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High-rate squeezing process of bulk metallic glasses from a cylinder into an intact sheet achieved

. byimpact loading is investigated. Such a large deformation is caused by plastic flow, accompanied

Accepted: 20 February 2017 with geometrical confinement, shear banding/slipping, thermo softening, melting and joining.

Published: 24 March 2017 °@ Temperature rise during the high-rate squeezing process makes a main effect. The inherent mechanisms

. areillustrated. Like high-pressure torsion (HPT), equal channel angular pressing (ECAP) and surface

mechanical attrition treatments (SMAT) for refining grain of metals, High-Rate Squeezing (HRS), as

a multiple-functions technique, not only creates a new road of processing metallic glasses and other

metallic alloys for developing advanced materials, but also directs a novel technology of processing,

grain refining, coating, welding and so on for treating materials.
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The discovery of metallic glassy materials with a disordered atomic structure is the advent of a new class of
advanced materials, which have a unique combination of outperforming mechanical and physical properties for
a great potential in various applications!~. Shear banding always operates the deformation and fracture process of
bulk metallic glasses, when subjected to an applied stress®®. This mechanism contributes to the plastic straining.
Accompanying with it, temperature rise occurs. Due to the ‘hot shear bands, strain softening and melting behav-
iour are induced in the deformation and fracture process® 2

A number of publications have reported the phenomenon of temperature-rise-induced melting behaviour
during a ‘hot’ shear banding in metallic glasses®!!. By using a fusible coating, Lewandowski et al.!® estimated
that temperature rise can approach a few thousand kelvin during shear banding in metallic glasses. It is thought
to result in the material melting inside shear bands, and thus leading to prominent vein-like structures and lig-
uid droplets on the fracture surface. Also, a melting liquid layer on the fracture surface of metallic glasses was
reported, which was evaluated to have several micrometers thickness”.

On another hand, Wright ef al.'*!* believed that the final fracture processing, rather than the shear banding,
results in the melting behaviour of metallic glasses by evaluating the temperature rise of more than 209 kelvin in
a shear band. An unstable shear banding, even accompanied with a low temperature rise, can finally evolve into a
hot fracturing, and thus resulting in the melting behaviour’®.

From above, we can conclude that temperature rise and resultant melting behaviour in metallic glasses caused
by deformation and fracture process has a broad consensus®*°. Utilizing this unique performance!®3, processing
bulk metallic glasses is provided an applicable potential at room temperature, as well as other applications.

In this study, we design a high-rate squeezing (HRS) technique to realize the processing of bulk metallic
glasses at room temperature from a cylinder into an intact sheet. It opens a new road of processing various metal-
lic glasses and other metals, and establishes a novel applicable technique with multiple functions and applications.

Experimental Methods

In this research, the bulk metallic glasses is selected as Zrs, sCu,; oNi, 4 ¢Al, Tis (Vitreloy 105) with a fully amorphous
microstructure, which has a high glass forming ability (GFA) and a good combination of strength and toughness®.
The used specimens of 2mm-diameter and 2.4 mm-height cylindrical rod were prepared by arc melting a mixture
of the pure metallic components under a Ti-gettered argon atmosphere followed by suction cast into a water-cooled
Cumold. The HRS technique is performed by an apparatus of split Hopkinson pressure bar (SHPB), which has been
widely used to characterize the dynamic mechanical response of various engineering materials deforming at high
strain rates (10*-10%/s)**"%. Herein, the applied SHPB has a diameter of 14.5mm and is made by the material of 18Ni
high-strength steel with yield strength of about 2000 MPa, which ensures a fully persisted elastic deformation during
the HRS processing of metallic glassy specimens (yield strength of 1800 MPa). The processing work is conducted at
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Figure 1. Rate-dependent mechanical properties of Vitreloy 105 metallic glasses: (a) uniaxial compressive
stress-strain curves at various loading rates; (b) rate dependency of yield stress.

