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The recent development of metallic alloy systems which can be processed with an amorphous
structure over large dimensions, specifically to form metallic glasses at low cooling +&teK/s),

has permitted novel measurements of important mechanical properties. These include, for example,
fatigue-crack growth and fracture toughness behavior, representing the conditions governing the
subcritical and critical propagation of cracks in these structures. In the present study, bulk plates of
a Zry oTig3 U, NijgBey, 5 alloy, machined into 7 mm wide, 38 mm thick compact-tension
specimens and fatigue precracked following standard procedures, revealed fracture toughnesses in
the fully amorphous structure &f,.~55 MPam, i.e., comparable with that of a high-strength steel

or aluminum alloy. However, partial and full crystallization, e.g., following thermal exposure at 633

K or more, was found to result in a drastic reduction in fracture toughnessltdéiPa/m, i.e.,
comparable with silica glass. The fully amorphous alloy was also found to be susceptible to
fatigue-crack growth under cyclic loading, with growth-rate properties comparable to that of ductile
crystalline metallic alloys, such as high-strength steels or aluminum alloys; no such fatigue was seen
in the partially or fully crystallized alloys which behaved like very brittle ceramics. Possible
micromechanical mechanisms for such behavior are discussetD9® American Institute of
Physics[S0003-695(97)03730-3

The recent development of alloys for the processing ohcp “MgzZn,-type” structured a phase with the
metallic glasses in bulk foripermits the measurement of | ,Cu-type” structure, and at least one additional uniden-
important mechanical properties in amorphous metals, ifified phase. The degree of crystallinity for each structure is
particular the fatigue and fracture characteristics. Previoufhdicated by the x-ray diffraction data in Fig. 1. Vickers
work on metallic glasses has invariably been confined thardness values marginally increased from 5:80.09 GPa
very thin ribbons or wires, thus making measurementsn the glass to 6.04+0.04and 6.35(+0.10 GPa, respec-
difficult.>® Few results are thus available on the toughnessively, in the partially and fully crystallized structures.
and cyclic crack growth properties in these alloys. Accord-  Fracture toughness and fatigue-crack growth rate prop-
ingly, the objective of the current study is to quantify the erties were determined in a controlled room-air environment
fracture toughness and fatigue-crack growth propertie$22 °C, 45% relative humidityon 7-mm thick, 38-mm wide
of a recently developed bulk metallic glass alloy, compact-tensiorC(T) specimens, machined from the bulk
Zry 5Ti13dCl2 NijgBey 5 (nominal  composition in plates. Specimens were cycled under stress inte(ijtgon-
at. (y@.A_G In this note, we present results Characterizing thQroL with a test frequency of 25 Hsinusoidal waveformat
hardness, fracture toughness, and fatigue resistance of thisconstant load ratitratio of minimum to maximum loaxdbf
alloy; in addition, we compare properties in the fully amor- R=0.1, using computer controlled, servohydraulic mechani-
phous structure with that of partially and fully crystallized ca| testing machines, in general accordance with ASTM stan-
structures in the same alloy. dard E647. To obtain a wide spectrum of growth rates,

As-received plates of the alloy, processed using methodsamples were first cycled with a decreasing stress-intensity
described elsewherewere found to bdully amorphousBy  range(at a normalizeck gradient of 0.2 mm?) until mea-
heat treating at 633 K for 12 im vacuq just above the gyred growth rates were less thar #m/cycle; the value of
glass-transition temperatu(€,~ 625 K), apartially crystal-  the stress-intensity range at this point was used to operation-
lized structure was formed. This consists of the amorphougﬂ”y define the fatigue threshold stress intengitK 1), be-
matrix containing finely dispersed 3—5 nm nanocrystallite§ow which long cracks are essentially dormant. After thresh-

of a Cu-rich, Ti-rich fcc phase with an average spacing ofp|g determination, specimens were cycled under increasing
~20 nm between nanocrystdiSThe volume fraction of the Ak conditions with the sam gradient in order to deter-

crystalline fcc phase is estimated from x ray and TEM datgyine growth rates up te-10~8 m/cycle.

to be less than 5% of the sample. By heat treating at 723 K crack initiation was facilitated using a half-chevron-
for 24 hin vacug a thirdfully crystallizedmultiphase micro-  ghaped starter notch; prior to data collection, samples were
structure was obtained, containing a Laves Phase with thgiqe precracked for several millimeters beyond this notch.

