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A GENERAL METHOD TO INTRODUCE PRE-CRACK IN BULK METALLIC GLASSES
FOR PLANE STRAIN FRACTURE TOUGHNESS TEST Y

Xie Yiling Liu Ze?
(Department of Engineering MechanicSchool of Civil Engineering Wuhan University Wuhan430072 China)

Abstract We report a simple, low-cost but robust method to introduce pre-crack in bulk metallic glasses (BMGS) for
plane strain fracture toughness test. In recent years, bulk metallic glasses have shown potential and promising engineerir
application due to their excellent properties such as high elasticity, high strength, wear resistance and soft magnetism. A
an important material parameter for engineering application, fracture toughness has also attracted great attention in th
BMG community. However, there is still challenge on the fracture toughness test of BMGs because of the metastable
nature and limited maximum castable size of BMGs. On the one hand, the casting induced thermal lifsterycdi

and the defects such as internal micropores and impurity inclusions in BMGs, and the way of crack prefabrication will
significantly dfect the reliability of the fracture toughness test. On the other hand, limited by the sample size, most of the
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measured fracture toughness of BMGs are not the plane strain fracture toughness, resulting in the reported values showir
large deviation, even for the same amorphous alloy. In this work, pre-notched BMG samples were thermoplastically
compressed at the notched region to form ideal crack by creep flow. As an example, the fracture toughness of Zr-base
amorphous alloy is tested by this method. The experimental results show that as the sample thickness increasing, tt
measured toughness decreases quickly and tends to a constant value. It should be pointed out that in the experiments, 1
local thermoplastic compression is designed to obtain a neck shaped pre-crack, which makes the minimum thickness ¢
the specimen being far less than the required thickness by the plane strain fracture toughness testing standard.
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Table 1 Data of used BMGs in this stutfy

Bulk metallic glasses
ZI’412Ti133CU125Ni1036225(LM-1) 349 426 77
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Fig.1 (a) and (b) Schematics of the experimental procedures; (c) Typical notched sample; (d) Typical pre-cracked sample based on the procedures ir

(a) and (b); (e) XRD characterization of a typical pre-cracked sample after fracture test
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Fig. 2 Characterization of a typical sample after pre-cracking by

thermoplastic compression. (a) Optical microscope imaging of the
pre-crack; (b) Zoom-in the crack tip region by a SEM
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Fig. 3 (a) Experimental set-up for fracture toughness test. (b) Typical

sample with an ideal crack. (c) Corresponding displacement-force

curve. (d) Evolution of the crack in (b)
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Fig. 4 Htect of notch radius on the distribution of shear bands after
fracture. (a)(b) Typical sample with notch radius of 13@n and
sample thickness of 3.4 mm. (gd) Typical pre-crack sample by
thermoplastic compression, the thickness of the sample is 2.7 mm
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Fig.5 Characterization of the pre-crack sample in Fig.4(c) after fracture
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Fig. 6 In-situ tension of a LM-1b sample contains an ideal crack in SEM
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Table 2 Geometry of the LM-1 specimens for fracture

toughness test

Material Radius of notglxm 8/mm a/W W/mm Kq/(MPam/?)

130 2749 05 10 93.6

130 3.406 0.5 9 91.8

LM-1 Pre-crack 0.485 0.5 5 78.3
Pre-crack 0.606 0.5 5 44.9

Pre-crack 1.101 05 5 39.3

Pre-crack 2.317 05 10 39.1

Pre-crack 2591 05 10 37.3
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Fig. 7 Dependence of the fracture toughness of pre-crack sample on th%ﬁiﬁ%ﬁ?}ﬂﬂiﬁﬁ.
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Fig. 8 (a) Comparison of the measured pre-crack toughness in LM-1 with other groups. (b) and (c) Fatigue cracking process

induces branched shear bands

34 it

W R WINE SRR — N E 2 2P RE SR br. A
SR Tl R SRR L IR HL AT A
(T BEAR G vk, TR R e T AR
T e 7 R GOAREAE B 4% L. R, a3
THT TR AE I SR 24 BEARGRGU RIS, 3R
CRE S e (GRS BRIV SN EE o)
PELOREREA 71 1 A2 W R I N B T BE. foe e »
PALM-1E g 5 o 0, o 1 a8t BTk Il
PR 5 <Y A W Z I DK P A7 25