room temperature, which exerts a high-rate loading on the specimen of cylindrical rod. The processing rates from
400-15000/s were operated and the related stress-strain curves were derived.
In a SHPB test, the well-established elementary linear elastic wave propagation theory can be employed to

calculate the stress, strain and strain-rate versus time relations, based on the recorded strains of incident bar and
transmitter bar>%, as o (1) = E“%er(t), &5(t) = [ (dt = — 2 [ ey (dtandeg() = Y = —Zoe (o),
Wherein, o(t), £,(t) and &¢(t) are the specimen’s stress, strain and strain rate, respectively; E is the bar’s Young’s
modulus; A is the bar’s cross sectional area; A is the specimen’s initial cross sectional area of gauge section, i.e.
deformation part of the specimen; e(t) is the transmitted strain history; ex(t) is the reflected strain history; L is
the initial gauge length of the specimen and C, is the wave velocity in the incident bar, calculated as C, = ./E/p ,

in which p is the bar density.

Results and Discussions
Figure 1 shows the rate-dependent mechanical properties of Vitreloy 105 metallic glasses. Under static loading,
Vitreloy 105 metallic glasses displays a yielding at 1800 MPa, followed by a plastic straining of 2.6% up to the final
fracture (see Fig. 1(a)). Under medium rate loading of about 400/s, yield stress approximates to 1300 MPa, almost
without any plastic straining before the final fracture.

Under high rate loading of more than 10000/s, yield stress decreases down to lower than 1000 MPa. However,
it is interesting to note that plastic strain of 2-3% occurs followed by a strain softening (see the inset of Fig. 1(a)).
Afterwards, local fracture may occur to the specimen, resulting in a sudden stress drop. Due to the inertia of
pressure bar, such a sudden stress drop leads to the reflection of elastic wave, which forms a tensile stress in the
pressure bar. This phenomenon indicates the effect of pressure bar stiffness on deformation behaviour of metallic
glasses®*?°. Then, because of the geometric confinement for the deformed specimen (height-to-diameter ratio is
about 1.2) induced by the pressure bar, catastrophic fracture is restrained. Instead, a large plastic flow is triggered
up to about 80% engineering strain at a low stress level. Accompanying with it, multiple shear bandings/slippings
will be induced?*2¢, which results in the temperature rise. So, thermo softening is formed to cause a low flowing
stress!!. Meanwhile, melting behaviour of metallic glassy material may occur. Finally, the deformed specimen
is squeezed into a thin sheet, during which the engineering stress is sharply increased, as shown in the part of
stress-strain curve of more than 80% engineering strain. Herein, strain rate is calculated from the initial straining
before squeezing, which is defined as processing rate. For the HRS process, squeezing rate can be calculated as
AL/t. Herein, AL is the specimen length difference before and after squeezing, and t is the loading time, which is
equal to the duration time of incident wave. The calculation data will be illustrated later.
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Figure 2. Melting behaviour evolved with loading rate revealed by observing fracture surface patterns.
Under static loading: (a) a joint formation of dense vein-like structures and dendrite-like patterns; Under
medium rate loading: (b) dendrite-like patterns and (c) sparse vein-like structures; Under high rate loading:
(d) dense vein-like structures with extended characteristics, (e) dense vein-like structures and melting liquid,
(f) a thick layer of melting liquid covering the vein-like structures, (g) fully melting liquid and (h) featureless
melting liquid with a smooth surface.

Rate dependency of yield stress is illustrated in Fig. 1(b), which displays a decreasing tendency with the
increase of strain rate. A softening behaviour induced by loading rate can be imaged*-*°, which indicates more
temperature rise at higher strain rate. Thus, the resultant melting behaviour of metallic glassy material is expected
to be evolved with the strain rate.

Figure 2 reveals the melting behaviour of Vitreloy 105 metallic glasses evolved with loading rate by observ-
ing the patterns on fracture surface. Under static loading, both the dense vein-like structures and dendrite-like
patterns are observed on the fracture surface (see Fig. 2(a)), which corresponds to the plastic deformation (see
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Fig. 1(a)). Under medium rate loading, dendrite-like patterns are mainly formed (see Fig. 2(b)) and vein-like
structures become sparse (see Fig. 2(c)). It is in line with the observations on fracture surface of metallic glasses
after dynamic loading®'. Thus, the decreased yield stress and absence of plasticity are reasonable for the “hot”
shear banding and fast shearing fracture droved by dynamic stress. Under high rate loading, the dense vein-like
structures with extended characteristics occur overwhelmingly (see Fig. 2(d)), accompanied with the melting
liquid (see Fig. 2(e)), which indicates the viscous flow. It corresponds to the appearance of plastic deformation
(see the inset of Fig. 1(a)).