Thereafter, crack lengths were continuously monitored using
dElectronic mail: roritchie@Ibl.gov unloading elastic-compliance measurements with a 50
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FIG. 1. While the fracture toughness of the amorphous alloy wasé 'ndent?‘tlon methods, with r_neasure.ments averaged from at
MPa/m, thermal exposure resulting in partial or full crystallization leads to least five indents under an indentation load of 49 N.
a 50-fold reduction irK,; values to~1.21 and 1.04 MPan, respectively. Results indicated that the fracture toughness of the amor-
_X-ray diff_raction data corresponding to each of these microstructures art}?)houS aIon was a remarkable 555_0) MPa/m; however,
included in the inset. . . . .
thermal exposure resulting in partial or full crystallization
led to approximately a 50-fold reduction i,. values to
strain gauge attached to the back face of the specimen; cradk21(+0.04 and 1.04(+0.05 MPa/m, respectively(Fig. 1).
lengths were also checked periodically using a traveling miWWhereas the toughness of the metallic glass is comparable to
croscope. Optical and compliance measurements were ahat of a typical(crystalline aluminum or high-strength steel
ways found to be within 2%. Data are presented in terms oélloy, the toughness after partial or full crystallization is
the growth rate per cyclela/dN, as a function of the alter- comparable to that of silica glass or very brittle ceramics.
nating stress intensityAK(=K.—Kmin), the latter being This drastic embrittlement upon crystallization meant
computed using standard linear-elastic handbook solutionsthat fatigue cracking was not observed in these structures;
Following growth-rate measurements, fracture tough-any attempt to grow stable cracks from the machined notches
nessK,., values were determined by monotonically loadingled to catastrophic failure of the sample. Such behavior is
the fatigue precracked specimens to failure; procedures wetgpical of very brittle(untoughenedceramics, and is consis-
in general accordance with ASTM standard E399. Howevertent with the precipitous drop in toughness on crystallization.
fatigue cracking was unstable in the partially and fully crys-However, stable fatigue-crack growth behavior was charac-
talline structures due to their extreme brittleness; corresponderized in the amorphous structure under cyclic loading. Re-
ingly, here toughness values were obtained using Vickersults in the form of growth rates as a function &K are
plotted in Fig. 2 and compared to results for a range of ce-
ramic and metallic materials, including polycrystalline alu-

B : : mina, high-strength steel, and high-strength aluminum al-
3 10 high strength loys; these data pertain to plane-strain conditions, unlike all
§‘ s previous data for metallic glasses which were measured on
E 107 ’ o7 3 very thin sheeté? It is apparent that cyclic crack growth
£ | ! e e rates in the amorphous metal lie between that of high-
§ 108 E[orystalized| | 7 ] strength steel and aluminum alloys. When regression fit to a
g met-glass | Striation model simple Paris power-law equatidn:
€ o " = da/dN=CAK™ @
< 107F I E = ,
E ' ,I . high strength the crack-growth scaling constants are found tael.46
O 1010k " steel 4 % 10”1 andm=2.7 (units: m/cycle, MPam). The exponent
o pLglass | g m is typical of ductile metallic alloys, which usually lie be-
S Al I o ) tween 2 and 4 over this regime of growth rates; this is in

