as shown in Fig. 5(b).

The stress-strain curve of as-cast wires shows that it fractures catastrophically without any plasticity as bulk
metallic glasses® and other MG wires'"**-%°. The deformation of the as-cast wire shows nonlinearity before frac-
ture while bulk metallic glasses do not®. The nonlinearity has been investigated both experimentally and theoret-
ically” and is outside the scope of this work.

The stress-strain curve of the wire with R value of 45% also shows nonlinearity. Here, the nonlinearity is mostly
from plasticity of Cu coating. Nevertheless, Young’s modulus E of pure Cu measured from tensile stress-strain
curve is much smaller than that measured by using acoustic technique because plasticity of pure copper initiates
at a very low strain value®. That’s why the slope of the linear region of stress-strain curves of wires with R value
of 45% is obviously smaller than that of as-cast Pd,Cu;,Ni; P,y MG wires. According to tensile stress-strain
curve in literature?, the elastic deformation region and theoretical yield strength cannot be defined. Therefore,
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Figure 3. Catastrophic shear fracture to necking transition of Cu-coated Pd,,Cu;,Ni, P, MG wires. (a)
Variation of the reduction of area (4, — Ap)/A, with volume fraction of Cu coating R. (b,c and d) are fracture
morphology of Cu-coated Pd,,Cu;(Ni,,P,; MG wires with R of 45%, 70% and 90%, respectively. (¢) Morphology
of the MG core of the Cu-coated Pd,,Cu;,Ni,,P,, MG wires with R of 97%.

0% 1633 £24 1633 +24 1633 +24 2.21£0.322 1633 +24 2214032
45% 941+£17 941+17 1198 £21 2.4940.34 1198 £21 2.49+0.34
70% 484+16 900+17 873+ 14 2.5540.26 873+£15 2.554+0.31
90% 371£10 588+13 547+13 3.824+0.21 26011 3.9840.20
97% 311+9 498 £10 464+9 7.0940.24 0 8.50£0.18

Table 1. Yield strength ¢, tensile strength o7, strength at the fracture of MG wire o, strain at the fracture of
MG wiree;,,, fracture strength oy, and fracture strain £, of Cu-coated Pd4,CusNi, (P, MG wires with different R
values.

E of the Cu-coated Pd,Cus3,Ni P,y MG wires cannot be calculated as volume-weighted E of the coating and the
MG core as that of composites reinforced by aligned continuous fiber?’”. Furthermore, 0.2% offset yield strength
can be defined as 941 MPa as listed in Table 1. The wire with R value of 45% fracture catastrophically at a strain
of 2.55% and a strength of 1199 MPa. The fracture strain is increased by 0.34% while the strength is reduced.
The stress-strain curve also shows that the Cu coating and the MG core fracture simultaneously. However, this
is different from compressive fracture of Cu-coated bulk metallic glass, during which the Cu coating completely
peers off the metallic glass core?!. In a word, the tensile deformation and fracture behavior of the Cu-coated
Pd,;Cu;Ni P,y MG wires with a R value of 45% is very similar to fiber reinforced composites with high fiber
volume fraction as reported in literature?’.

When R increases to a value of 70%, the tensile behavior of the wire changes as shown in Fig. 2. With increased
Rvalue, the yield strength g, decreases to 484 MPa as listed in Table 1. At the same time, the tensile strength o
and fracture strength oy, which are 900 MPa and 873 MPa (Table 1), respectively, do not equal to each other any-
more. Therefore, strain localization happens before fracture because the tensile strength is higher than the frac-
ture strength?®. Furthermore, the MG core and the Cu coating of the wire still fracture concurrently as that of the
wire with lower R value described above.