Furthermore, a thick layer of melting liquid is found covering the vein-like structures (see Fig. 2(f)), which
indicates a higher temperature rise. The higher temperature rise leads to more softening behaviour, contributing to
a further strength decrease (see Fig. 1), and results in profuse melting behaviour endowing a viscous fluidity>*1°.
Temperature rise in metallic glassy materials was extensively investigated by a coupled thermo-mechanical
model’*%. They predicted that it is the results of shear band evolution and strongly depends on the proportion-
ality coefficient and the local strain rate®’. Shear banding can result in a significant temperature rise in ductile
Zr-based metallic glasses, otherwise cracking may take place and cause the catastrophic fracture, like the case in
brittle Fe- and Mg-based metallic glasses. The flow stress depends on the temperature as well as the sliding speed
of shear band®®. An increased temperature can lower the shear resistance in shear band and therefore facilitates
the sliding which in turn supplies the heating energy into the band to further elevate the temperature.

In the current case, a thick layer of melting liquid is formed in Vitreloy 105 (Zr-based) metallic glasses at a
high strain rate. Inside this layer, the metallic glassy material is fully melted. Matthews® et al. conducted both
TEM and SEM observations to experimentally confirm the presence of a layer of melting liquid on the fracture
surface of a metallic glassy material. Moreover, by both experimental evaluation and model calculation, they con-
cluded that the thickness of the layer of melting liquid can substantially exceed the generally accepted thickness
of a shear band. Thus, the resultant dramatic decrease of viscosity at a high strain rate and high proportionality
coefficient indicates that a significant strain rate softening would occur in the final stage of shear band evolution®.
So, the current Vitreloy 105 metallic glasses shows a lower yield stress and a certain plastic flow under high rate
loading. Even, a thicker layer of fully melting liquid is formed under a higher rate loading (see Fig. 2(g)). It is
featureless with a smooth surface (see Fig. 2(h)), which, on the one hand, prevents the shear bands growing into
cracks, on the other hand, heals the micro cracks. The average thickness of melting layer is supposed to increase
with the increasing strain rate, which is strain rate dependent.

By comparing the patterns of fracture surface as shown in Fig. 2(c-h), we can conclude that the smoothness
of fracture surface becomes higher with the increasing strain rate. The reason is analyzed that with the increasing
strain rate, temperature rise becomes higher, and the resultant melting liquid is more, which causes a lower speed
of heat conduction and a slower cooling rate. Surface energy of melting liquid has enough time to smooth the
fracture surface. So, we can summarize that fracture surface becomes smoother with the increasing strain rate,
because of a lower cooling rate at higher strain rate. Fracture surface smoothness is also strain rate dependent.

From above illustrations, we can conclude that under high rate loading (more than 10000/s strain rate), tem-
perature rise is high enough to result in a fully melting behaviour inside a thick layer of Vitreloy 105 metallic
glassy material. Such the high temperature rise and resultant melting behaviour under a high rate loading con-
tribute to the HRS processing technique at room temperature. It is one of the intrinsic characteristics of high-rate
squeezing (HRS) technique.