2 % X M

1 Johnson, William L. Bulk glass-forming metallic alloys: Science
and technologyMrs Bulletin 1999, 24(10): 42-56

2 W, E . TR R b —— SR B Uk R
H5R A%, 2013, 35(3): 157-166 (Li Yanzhu, Wang Weihua. Puzzles
awaiting solutions in amorphous materials: progress of research on
metallic glassesChinese Journal of Nature2013, 35(3): 157-166
(in Chinese))

3 Klement W, Willens R, Duwez P. Non-crystalline structure in solid-
ified gold-silicon alloysNature 1960, 187(4740): 869-870

4 Kui HW, Greer AL, Turnbull D. Formation of bulk metallic glass by
fluxing. Applied Physics Letteyd 984, 45(6): 615-616

5 Inoue A. Stabilization of metallic supercooled liquid and bulk amor-



398 Ji ¥ ¥ {4 2020 4 % 52 &
phous alloysActa Materialig 2000, 48(1): 279-306 26 Flores KM, Dauskardt RH. Enhanced toughness due to stable crack
6 Wang WH, Dong C, Shek C. Bulk metallic glasses. Materials Sci- tip damage zones in bulk metallic glasScripta Materialig 1999,
ence and Engineering: R: Reports, 2004, 44(2-3): 45-89 41(9): 937-943
7 Schuh CA, Hufnagel TC, Ramamurty U. Mechanical behavior of 27 Henann DL, Anand L. Fracture of metallic glasses at notches: Ef-
amorphous alloysActa Materialia 2007, 55(12): 4067-4109 fects of notch-root radius and the ratio of the elastic shear modulus
8 Greer AL, Ma E. Bulk metallic glasses: At the cutting edge of metals to the bulk modulus on toughnes8cta Materialig 2009, 57(20):
researchMrs Bulletin, 2007, 32(8): 611-615 6057-6074
9 Schroers J. Processing of bulk metallic glaAdvanced Materials 28 Conner RD, Rosakis AJ, Johnson W.L, et al. Fracture toughness
2010, 22(14): 1566-1597 determination for a beryllium-bearing bulk metallic glasScripta
10 VE B4, ARG T A TR PE. WP 2E 3k i, 2013, 33(5): Materialia, 1997, 37(9): 1373-1378
177-351 (Wang Weihua. The nature and characteristics of amor- 29 Chen W, Ketkaew J, Liu Z, et al. Does the fracture toughness of bulk
phous matter.Progress in Physics2013, 33(5): 177-351 (in Chi- metallic glasses scatteBtripta Materialig 2015, 107: 1-4
nese)) 30 Lewandowski JJ. fiects of annealing and changes in stress state on
11 Ashby MF, Greer AL. Metallic glasses as structural materials. fracture toughness of bulk metallic glasslaterials Transactions
Scripta Materialig 2006, 54(3): 321-326 2001, 42(4): 633-637
12 Jiang MQ, Dai LH. On the origin of shear banding instability in 31 Lowhaphandu P, Lewandowski JJ. Fracture toughness and notched
metallic glasses.Journal of the Mechanics and Physics of Sqlids toughness of bulk amorphous alloy: Zr-Ti-Ni-Cu-Bgcripta Mate-
2009, 57(8): 1267-1292 rialia, 1998, 38(12): 1811-1817
13 Jiang MQ, Ling Z, Meng JX, et al. Energy dissipation in fracture of 32 Hess PA, Dauskardt RH. Mechanisms of elevated temperature fa-
bulk metallic glasses via inherent competition between local soften- tigue crack growth in Zr—Ti-Cu—Ni—Be bulk metallic glasécta
ing and quasi-cleavag®@hilosophical Magazine2008, 88(3): 407- Materialia, 2004, 52(12): 3525-3533
