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Abstract

The fracture behaviors of laminated composites of bulk metallic glass (BMG (Vitreloy 1))/crystalline layer have been examined. The composi
stacked by BMG/thin Zr layer (2b6m) have been bonded by electron-discharge bonding technique. The fracture tests have been carried out |
non-standard self-designed subsize-charpy tester. When the number of BMG layer increases up to three layers, the fracture energy for the lami
specimen is increased due to crack redirection and absorption of the fracture energy at the crystalline layer during fracture.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction One model approach of laminated composites fabricated by sol-

dering of a sandwich design with one amorphous ribbon and
A fabrication of large-size bulk metallic glasses (BMGs) with crystalline layered specimen focused ribbon fracture behav-

a relatively slow cooling rate as low as 1K/s has received atior and showed a potential for enhancement of crack resis-

attention due to their unique properties such as high strengttance[13]. However, a detailed investigation of novel architec-

and high corrosion resistan®,2]. However, the catastrophic tural design for BMG/metal laminated composites has not been

fracture behavior of metallic glasses upon applied loading haseported.

led a fabrication of in situ and/or ex situ composites, exhibit- In the present study, a special attention has been given to the

ing a large potential for an enhancement of fracture toughnedsacture behavior of laminated BMG/metal composites bonded

[3]. Alternatively, a novel composite fabrication process hady electro-discharge technique for the first time. The fracture

been explored by adopting laminated architecture, which cabehavior and fracture energy have been investigated by means

maximize uni-directional toughneft-6]. Especially, Al-based of self-designed subsize-charpy tester. The estimated fracture

composite alloys have exhibited a significant enhancement afnergy for laminated BMG composites showed an enhancement

fracture toughness via fabrication of laminated structure alteref the fracture energy. The fracture behavior of laminated com-

nating hard/soft materials, in which the toughening enhancemerpiosites is presented together with an underlying mechanism for

can be achieved due to the formation of alternating layered archenhancement of fracture energy.

tecture[4]. Furthermore, the investigation of laminated com-

posites can provide useful scientific information for materials

fracture behaviof7—9]. Numerous attempts of novel architec- 2. Experimental

tural design in order to provide an enhancement of toughness

for Al composites or ceramics have been explojd0—12] Thirty grams ingots with a nominal composition of mono-
lithic Vitreloy 1 (Zr41 2Ti13.8Cu12 5Ni1oBexs 5(at.%)) have been
made by arc-melting elemental components and Be—Cu—Ni

"+ Correspondi _ . , ?Iloys in a Ti-gettered Ar atmosphere. In order to fabricate a
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integration value of applied force| upon displacements)(
(fé force d). The fracture energy was obtained by dividing the
For the preparation of bonding process, the BMG plate was cuipecimen cross-section area affected by the size fat&jr
into a rectangular shape. When the number of BMG layer was increased, the fracture
A thin Zr metallic foil (25um) was purchased from Alfa energy was enhanced. It should be noted that the maximum force
Aesar. The metallic layer was selected upon similarity of thefor fracture energy of the BMG was highest for the monolithic
constituent of Vitreloy 1. In order to fabricate laminated com-BMG, while the laminated BMG showed lower values upon
posites, the thin foil was inserted between two and three piecdacreasing layer numbers. However, the total fracture energy was
of the BMG. In order to minimize a variable of the sample increased for the three-layered BMGs. The measured maximum
roughness during bonding process, all of the BMG surface waforces and corresponding fracture energy. fracture energy
polished with a 0.Jum (Al,O3 powder) on a cloth. The capacitor up to maximum forcefE: total fracture energy) are shown in
of the charge electron equipment was used with a constant valible 1 The fracture energy of three-layered BMG composite
of 450pF and the maximum input energy for sample bondingwas increased by about 40%, while the maximum fracture force
was about 17 kJ. Following the bonding process, the specimemas lowered, compared with the monolithic BMG specimen.
was cut as a dimension of 3 mr¥d mmx 15 mm (width, height Fig. 3@&) shows the surface of the monolithic BMG frac-
and length) by electro-discharge machining. The thicknesses afired sample. The main crack developed in an irregular manner.
each BMG piece were reduced for the two- and three-layeredliso, small cracks were observed along the main crack direction
laminated composite, but all of the final specimen dimensior{marked as A), implying that such small cracks and shear bands
was maintained as an equivalent size. The schematic specimeantribute to dissipate fracture enerfig. 3(b) displays the sur-
dimension and shape are showrFig. 1 For the three-layered face of two-layer BMG specimen. Again, cracks developed in
composite, in order to minimize the dimensional effect duringan irregular manner. It is specially noted that the cracks redirect
machining, the thickness of both the top and bottom layer wergvhen the crack reaches an interface and small cracks developed
setas 1.5 mm, and the middle layer was set as 1.0 mm. The totaf the interface area (marked as Big. 3(c) shows the surface
layer thickness of all of the specimen has been set as 4 mm. lof three-layer BMG specimen. It is clear that a fair amount of
order to measure the fracture energy of the specimen, a selémall cracks and shear bands were developed at the interface
designed subsize-charpy tester was used and the fracture enemgympared with other specimens (marked as C). Also, the cracks
was measured. Briefly, the designed subsize-charpy tester vgere redirected at the interface. It should be mentioned that the
equipped with a free drop anvil and oscilloscope that can receiveracks and shear bands were observed all of the internal inter-
signals during specimen fracture. The signals have been receivéate area. At the same time, the shear bands were also developed
from aload cell composed of strain gage attached on the strikingt the place that the anvil hits the specimen (marked D).
anvil. The detailed equipment information and data reliability
have been reported elsewhétd]. Following the fracture tests, 14p1e 1
the microstructures and fractured surface were investigated stacture force and energy for bulk, two- and three-layered BMG speciffien (
Optical Microscope and SEM (Scanning Electron Microscopethe energy that the materials absorbed until fracture until maximum féfce,