Figure 3 shows the post-process patterns of Vitreloy 105 metallic glasses conducted by high-rate squeezing
(HRS) technique at room temperature. An approximate 4 mm-diameter and 0.3 mm-thickness sheet is produced from
a cylinder after high-rate squeezing (see Fig. 3(a)), which coats on a high-strength steel substrate. Thus, the squeezing
rate can be calculated as AL/t = 2.4 — 0.3mm/0.074ms = 28.4m/s. Herein, AL = 2.4 — 0.3mm = 2.1mm,
which is the specimen height difference before and after squeezing; and, t is the loading time, which is equal to the
duration time of incident wave, i.e. 0.074 ms in the current SHPB test. Several circular stripes are formed on the
top surface of the squeezed sheet induced by a corresponding HRS mould (see Fig. 3(b)), which indicates that the
surface patterns can be modified by a determined HRS mould. An amplified image reveals that the squeezed sheet
is intact without any damage and the surface is rough (see Fig. 3(c)). The melting liquid is extended during
high-rate squeezing and is scraped by the rough surface of the HRS mould (see Fig. 3(d)). These observations
indicate that temperature rise during HRS process is high enough to melt the surface of metallic glassy material'®.
The dense vein-like structures (see Fig. 3(e)) and the wiped melting liquid (see Fig. 3(f)) are found underneath the
top surface of the sheet, which further confirm the temperature rise and the resultant melting behaviour accom-
panying with the HRS process. Furthermore, these micro cracks are expected to be restrained of growing into
macro cracks or to be healed from macro cracks by the melting liquid. Therefore, a large-size undamaged thin
sheet can be produced by high-rate squeezing (HRS) technique at room temperature. The roughness and pattern
of the sheet surface can be modified by HRS mould. This performance can contribute to a flexible processing
technology and a sound coating/welding behaviour.

XRD patterns reveal the amorphous microstructure of the squeezed sheet (see Fig. 4), which means that the
intrinsic microstructure of metallic glasses is not changed by the melting behaviour during high-rate squeezing
(HRS) process. It is attributed to the high glass forming ability of Vitreloy 105 metallic glasses'. The insets reveal
the rough surface of the squeezed sheet with numerous parallel ridges (see Fig. 4(a)), and the vein-like struc-
tures between the ridges (see Fig. 4(b)), which are significant for the welding behaviour by a physical or/and
mechanical bonding®. The welding behaviour between the metallic glasses and high-strength steel is realized
by high-rate squeezing (HRS) technique (see Fig. 4(c)). The interface is intact and is expected to form a solid
bonding, considering the high-temperature and high-pressure process in HRS technique. Later on, mechanical
strength, plasticity, hardness and other physical performance of the squeezed sheet will be investigated. Bonding
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Figure 3. Processing of Vitreloy 105 metallic glasses by high-rate squeezing (HRS) technique at room
temperature: (a) an approximate 4 mm-diameter and 0.3 mm-thickness sheet formed from a cylinder coating
on a high-strength steel substrate; (b) circular stripes on the top surface of the sheet induced by a corresponding
HRS mould; (c) intact sheet without observing any damage; (d) patterns formed by the extended and scraped
melting liquid; (e) dense vein-like structures and (f) wiped melting liquid underneath the top surface of the
sheet.

stress as well as bonding mechanisms of metallic glasses and high-strength steels produced by HRS process will
also be the research interests in science and technology.

To extend, high-rate squeezing (HRS) is a comprehensive material processing technique with the characteris-
tics of high speed, high pressure and high temperature rise, whose inherent technological mechanisms, process-
ing methods and operating environments, as well as the achieved functions and applications are listed in Fig. 5.
Besides split Hopkinson bar, the processing apparatus can be drop weigh, Taylor impact, plate impact, explosive
and other designed equipments that can produce a high-rate compressive loading?**. These apparatuses are
well-used techniques with quantificational working parameters, which can ensure the reliability and repeatability
of the HRS processing results. The operating environments can be at different processing temperatures and in
various working mediums for varying the cooling rate after HRS process.

HRS is a processing technique conducted by various high-rate compressive apparatuses in a variable working
environment. The HRSed materials can include the metallic glasses and their composites, high-strength metallic
alloys, non-equilibrium alloys and various coarse-grain alloys. The processing results are multiple and colorful.
Coarse grain can be refined into ultrafine and nano grain, like the techniques of high-pressure torsion (HPT),
equal channel angular pressing (ECAP)* and surface mechanical attrition treatments (SMAT)?®. Some metal-
lic glasses can be induced a partial nanocrystallization®. The resultant sheet-shape alloys by such the severe
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Figure 4. XRD patterns revealing the amorphous microstructure of Vitreloy 105 metallic glasses after
HRS process and SEM images showing the welding behaviour: (a) rough surface of the squeezed sheet with
numerous parallel ridges; (b) vein-like structures between the ridges; (c) welding behaviour between the
metallic glasses and high-strength steel with an intact interface.
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Figure 5. High-rate squeezing (HRS) technique: inherent technological mechanisms; processing methods
and operating environments; and achieved functions and applications.

deformation of HRS technique can be a monolith or mixture of amorphous, nano, ultrafine, and coarse grains,
that are expected to have the unique mechanical and physical properties.