When the R value increases to 90%, the tensile stress-strain curve in Fig. 2 shows that deformation and fracture
behavior of the wire varies a lot and is very similar to tensile stress-strain curve of aligned continuous metal fiber
reinforced composites with lower fiber volume fraction?. In order to clearly describe the uniaxial stress-strain
response, the curve is divided into five stages as shown in the inset of Fig. 2. In stage I, both the coating and the
MG core deforms linearly. When it comes to stage II, the MG core continuously deforms elastically, because strain
range of stage II is within the elastic limit of monolithic MG. At the same time, the Cu coating deforms plastically,
because the relationship between stress and strain is no longer linear. In stage II, the stress decreases slightly with
increasing strain, and the strain range goes outside the elastic limit of monolithic Pd,,Cu;(Ni,,P,, MG wires.
As reported in the literature?’, monolithic MG undergoes softening during plastic deformation. Therefore, the
plateau in the stress-strain curve indicates plastic deformation of Pd,,Cus(Ni,,P,, MG core. This will be further
discussed in the next section. Near the end of stage III, the stress drops faster with increasing strain. Then, the
stress drops abruptly and the MG core fractures in stage IV. However, the coating and the MG core do not frac-
ture concurrently. Therefore, Cu coating deforms plastically and then fractures in stage V. As shown in Fig. 2,
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Figure 4. Fracture patterns on the fracture surface of Pd,,Cu;(Ni, P,y MG core: (a) viscous fingering on the
fracture surface of as-cast Pd,Cus,Ni,,P,, MG wire; (b) viscous fingerings and dimples on the fracture surface
of the MG wire core of the wire with a R value of 45%; (c,d) dimples on the fracture surface of the MG wire cores
in the wires with R values of 90% and 97%.

the deformation behavior of the wire with R value of 97% is very similar to that of the wire with R value of 90%.
Their difference is that the stress and strain values are different as listed in Table 1. The 0.2% offset yield strength
is reduced from 371 MPa to 311 MPa. Surprisingly, the fracture strain of the Pd,,Cu;(Ni, (P, MG core is increased
from 3.82% to 7.09% during uniaxial tensile. This indicates that metallic glassy wires can provide not only high
strength but also significant ductility in fiber reinforced composites.

Deformation and fracture morphology. Transition from catastrophic shear fracture to ductile frac-
ture. Not only as-cast MG wire but also the wires with low R value, such as the wire with R value of 45%, fracture
catastrophically as shown in Fig. 3a and b. When the R value increases to 70%, the reduction of area (4, — Af)/A,
(where A is the cross-sectional area and A; is the cross-sectional area of the fracture) increases to 50%, even
though the ductility improvement is almost zero when it is compared with the MG wire with R value of 45%.
Therefore, the transition from catastrophic shear fracture to ductile necking of the MG wires happens somewhere
between R values of 45% and 70%. However, Fig. 3¢ shows that the final fracture still happens in shear. When the
Rvalue further increases to 90%, (A, — A,)/A, increases to 75%, and the final fracture shown in Fig. 3d changes
totally into ductile manner. The Morphology of the MG wire core electropolished from the wire with R value of
97% is shown in Fig. 3e. The image indicate that the ductility of the MG wire core is mediated by dense shear
banding like compressive ductility of bulk metallic glasses™. However, no indication of necking can be found on
the MG wire core. This transition from catastrophic shear fracture to ductile failure is the transition from cata-
strophic shear fracture to ductile necking of MG wires with reduction in wire diameter as reported in our previ-
ous work'”. Nevertheless, the 7% tensile elongation mediated by dense shear banding was not expected because
zero tensile ductility of microscale MGs had been well founded in literatures'>'. The dense shear bands in Fig. 3e
may be caused by retarding effect on shear band dynamics as in compressed bulk MG with Cu coating?’-22.

Transition from viscous fingering to dimpling. In addition to the transition described above, transition from
viscous fingering to dimpling was observed on fracture surfaces of the wires with different R values as shown
in Fig. 4. As on fracture surfaces of various as-cast MG wires?**-3, viscous fingering was found on the fracture
surface of as-cast Pd, Cus,Ni P,y MG wires as shown in Fig. 4a. The viscous fingering is an indication of Mode
I1 fracture®>* and a continuous crack propagation manner®. On the fracture surface of the MG wire core of the
Cu-coated wire with an R value of 45%, both viscous fingering and dimples were found as shown in Fig. 4b, that
is, the viscous fingering is changed into dimples at an R value around 45%. Even though the wire fractures in
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Figure 5. Electrodepositing Cu onto Pd,,Cus,Ni, P,y MG wire for tensile testing. (a) Schematic illustration of
electrodeposition setup. The difference between our setup and conventional one for Cu electrodeposition is that
a motor is connected to the cathode to rotate the MG wire to make the coating thickness homogeneous. (b) Cu
coated Pd,(Cu;(Ni,(P,y MG wire for tensile testing. The fillet between the grip section and the reduced section of
the prepared tensile testing sample forms during electrodeposition because of the meniscus electrolyte around
the MG wire at the position where the wire meets the surface of the electrolyte.

catastrophic shear as shown in Fig. 3b, the MG wire core is confined by the Cu coating. Therefore, the final frac-
ture of the wire is not in pure shear mode, and there may be a contribution of normal stress which causes the for-
mation of dimples. With increasing R value, the fracture surfaces become rougher as shown in Fig. 4c and d, and
the stress states on the fracture surfaces of the MG wire cores become more complex. The rough surface would
be caused by the intersecting shear bands showing in Fig. 3e, because the wires can no longer fracture along a
single shear band. At the same time, the average dimple size of the wires with R values of 90% and 97% becomes
smaller. Because of the rough fracture surfaces and complex stress states, the facture patterns shown in Fig. 4c and
d cannot be analyzed theoretically by using physical models.