Fig. 1. Schematic figures of prepared specimen dimensions.

Hitachi S-2700). total energy for complete fracturByax: maximum force for sample fracture)
Sample Fmax (KN) Ei (J) Et (KJ/P)
3. Results
Bulk 1.23 0.18 19
Fig. 2shows the fracture energy corresponding to the BMGI"o-laver 0.77 0.19 22

. Three-layer 0.63 0.26 27
layer numbers. Fracture energf)(was estimated from an Y
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Fig. 3. Specimen outlook following fracture tests for (a) monolithic, (b) two, and (c) three BMG composites.

Fig. 4 shows SEM of (a) monolithic (b) two-layered, and tile phase, while there is a loss of materials strength due to the
(c) three-layered BMG cross-sections following fracture. Thepresence of a ductile phap8. It has been reported that crack
fractured surfaces of the entire specimen show a typical veiredirection and fiber pulling force are mainly responsible for
pattern. The morphology of vein patterns placed near the notcthe enhancement of high toughness of the laminated compos-
area is shown iffrig. 4(d) and the morphology of them located ites for ductile phase reinforced composifg6]. The fracture
away from the notch area is showrHig. 4(e). Itis probable that behavior of monolithic BMGs exhibits a different mode from
the morphology of the fracture surface is closely related to theonventional alloys. They usually undergo a catastrophic frac-
stress mode. Further work is being focused on the morphologture upon applied loading. However, for a ductile/hard phase

of the vein pattern. reinforced BMG composites, a fair number of shear bands are
usually observed, implying that the formation of shear bands
4. Discussion may provide a beneficial effect for a load transfa}t. Dur-

ing fracture of BMGs, the formation of shear bands provides
A noble specimen architecture in a form of laminated com-nucleation sites for a load transfer. For example, for the cases
posite has been attempted in several approaches in order abthe BMG based composites, the observations of a large num-
enhance fracture toughness and fracture energy in Al-basdzer of shear bands exhibited a large amount of plasticity after
composite systems or cerami@s5]. The laminated compos- compression tests, while the catastrophic fracture of BMG is a
ite is fabricated by alternating ductile and hard materials. Th&ormal phenomenon for monolithic BMG%7]. In this regard,
achievement of high toughness is due to the incorporated duthe observations of small cracks and shear bands developed at

Fig. 4. Cross-sections of specimen following fracture tests for (a) monolithic, (b) two, and (c) three BMG composites, (d) and (e) are enlardemctumes of
surfaces.
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the interface indicate that the energy may dissipate at the intedesign shows a useful application for enhancement of fracture
face and the direction of main crack is changed as shown iresistance.
Fig. 3(c), implying that the crack redirection and the formation
of the shear bands are an evidence for the enhancement of fra&- Summary
ture energy of the laminated composites. It has been reported
that further increase of laminated layer affects fracture tough- The fracture behaviors of laminated composites of BMG (Vit-
nesg[7]. When the laminated Al layer was increased up to 10reloy 1)/crystalline layer have been examined. The fracture tests
layers, the impact energy of the laminated composites has beéave been carried out by non-standard self-designed subsize-
increased by about two tim§g]. However, for the present situ- charpy tester. When the number of BMG layer increases up to
ation there was a difficulty in measuring fracture toughness duthree layers, the fracture energy of the laminated specimen is
to limited sample dimension. increased by about 40%. It appears that the enhancement of the