In HRS technique, welding behaviour® can be produced by placing a medium in-between two welded alloys,
where the medium can be metallic glasses or other metallic alloys as the solder. Furthermore, coating behaviour
can also be produced via achieving the welding behaviour in a single side. The interface is expected to be intact,
to form a high-strength bonding and to have other high-performance physical properties. Herein, due to the
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instantaneous process of HRS technique (much less than 1 ms) at room temperature, interface oxidation effect can
be almost ruled out***!, which contributes to a well bonding condition at interface. It is advantageous comparing
with the high temperature joining technique.

During HRS processing, bulk metallic glasses shows a high strength of more than 800 MPa, which is compa-
rable with engineering steel, and melting behaviour is induced due to temperature rise. Such the performance
is characterized as the hot jetting in the penetrating process of a penetrator*?. So, a self-hot jetting function of
metallic glasses can be revealed by the HRS technique. Metallic glasses and their composites are supposed to be
coated on a penetrator for improving the penetration capability.

Therefore, high-rate squeezing (HRS) technique with the characteristics of high speed, high pressure and high
temperature rise is established, which can process a variety of metallic alloys via various high-rate compressive
apparatuses for achieving multiple functions and applications.

Conclusions

To conclusion, high-rate squeezing performance of bulk metallic glasses is investigated, operated by split
Hopkinson pressure bar (SHPB), which produces a large-size intact thin metallic glassy sheet from a cylindrical
specimen. It is a technique progressing of processing bulk metallic glasses, which is comparable with the nanos-
cale imprinting of metallic glassy materials***4. Inherent mechanism of such a considerable shape change is the
instantaneous plastic flow of metallic glassy material, which is involved in the geometrical confinement, shear
banding/slipping, thermo softening, melting and joining into a thin sheet. The intact thin sheet is expected to
have a sound coating/welding behaviour with high-strength steel revealed by an undamaged, rough interface.
Based on this study, high-rate squeezing (HRS) technique is firstly proposed, which is a processing method with
extensively applicable apparatuses and operating environments for treating various metallic materials to produce
an intended result.

References

1. Greer, A. L. Metallic glasses. Science 267, 1947-1953 (1995).

2. Wang, W. H., Dong, C. & Shek, C. H. Bulk metallic glasses. Mater. Sci. Eng. R 44, 45-89 (2004).

3. Schuh, C. A., Hufnagel, T. C. & Ramamurty, U. Overview No. 144 - Mechanical behavior of amorphous alloys. Acta Mater. 55,
4067-4109 (2007).

4. Ashby, M. E & Greer, A. L. Metallic glasses as structural materials. Scripta Mater. 54, 321-326 (2006).

5. Schroers, J. & Johnson, W. L. Ductile bulk metallic glass. Phys. Rev. Lett. 93, 255506 (2004).

6. Hofmann, D. C. et al. Designing metallic glass matrix composites with high toughness and tensile ductility. Nature 451, 1085-1090
(2008).

7. Greer, A. L., Cheng, Y. Q. & Ma, E. Shear bands in metallic glasses. Mater. Sci. Eng. R 74, 71-132 (2013).

8. Das, J. et al. “Work-hardenable” ductile bulk metallic glass. Phys. Rev. Lett. 94, 205501 (2005).

9. Yavari, A. R., Lewandowski, J. J. & Eckert, ]. Mechanical properties of bulk metallic glasses. MRS Bull. 32, 635-638 (2007).

10. Lewandowski, J. J. & Greer, A. L. Temperature rise at shear bands in metallic glasses. Nat. Mater. 5, 15-18 (2006).

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

12. Wang, J. G. et al. How hot is a shear band in a metallic glass? Mater. Sci. Eng. A 651, 321-331 (2016).

13. Wright, W. J., Samale, M. W., Hufnagel, T. C., LeBlanc, M. M. & Florando, J. N. Studies of shear band velocity using spatially and
temporally resolved measurements of strain during quasistatic compression of a bulk metallic glass. Acta Mater. 57, 4639-4648
(2009).