055 10 50 contrast to brittle materials like alumina whereis typically

" Stress Intensity Range, AK (MPaym) 20 or higher'® The threshold for fatigue-crack growth in the

metallic glassAKyy, is ~3 MPa/m; this is again compa-
FIG. 2. Fatigue-crack growth rateja/dN, is plotted as a function rable to many alumlngrr_\ and S.tee| alloys, althOl{gh it does
of stress-intensity rangeAK, for the amorphous and crystalized not appear to be as distinct as in the polycrystalline metals.
Zrgy 2Ti15 dCU2 NizoBe 5 alloy. Data are compared to a range of engineer- The corresponding fracture surfaces display a morphol-
ing materlals, including flne—gr_alned alumina, 2.25Cr—1Mo steel and 21240gy quite distinct from anything seen in crystalline metals,
aluminum alloy. Growth rates in the amorphous structure were found to be . ; ith
comparable to that in many ductile crystalline metals such as high—strengtM\”th the fracture surface rothneSS Increasing markedly wit

aluminum alloys and steels. increasing crack velocity. Surfaces vary from a rough mor-
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phology exhibiting ridgelike features in the fast-fracture re-  In conclusion, measurements of fracture properties on a
gion [Fig. 3(@)] to a mirrorlike surface in the near-threshold bulk metallic glass, Zs; 5Ti;3 {Cu» NijBes 5, reveal a high
fatigue region. However, closer examination of the fatiguefracture toughness of55 MPa/m in the amorphous alloy,
surfaces, particularly in the higher growth-rate region, revealvhich is drastically reduced by a factor of over 50 upon
clear evidence of classic fatigue striatioffSg. 3b)], i.e.,  crystallization, i.e., from levels comparable to high-strength
“beach markings” parallel to the crack front representing steel and aluminum alloys when fully amorphous to levels
the cycle-by-cycle advance of the crack. Indeed, such striazzomparable to brittle ceramics when partially or fully crys-
tions have been reported in the past for the fatigue of metakallized. Although no stable cracking was seen in the par-
lic glasses in thin sheéf tially or fully crystalline structures, the amorphous alloy was

The mechanism of striation formation in amorphous al-susceptible to fatigue-crack growth under cyclic loads; be-
loys is as yet unclear. However, in ductile crystalline metalshavior in terms of fractography and the dependency of
some degree of irreversible slip at the crack tip is requiredgrowth rates on the stress-intensity range is similar to tradi-
alternately to blunt the crack on the loading cycle and subtional crystalline metals.
sequently resharpen it on unloadifigand tensile experi- This work was supported by the Air Force Office of
ments in thi§ and other amorphous metafsindicate that  Scientific Research. Thanks are also due to Dr. A. Peker and
slip bands readily form. Models for striation formatiorin-  Dr. M. Tenhover of Amorphous Technologies International,
dicate that growth rates should scale with the range of CraC|€orporation for their support and for supplying the material.
tip opening displacemend 5, which using simple continuum
mechanics arguments is given bly:

K2

Ao=p—r7, 3]
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ratio), and 3 is a scaling constant~0.01-0.1 for mode | &7 1544(1995.
crack growth which is a function of the degree of slip re- °s. Schneider, P. Thiyagarajan, and W. L. Johnson, Appl. Phys. G&tt.
versibility and elastic-plastic properties of the material. The 493 (1996. _ _
fact that Eq.(2) provides a reasonable description of the goﬁzgr;jlc;gz;— Christman, A. J. Rosakis, and W. L. Johnson, Scr. Metall.
experimentally measured growth rates for the metallic glass;y|_ A pavis, J. Mater. Sci10, 1557(1975.
with m~2.7 andB~0.01(Fig. 2), together with the presence ®T. Ogura, T. Masumoto, and K. Fukushima, Scr. Me|I109 (1975.
of fatigue striations on the fracture surfacgsSig. 3(b)], lZP- C. Paris and F. Erdogan, J. Basic E8§. 528 (1963.
strongly suggests a mechanism for crack advance involving %Siﬁﬁ%%r,t’ R. H. Dauskardt, and R. O. Ritchie, J. Am. Ceram. $8c.
repetitive blunting and resharpening, i.e., a mechanism simisg A mcclintock, Boeing Technical Report, 1967, cited in R. M. N.
lar to that commonly observed in crystalline metals. Pelloux, Trans. ASMB2, 281 (1969.

478 Appl. Phys. Lett., Vol. 71, No. 4, 28 July 1997 Gilbert, Ritchie, and Johnson
Downloaded 26 Jul 2002 to 128.32.113.135. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