426 33 Johnson WL. Fundamental aspects of bulk metallic glass formation
14 Lewandowski JJ, Greer AL.Temperature rise at shear bands in  in multicomponent alloys.Materials Science ForumTrans Tech
metallic glassesNature Materials 2006, 5(1): 15-18 Publ, 1996, 225-227: 35-50
15 Sun BA, Wang WH. The fracture of bulk metallic glasseémgress 34 Kim CP, Suh JY, Wiest A, et al. Fracture toughness study of new Zr-
in Materials Sciencg2015, 74: 211-307 based Be-bearing bulk metallic glasse&cripta Materialig 2009,
16 Lewandowski J, Wang W, Greer A. Intrinsic plasticity or brittleness 60(2): 80-83
of metallic glassesPhilosophical Magazine Letter2005, 85(2): 35 Gilbert C, Ritchie R, Johnson W. Fracture toughness and fatigue-
77-87 crack propagation in a Zr-Ti-Ni—-Cu-Be bulk metallic glagsp-
17 Sha ZD, Pei QX, Sorkin V, et al. On the notch sensitivity of CuZr plied Physics Letters1997, 71(4): 476-478
metallic glassesApplied Physics Letter2013, 103(8): 081903 36 Gilbert CJ, Schroeder V, Ritchie RO. Mechanisms for fracture and
18 Zhou X, Chen C. Atomistic investigation of the intrinsic toughen- fatigue-crack propagation in a bulk metallic glassletall Mater
ing mechanism in metallic glas€omputational Materials Science Trans A 1999, 30(7): 1739-1753
2016, 117: 188-194 37 Ketkaew J, Liu Z, Chen W, et al. Critical crystallization for embrit-
19 XuJ, Ramamurty U, Ma E. The fracture toughness of bulk metallic tlement in metallic glasse®hysical Review Letter2015, 115(26):
glassesJOM, 2010, 62(4): 10-18 265502
20 Chen W, Zhou H.F, Liu Z, et al. Test sample geometry for fracture 38 XIJ¥%. sGEERHIIE 1127, AR J1 24244k, 2018, 39(3): 223-247 (Liu
toughness measurements of bulk metallic glaséeta Materialig Ze.Advanced manufacturing mechanics on the mjoanoscale.
2018, 145: 477-487 Chinese Journal of Solid Mechanj@018, 39(3): 223-247 (in Chi-
21 Chen W, Liu Z, Ketkaew J, et al. Flaw tolerance of metallic glasses. nese))
Acta Materialig 2016, 107: 220-228 39 Dukak, MO, WARAE. UK T B EEHUAIE R A S A
22 Gu XJ, Poon SJ, Shiflet GJ, et al. Ductile-to-brittle transition in ML S50, )24, 2011, 43(1): 235-242 (Luo Bin-
a Ti-based bulk metallic glassScripta Materialig 2009, 60(11): giang, Zhao Jianheng, Tan Fuli, et al. Deformation and fracture of
1027-1030 Zr51Ti5Ni10Cu25AI9 bulk metallic glass under rapid heating and
23 Launey ME, Busch R, Kruzic JJffEcts of free volume changes and pre-load. Chinese Journal of Theoretical and Applied Mechanics

residual stresses on the fatigue and fracture behavior of a Zr-Ti-Ni— 2011, 43(1): 235-242 (in Chinese))
Cu-Be bulk metallic glasshcta Materialig 2008, 56(3): 500-510 40 2NV, AR, ML, AR Y T BE S RN R S a i AR
24 Madge SV, Louzguine-Luzgin DV, Lewandowski JJ, et al. Extrinsic Jrik. AR, 2019, 51(5): 1363-1371 (Li Yabo, Song Qingyuan,

effects and Poisson'’s ratio of bulk metallic glassksta Materialia Yangkai Chen, et al. Probabilistic control volume method for the
2012, 60(12): 4800-4809 size dfect of specimen fatigue performanc€hinese Journal of