Discussion

In order to investigate the effect of Cu coating on the tensile behavior of Cu-coated Pd,,Cu;(Ni, (P, MG wires, the
tensile behavior of the coating was tested as shown in Fig. 2. The elastic limit is much lower than that of the as-cast
MG wire, and the stress increases slowly with strain. Furthermore, Poisson’s ratio v of metals undergo plastic
deformation is 0.5%. Therefore, we just simply take the Poisson’s ratio v of the Cu coating as 0.5 to simplify theo-
retical analysis. In addition, v of Pd,,Cus,Ni,oP,y MG is 0.399%. The inner diameter of a tube or the diameter of a
rodd = dy(1 — ve), where d,, is the original diameter, ¢ is the tensile strain. Hence, the inner diameter of a Cu
tube is smaller than the diameter of a Pd,,Cus(Ni,;,P,; MG rod with the same diameter d,. Therefore, there is
pressure which is perpendicular to the loading direction and increases with increasing R. The pressure causes
yielding strain of the MG core to increase with increasing R as shown in Fig. 3, because dependence of yielding
strength of MG on pressure is negligible’**!. However, a literature*? has reported that plasticity of BMGs can be
improved by pressure. This also applies to our experimental results that ductility increases with increasing pres-
sure which increases with increasing R, as shown in Fig. 2. Because of the pressure, we believe that the dislocations
in Cu coating sink at the Cu-MG interface, and a high volume fraction of crystalline phase means a high number
of dislocation therefore a higher propensity for glassy phase to yield.

The tensile behavior of Cu-coated Pd,,Cu;(Ni, P,y MG wire with different volume fraction of Cu coating R has
been investigated. A maximum tensile elongation of 7.1% of the MG core has been achieved. SEM investigation
has revealed that the tensile ductility is induced by multiple shear banding. Fracture of the wires transit from cata-
strophic shear fracture to ductile fracture at an R value around 45%. At the same time, the pattern on the fracture
surface of the MG core transits from viscous fingering to dimple. The pressure imposed on the surface of the MG
core, which is induced by the Poisson’s ratio difference between the MG core and the Cu coating, is the reason
of the ductility and the transitions. The pressure generated during deformation may be an effective way to tailor
strength and ductility of materials.

Methods
Preparation of Cu-coated MG wires.  The details of the preparation process of PdCu,,Ni, P,y MG wire can
be found in our previous work?. The diameters of the prepared Pd,Cus,Ni, (P, MG wires range from 50 ~ 100 pm.
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The electrolyte for Cu electrodeposition was prepared from copper sulfate pentahydrate (AR), sulfuric acid
with a purity of 98 wt.%, and distilled water with 64 g/L Cu ion and 73.5 g/L sulfuric acid. The setup for Cu elec-
trodeposition onto Pd,Cus,Ni, P,y MG wires is schematically shown in Fig. 5(a). A DC power supply was used
to provide constant current. The anode was a copper-phosphorous (phosphorous content about 0.1 wt.%) plate
with dimensions of 2mm x 10 mm X 85 mm, and the cathode was a Pd,,Cu;(Ni,,P,, MG wire. In order to ensure
constant coating thickness, the cathode wire was clamped to the shaft of the motor as shown. The cathode was
spinning at a speed of about 100 rpm during electrodeposition. The distance between the anode and cathode was
kept at 30 mm. A magnetic stirrer with a spinning speed of about 120 rpm was used to stir the electrolyte. The
current density i used in this work was 1 mA/mm?. The constant current provided by the power supply is I = imd,
where d, is the diameter of the as-cast Pd,,Cus,Ni,,P,, MG wires, [ is the length of the wire immersed in the elec-
trolyte as shown in Fig. 5(a). In this work, the value of ] was kept at a constant value of 70 mm.