14. Wright, W.],, Byer, R. R. & Gu, X. J. High-speed imaging of a bulk metallic glass during uniaxial compression. Appl. Phys. Lett. 102,
241920 (2013).

15. Yang, G. N,, Shao, Y. & Yao, K. E The material-dependence of plasticity in metallic glasses: An origin from shear band thermology.
Mater. Des. 96, 189-194 (2016).

16. Schroers, J. Processing of bulk metallic glass. Adv. Mater. 22, 1566-1597 (2010).

17. Johnson, W. L. et al. Beating crystallization in glass-forming metals by millisecond heating and processing. Science 332, 828-833
(2011).

18. Duan, G. et al. Bulk metallic glass with benchmark thermoplastic processability. Adv. Mater. 19, 4272-4275 (2007).

19. Bian, Z., He, G. & Chen, G. L. Microstructure and mechanical properties of as-cast Zrs, ;Cu,; ¢Ni, 4 4Al, o Tis bulky glass alloy. Scripta
Mater. 43, 1003-1008 (2000).

20. Zhao, H., Gary, G. & Klepaczko, J. R. On the use of a viscoelastic split Hopkinson pressure bar. Int. J. Impact Eng. 19, 319-330 (1997).

21. Lu, J., Ravichandran, G. & Johnson, W. L. Deformation behavior of the Zr,, ,Ti,; sCu,, sNi; Be,, 5 bulk metallic glass over a wide
range of strain-rates and temperatures. Acta Mater. 51, 3429-3443 (2003).

22. Frew, D.],, Forrestal, M. J. & Chen, W. Pulse shaping techniques for testing brittle materials with a split Hopkinson pressure bar. Exp.
Mech. 42, 93-106 (2002).

23. Field, ]. E., Walley, S. M., Proud, W. G., Goldrein, H. T. & Siviour, C. R. Review of experimental techniques for high rate deformation
and shock studies. Int. J. Impact Eng. 30, 725-775 (2004).

24. Wu, E E, Zheng, W,, Wu, S. D, Zhang, Z. E. & Shen, J. Shear stability of metallic glasses. Int. J. Plasticity 27, 560-575 (2011).

25. Han, Z., Wu, W. E, Li, Y., Wei, Y. ]. & Gao, H. J. An instability index of shear band for plasticity in metallic glasses. Acta Mater. 57,
1367-1372 (2009).

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

27. Jiang, W. H. et al. Strain-rate dependence of hardening and softening in compression of a bulk-metallic glass. J. Mater. Res. 22,
2655-2658 (2007).

28. Dai, L. H,, Yan, M,, Liu, L. F. & Bai, Y. L. Adiabatic shear banding instability in bulk metallic glasses. Appl. Phys. Lett. 87, 141916
(2005).

29. Arman, B, Luo, S. N., Germann, T. C. & Cagin, T. Dynamic response of Cu,,Zrs, metallic glass to high-strain-rate shock loading:
Plasticity, spall, and atomic-level structures. Phys. Rev. B 81, 144201 (2010).

30. Liu, W. D,, Liu, K. X, Xia, X. X. & Wang, W. H. The failure stress of bulk metallic glasses under very high strain rate. J. Mater. Res.
25, 1230-1234 (2010).

31. Yang,R. Q. Fan, ]. T, Li, S. X. & Zhang, Z. E. Fracture behavior of Zrs;Cus,Al,,Ni; bulk metallic glass under quasi-static and dynamic
compression. J. Mater. Res. 23, 1744-1750 (2008).

32. Zhang, H., Subhash, G. & Maiti, S. Local heating and viscosity drop during shear band evolution in bulk metallic glasses under
quasistatic loading. J. Appl. Phys. 102, 043519 (2007).