25 Shamimi Nouri A, Gu XJ, Poon SJ, et al. Chemistry (intrinsic) and Theoretical and Applied Mechanic2019, 51(5): 1363-1371 (in
inclusion (extrinsic) &ects on the toughness and Weibull modulus Chinese))

of Fe-based bulk metallic glasseRhilosophical Magazine Letters 41 JKk&EA, 28775, BRMEEE. S @M RHARERE 5 N ) - N AR5 R 1Bk
2008, 88(11): 853-861 RN 5%, 127244k, 2019, 51(1): 159-169 (Zhang Zhijie



#o2 IR EAE: ARG B BEARREU U TV S LA ANURE K IR i3 399

Cai Lixun, Chen Hui, et al. Spherical indentation method to deter- 1389
mine stress-strain relations and tensile strength of metallic materials. 47 Hays C, Kim C, Johnson W. Large supercooled liquid region and
Chinese Journal of Theoretical and Applied Mechanexl 9, 51(1): phase separation in the Zr—Ti-Ni-Cu-Be bulk metallic glasaps.
159-169 (in Chinese)) plied Physics Letters1999, 75(8): 1089-1091

42 3CJe S, EIRAR, B BB RSOV SR TV S SO 48 Kumar G, Desai A, Schroers J. Bulk metallic glass: the smaller the
Y IRARICHE. J1%244R, 2018, 50(3): 599-610 (Wen Longfei, better. Adv Mater 2011, 23(4): 461-476

Wang Lixiang, Tian Rong. Accurate computation on dynamic SIFs
using improved XFEMChinese Journal of Theoretical and Applied
Mechanics2018, 50(3): 599-610 (in Chinese))

43 Peker A, Johnson WL. A highly processable metallic glasg;.Zr
2Tiz3. 8Cuz. 5Nijp. O0Bexps. Applied Physics Letteys1993,
63(17): 2342-2344

44 Bruck H, Christman T, Rosakis A, et al. Quasi-static constitutive be-
havior of Ziy3. 25Tij3. 75NiioCuip. 5Beyo. 5 bulk amorphous
alloys. Scripta Metallurgica et Materialial994, 30(4): 429-434

45 Flores KM, Dauskardt RH. Local heating associated with crack tip

plasticity in Zr—-Ti—-Ni—Cu—-Be bulk amorphous metaldournal of
Materials Research 999, 14(3): 638-643 procedure to measure the mode-I| fracture toughness of ultra pure

49 Schroers J. On the formability of bulk metallic glass in its super-
cooled liquid stateActa Materialig 2008, 56(3): 471-478

50 Xi X, Zhao D, Pan M, et al. Fracture of brittle metallic glasses: Brit-
tleness or plasticityPhysical Review Letter2005, 94(12): 125510

51 T i %k, £ 0, Whik o, HERFAS ST SR AR S 7 2R v
M. 7122244, 2018, 50(5): 1063-1080 (Yu Simiao,Cai Lixun,
Yao Di, et al. The critical strength criterion of metal materials un-
der quasi-static loadingChinese Journal of Theoretical and Applied
Mechanics$2018, 50(5): 1063-1080 (in Chinese))

52 Bernard C, Keryvin V, Doquet V, et al. A sequential pre-cracking

46 Wang WH, Wang RJ, Yang W, et al. Stability of ZrTiCuNiBe bulk bulk metallic glassesScripta Materialig 2017, 141: 58-61
metallic glass upon isothermal annealing near the glass transition 53 Anderson TL. Fracture Mechanics: Fundamentals and Applications.
temperature. Journal of Materials Resear¢hi2002, 17(6): 1385- Boca Raton: CRC Press, 2005: 1-610