In our experiments, the volume fraction of the Cu coating, given by R = 1 — dg/d; (where d, is the diameter
of the Cu coated wires), needs to be controlled to specific values. The R was controlled by setting the electrodep-
osition time ¢ on the power supply. The volume of electrodeposited metal is proportional to I-t*, therefore, we
used a commercial Ni wire with a diameter of 0.175 mm to measure the volume of Cu electrodeposited per sec-
ond. The current I was calculated to be 0.038 A by using the equation above. After one-hour electrodeposition,
the thickness of the wire became 0.321 mm. Then, the electrodeposition rate C, was calculated to be 1.4 x 1073
mm?/s. Therefore, the time needed to achieve a specific R value is t =Rwd2lI,/4I(1 — R).

After electrodeposition of Cu with expected R, two end parts with lengths of 25 mm were electrodeposited
with extra Cu to produce tensile testing sample shown in Fig. 5(b). When the surfaces of the wire meet the surface
of the electrolyte, a meniscus of electrolyte forms around the wire. This is how the fillet forms between the grip
section and the reduced section of the tensile sample, as shown in Fig. 5(b). Because of the fillet, the tensile testing
sample fractured near the middle of the reduced section.

In order to test tensile properties of the Cu coating, Cu layers with thickness of 0.6 mm were electroplated onto
pure Al plates with dimensions of 2mm x 10 mm X 70 mm with the same electroplating parameters described
above. After electroplating, the Al plates were removed by using a NaOH solution, and the Cu layers were
machined into dog-bone tensile testing specimen, with gauge dimensions of 0.6 mm x 3mm X 15mm.

Electropolishing of Cu-coating. In order to investigate the deformation morphology of the MG core of
the Cu-coated MG wires, the Cu-coating was electropolished before SEM observation. The setup in Fig. 5a was
used for electropolishing. However, the Cu-coated sample was set as the anode and the Cu plate was set as the
cathode. The electrolyte used was the same as the electrolyte for electrodeposition. The motor did not spin during
the electrodeposition. The power supply was working in the constant voltage mode, with a voltage of 0.5V to
electropolish the Cu Coatings. At this low voltage, the MG core cannot be electropolished.

Mechanical, structure and morphology tests. The fully amorphous nature of the as-cast Pd,,Cu3,Ni; (P,
wires was confirmed on a micro-diffractometer with Cu-K,, radiation. Tension tests were conducted at room tem-
perature at a strain rate of 1 x 107*s™! on an Instron 3345 machine. The Fracture surface morphology was investi-
gated using an SEM.

Data availability. The data in this work are available from the corresponding authors on reasonable request.

References
1. Leamy, H. J., Wang, T. T. & Chen, H. S. Plastic flow and fracture of metallic glass. Metall. Trans. 3, 699-708 (1972).
2. Conner, R. D, Johnson, W. L., Paton, N. E. & Nix, W. D. Shear bands and cracking of metallic glass plates in bending. J. Appl. Phys.
94, 904-911 (2003).
3. Mukai, T., Nieh, T. G., Kawamura, Y., Inoue, A. & Higashi, K. Dynamic response of a Pd,Ni,P,, bulk metallic glass in tension.
Scripta Mater. 46, 43-47 (2002).
4. Wu, Y,, Xiao, Y., Chen, G, Liu, C. T. & Lu, Z. Bulk metallic glass composites with transformation-mediated work-hardening and
ductility. Adv. Mater. 22,2770-2773 (2010).
5. Hofmann, D. C. et al. Designing metallic glass matrix composites with high toughness and tensile ductility. Nature 451, 1085-1089
(2008).
6. Sha, Z. D,, Pei, Q. X,, Liu, Z. S., Zhang, Y. W. & Wang, T. J. Necking and notch strengthening in metallic glass with symmetric sharp-
and-deep notches. Sci. Rep. 5, 10797 (2015).
7. Wang, Y., Li, ]., Hamza, A. V. & Barbee, T. W. Ductile crystalline-amorphous nanolaminates. Proc. Natl. Acad. Sci. 104, 11155-11160
(2007).
8. Lu, X. L., Lu, Q H,, Li, Y. & Lu, L. Gradient confinement induced uniform tensile ductility in metallic glass. Sci. Rep. 3, 3319 (2013).
9. Wang, Q. et al. Superior tensile ductility in bulk metallic glass with gradient amorphous structure. Sci. Rep. 4, 4757 (2014).
10. Qu,R. T, Zhang, Q. S. & Zhang, Z. F. Achieving macroscopic tensile plasticity of monolithic bulk metallic glass by surface treatment.
Scripta Mater. 68, 845-848 (2013).
11. Wang, H. et al. Relating residual stress and microstructure to mechanical and giant magneto- impedance properties in cold-drawn
Co-based amorphous microwires. Acta Mater. 60, 5425-5436 (2012).
12. Gao, M., Dong, J., Huan, Y., Wang, Y. T. & Wang, W. H. Macroscopic tensile plasticity by scalarizating stress distribution in bulk
metallic glass. Sci. Rep. 6, 21929 (2016).
13. Sha, Z. D. et al. Metallic glass-based chiral nanolattice: Light weight, auxeticity, and superior mechanical properties. Mater. Today
20, 569-576 (2017).
14. Guo, H. et al. Tensile ductility and necking of metallic glass. Nature Mater. 6, 735-739 (2007).
15. Jang, D. & Greer, J. R. Transition from a strong-yet-brittle to a stronger-and-ductile state by size reduction of metallic glasses. Nature
Mater. 9,215-219 (2010).
16. Tonnies, D., Maaf3, R. & Volkert, C. A. Room temperature homogeneous ductility of micrometer-sized metallic glass. Adv. Mater. 26,
5715-5721 (2014).
17. Yi, J., Wang, W. H. & Lewandowski, J. J. Sample size and preparation effects on the tensile ductility of Pd-based metallic glass
nanowires. Acta Mater. 87, 1-7 (2015).