It has been shown that the fracture energy for charpy testacture energy for the laminated composite is mainly attributed
appears useful data for estimation of fracture energy of materio crack redirection and absorption of the fracture energy at the
als[7,14]. The integration value of the fracture gragtid. 3) crystalline layer during fracture.
directly indicates fractured energy of specimen. Especially, the
fracture energy up to maximum fracture force is significantlyAcknowledgement
important for estimation of material fracture energy, since after
maximum force the trajectory of the graphFkig. 3indicates a This work was supported by Creative Research Initiatives of
force for the anvil penetration after fracture. Since part of thehe Korean Ministry of Science and Technology.
graph after fracture (after maximum force) may include complex
factors such as anvil shape, we have omitted the anvil penetr&eferences
tion force. The fracture energy value is showiTable 1 For the
laminated BMGs when the BMG layers are increased up to thred!] A. Inoue, Acta Mater. 48 (2000) 279.
layers, the fracture force was lowered from 1.25 to 0.6 kN. How- (2] W.L. Johnson, MRS Bull. 24 (1999) 42.

L. . . . [3] G. He, J. Eckert, W. bser, Acta Mater. 51 (2003) 1621.
ever, it is evident that the total mtegra’_uo_n values of three layers 4] A.B. Pandey, B.S. Majumdar, D.B. Miracle, Acta Mater. 49 (2001) 405.
increased from 0.18 to 0.26 kJ, which is increased by about 40%s) 3. wang, E.M. Taleff, D. Kovar, Acta Mater. 52 (2004) 5485.
ofthe energy. During this estimation, the deformation energy hage] M. Lugovy, V. Slyunyayev, N. Orlovskaya, G. Blugan, J. Kuebler, M.
been omitted upon the brittle nature of the selected B{A@ Lewis, Acta Mater. 52 (2004) 5485. _
The enhancement of fractured energy indicates that the specime! S%ZTleKVEh‘Mam“f' R. Bagheri, R. Mahmudi, Mater. Lett. 58 (2004)
has hlghel’ fracture resistance due to _the_ specimen design. T G.N. Naik, A.V.K. Murty, S. Gopalakrishinan, Compos. Struct. 69 (2005)
observations of the fractured surface indicate that the propaga- " 719
tion of cracks is accompanied with shear bands formation. Wher9] R.H. Dauskardt, M. Lane, Q. Ma, N. Krishna, Eng. Fract. Mech. 61
the main crack passes through a thin crystalline layer, it appears (1998) 141.
that the shear bands are formed along the interface, which ma}f] O- Yazar, T. Ediz, T. Ozturk, Acta Mater. 53 (2005) 375.
. . . . [11] X.W. Wang, |. Pont-Lezica, J.M. Harris, F.J. Guild, M.J. Pavier, Compos.
serve as a site for energy dissipation during fracture of BMG."™" ¢ 1ochnol. 65 (2005) 191,
It is noted that the fracture energy for two-layer BMG was not{12] 3. wang, E.M. Taleff, D. Kovar, Acta Mater. 52 (2004) 4685.
clearly increased compared to the monolithic BMG, implying[13] V. Leng, T.H. Courtney, Metall. Trans. 21A (1990) 2159.
that when the stacking number of BMGs are low (i.e., for twol14] H.-S. Shin, H.-M. Lee, M.-S. Kim, Int. J. Impact Eng. 24 (2000) 571.
layers), the enhancement of fracture energy is negligible, CO”élS] Stand_ard Test Methods for Notched Bar Impact Testing of Metallic
. . . . . Materials, ASTM, 1992, p. E23.

spondlng to the previous repo_rt_ln the Al laminated ComPOSIt%_G] M.A. Meyers, K.K. Chawla (Eds.), Mechanical Behavior of Materials,
[7]. For the three-layer BMGs, itis clear that the shear bands (Or ~ prentice-Hall, New Jersey, 1999.
small cracks) are developed at the interface and the top (whefge7] H. Kato, T. Hirano, A. Matsuo, Y. Kawamura, A. Inoue, Scripta Mater.
an anvil hits) of the specimen as well, indicating that the forma- 43 (2000) 503.
tion of shear bands is an indirect proof for load distribution. [t[18] 3.5 Park, H.K. Lim, J.-H. Kim, H.J. Chang, W.T. Kim, D.H. Kim, E.

. . . . Fleury, J. Non-Cryst. Solids 351 (2005) 2142.
appears that the laminated specimen using a novel architectural Y y (2005)
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