33. Wang, J. G. et al. Ideal shear banding in metallic glass. Philo. Mag. 96, 3159-3176 (2016).

SCIENTIFICREPORTS | 7:45051 | DOI: 10.1038/srep45051 7



www.nature.com/scientificreports/

34. Matthews, D. T. A., Ocelik, V., Bronsveld, P. M. & De Hosson J. T. M. An electron microscopy appraisal of tensile fracture in metallic
glasses. Acta Mater. 56, 1762-1773 (2008).

35. Jiang, M. Q., Huang, B. M., Jiang, Z. J., Lu, C. & Dai, L. H. Joining of bulk metallic glass to brass by thick-walled cylinder explosion.
Scripta Mater. 97, 17-20 (2015).

36. Zhilyaev, A. P. & Langdon, T. G. Using high-pressure torsion for metal processing: Fundamentals and applications. Prog. Mater. Sci.
53, 893-979 (2008).

37. Iwahashi, Y., Horita, Z., Nemoto, M. & Langdon, T. G. The process of grain refinement in equal-channel angular pressing. Acta
Mater. 46, 3317-3331 (1998).

38. Lu, K. & Lu, J. Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment. Mater. Sci. Eng.
A 375, 38-45 (2004).

39. Chen, H., He, Y, Shiflet, G. J. & Poon, S. J. Deformation-induced nanocrystal formation in shear bands of amorphous alloys. Nature
367, 541-543 (1994).

40. Chen, W, Liu, Z. & Schroers, J. Joining of bulk metallic glasses in air. Acta Mater. 62, 49-57 (2014).

41. Liu, Z. et al. 3D metallic glass cellular structures. Acta Mater. 105, 35-43 (2016).

42. Walter, W. P. & ZuKkas, J. A. Fundamental of shaped charges. Book (ISBN 0471621722) John Wiley & Sons (New York), 398 (1989).

43. Kumar, G., Tang, H. X. & Schroers, ]. Nanomoulding with amorphous metals. Nature 457, 868-872 (2009).

44. Liu, Z. & Schroers, J. General nanomoulding with bulk metallic glasses. Nanotechnology 26, 145301 (2015).

Acknowledgements

The author, J.T. Fan would like to acknowledge the funding supports of BIT-startup finance for young scholar and
National Natural Science Foundation of China with Grant No. 11602024; the unconditional help from Prof. C.
Wang, Prof. WH. Wang and Dr. C. Wang; and the SHPB experimental tests conducted by Prof. X.W. Zhang, Mr.
Q. Liu, Mr. C.S. Zhang and Mr. A.F. Zhang.

Author Contributions
J.T.E contributed to the experimental design, SHPB test, SEM and XRD characterizations, experimental results
analysis and manuscript writing.

Additional Information
Competing Interests: The author declares no competing financial interests.

How to cite this article: Fan, J. T. High-rate squeezing process of bulk metallic glasses. Sci. Rep. 7, 45051; doi:
10.1038/srep45051 (2017).

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

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:45051 | DOI: 10.1038/srep45051 8


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

	High-rate squeezing process of bulk metallic glasses

	Experimental Methods

	Results and Discussions

	Conclusions

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Rate-dependent mechanical properties of Vitreloy 105 metallic glasses: (a) uniaxial compressive stress-strain curves at various loading rates (b) rate dependency of yield stress.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Melting behaviour evolved with loading rate revealed by observing fracture surface patterns.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Processing of Vitreloy 105 metallic glasses by high-rate squeezing (HRS) technique at room temperature: (a) an approximate 4 mm-diameter and 0.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ XRD patterns revealing the amorphous microstructure of Vitreloy 105 metallic glasses after HRS process and SEM images showing the welding behaviour: (a) rough surface of the squeezed sheet with numerous parallel ridges (b) vein-like struc
	﻿Figure 5﻿﻿.﻿﻿ ﻿ High-rate squeezing (HRS) technique: inherent technological mechanisms processing methods and operating environments and achieved functions and applications.



 
    
       
          application/pdf
          
             
                High-rate squeezing process of bulk metallic glasses
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45051
            
         
          
             
                Jitang Fan
            
         
          doi:10.1038/srep45051
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep45051
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep45051
            
         
      
       
          
          
          
             
                doi:10.1038/srep45051
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45051
            
         
          
          
      
       
       
          True
      
   