SCIENTIFICREPORTS | (2018) 8:5659 | DOI:10.1038/s41598-018-23956-5 6



www.nature.com/scientificreports/

18. Adibi, S. et al. A transition from localized shear banding to homogeneous superplastic flow in nanoglass. Appl. Phys. Lett. 103,
211905 (2013).

19. Hasan, M. & Kumar, G. High-throughput drawing and testing of metallic glass nanostructures. Nanoscale 9, 3261-3268 (2017).

20. Chen, W,, Chan, K. C., Guo, S. F. & Yu, P. Plasticity improvement of an Fe-based bulk metallic glass by geometric confinement.
Mater. Lett. 65,1172-1175 (2011).

21. Sun, B. A. et al. Origin of shear stability and compressive ductility enhancement of metallic glasses by metal coating. Sci. Rep. 6,
27852 (2016).

22. Chen, W,, Chan, K. C,, Yu, P. & Wang, G. Encapsulated Zr-based bulk metallic glass with large plasticity. Mater. Sci. Eng. A 528,
2988-2994 (2011).

23. Wu, Y. et al. Nonlinear tensile deformation behavior of small-sized metallic glasses. Scripta Mater. 61, 564-567 (2009).

24. Yi, J. et al. Micro-and nanoscale metallic glassy fibers. Adv. Eng. Mater. 12, 1117-1122 (2010).

25. Hussain, L. et al. Cooling rate-dependent yield behavior of metallic glass wires. Mater. Sci. Eng. A 683, 236-243 (2017).

26. Lu, L., Shen, Y., Chen, X,, Qian, L. & Lu, K. Ultrahigh strength and high electrical conductivity in copper. Science 304, 422-426
(2004).

27. Thomas H, C. Mechanical behavior of materials: Second edition (McGraw Hill, Boston, 2000).

28. Hosford, W. E Mechanical behavior of materials (Cambridge University Press, New York, 2005).

29. Bei, H,, Xie, S. & George, E. P. Softening caused by profuse shear banding in a bulk metallic glass. Phys. Rev. Lett. 96, 105503 (2006).

30. Liu, Y. H. et al. Super plastic bulk metallic glasses at room temperature. Science 315, 1385-1388 (2007).

31. Zberg, B., Arata, E. R., Uggowitzer, P. . & Loffler, J. . Tensile properties of glassy MgZnCa wires and reliability analysis using weibull
statistics. Acta Mater. 57, 3223-3231 (2009).

32. Takayama, S. Drawing of Pd,, ;Cu,Si,¢ s metallic glass wires. Mater. Sci. Eng. 38, 41-48 (1979).

33. Hagiwara, M., Inoue, A. & Masumoto, T. Mechanical properties of Fe-Si-B amorphous wires produced by in-rotating-water spinning
method. Metall. Trans. A 13,373-382 (1982).

34. Sun, H. et al. Tensile strength reliability analysis of Cu,sZr,3Al, amorphous microwires. Metals 6, 296 (2016).

35. Gu, X. ], Poon, S.J.,, Shiflet, G. J. & Lewandowski, J. J. Compressive plasticity and toughness of a Ti-based bulk metallic glass. Acta
Mater. 58, 1708-1720 (2010).

36. Yi, J., Wang, W. H. & LewandowsKi, J. J. Guiding and deflecting cracks in bulk metallic glasses to increase damage tolerance. Adv.
Eng. Mater. 17, 620-625 (2015).

37. Xia, X. X. & Wang, W. H. Characterization and modeling of breaking-induced spontaneous nanoscale periodic stripes in metallic
glasses. Small 8,1197-1203 (2012).

38. Chakrabarty, . Theory of plasticity, 3rd edition (Elsevier, Boston, 2006).

39. Johnson, W. L. & Samwer, K. A universal criterion for plastic yielding of metallic glasses with a (t/t,)*” temperature dependence.
Phys. Rev. Lett. 95, 195501 (2005).

40. Lowhaphandu, P., Montgomery, S. L. & Lewandowski, J. J. Effects of superimposed hydrostatic pressure on flow and fracture of a
Zr-Ti-Ni-Cu-Be bulk amorphous alloy. Scripta Mater. 41, 19-24 (1999).

41. Caris, ]. & Lewandowski, J. J. Pressure effects on metallic glasses. Acta Mater. 58, 1026-1036 (2010).

42. Lewandowski, J. J. & Lowhaphandu, P. Effects of hydrostatic pressure on the flow and fracture of a bulk amorphous metal.
Philosophical Magazine A 82, 3427-3441 (2002).

43. Paunovic, M. & Schlesinger, M. Fundamentals of electrochemical deposition (John Wiley & Sons, Inc., Hoboken, New Jersey, 2006).

Acknowledgements

This work was supported by the Research Committee of the Polytechnic University of Hong Kong (Project code:
G-YBE1), National Natural Science of China (Grant Nos 51501106 and 51771106), and the Natural Science
Foundation of Shanghai (Grant No. 17ZR1440800). The authors would like to thank Dr. Shunhua Chen and Prof.
Qing Wang for experimental help and discussion.

Author Contributions
J.Y. and K.C.C. initiated the project, .H. and Y.Y.J. performed the experiments, ].Y., L.H., K.C.C, Y.Y.J,, Y.D.J.,
G.W,, and QJ.Z. contributed to data analyzing, manuscript writing and discussion.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:5659 | DOI:10.1038/s41598-018-23956-5 7


http://creativecommons.org/licenses/by/4.0/

	Tensile behavior of Cu-coated Pd40Cu30Ni10P20 metallic glassy wire

	Results

	Coating quality. 
	Tensile behavior of as-cast and Cu-coated MG wires. 
	Deformation and fracture morphology. 
	Transition from catastrophic shear fracture to ductile fracture. 
	Transition from viscous fingering to dimpling. 


	Discussion

	Methods

	Preparation of Cu-coated MG wires. 
	Electropolishing of Cu-coating. 
	Mechanical, structure and morphology tests. 
	Data availability. 

	Acknowledgements

	Figure 1 Surface and cross-sectional morphology of Cu-coated Pd40Cu30Ni10P20 MG wires: (a) optical image of the cross section of Cu-coated Pd40Cu30Ni10P20 MG wire (b) SEM image of the surface of homogeneous Cu coating without detected defects.
	Figure 2 Engineering tensile stress-strain curves of Cu-coated Pd40Cu30Ni10P20 MG wires with coating volume fraction R of 0%, 45%, 70%, 90%, and 97%, and electrodeposited pure Cu.
	Figure 3 Catastrophic shear fracture to necking transition of Cu-coated Pd40Cu30Ni10P20 MG wires.
	Figure 4 Fracture patterns on the fracture surface of Pd40Cu30Ni10P20 MG core: (a) viscous fingering on the fracture surface of as-cast Pd40Cu30Ni10P20 MG wire (b) viscous fingerings and dimples on the fracture surface of the MG wire core of the wire with
	Figure 5 Electrodepositing Cu onto Pd40Cu30Ni10P20 MG wire for tensile testing.
	Table 1 Yield strength , tensile strength , strength at the fracture of MG wire , strain at the fracture of MG wire , fracture strength , and fracture strain of Cu-coated Pd40Cu30Ni10P20 MG wires with different R values.




