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NEWTONIAN FLOW IN BULK AMORPHOUS ALLOYS

J. WADSWORTH AND T.G. NIEH
Lawrence Livermore National Laboratory, P.Q. Box 808, Livermore, CA 94551

Bulk amorphous alloys have many unique properties, .o, sunerior strenoth and hardness, sxcellent corrosion

al AZe1R e | ekttt | "b hot st A al.l\-'llbl.ll R umuuuaa wAWWLIWLIL WSL1WVOo1WVI]
resistance, reduced shdmg friction and 1mprovcd wear resistance, and easy formability in a viscous state. These
properties, and particularly easy formablhty are expected to lead to apphcatlons in the fields of near-net-shape
fabrication of structural components. Whereas large tensile ductlhty has gene rally be en observed in the

aimarcrnanlad limiid racdinan in matallin olaccae tha avant I‘A‘.A'l'“nt-lr\l ...... ino PIT At LT P

SUpUlLUUICG yuiu IVELULL Ul iubaanivc glasois, Uil badact ucivliiainil C&.lld.lllb!u, d,l'lu 1n p C [a_[' whetner such
alloys deform by Newtonian viscous flow, remains a controversial issue. In this paper, existing data are analyzed

and an interpretation for the apparent controversy is offered. In addition, ﬁéw"r"ésufé%&?.éd fbro“u::nm;m:gho:l‘s.
alloy (composition: Zr-10Al-5Ti~17.9Cu~14.6Ni, in at. %) are presented. Structural evolution during plastlc

deformation is particularly characterized. It is suggested that the appearance of non-Newtonian behavior is a

result of the concurrent crystallization of the amorphous structure during deformation.

INTRODUCTION

._

Metallic giasses fabricated by raplo qg:encmng from the melt were first discovered
- :

hzgh quench rate re.iuarements (104 - 10° KJs), only thin ribbons and sheets with a thickness

LL
could be fabricated. One of the most important recent developments in the synthesis of amorphous

i oyl 221 A

the discovery that certain metallic glasses can be fabricated from the liquid state at cooling rates of the order of
IOK/s Thls enables the productlon of bulk amorphous alloys with a thickness of ~10 mm. These bulk

g Sl S N at

ys have many potential applications resuiting from their unique properties, e.g., supenor strength
1, excellent corrosion resistance [31 reduced sliding friction and improved wear resistance [41. and
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easy formmg in a viscous state [5-7]. These properties, and particularly easy forming in a viscous state, should
lead to apphcauons in the fields of near-net-shape fabncatlon of structural/functional components.
The mechanical behavior of metallic glasses is characterized by either inhomogeneous or homogeneous

deformation. Inhomogeneous deformation usually occurs when a metallic glass is deformed at low temperature

(e.g. room temperature) and is characterized by the formation of localized shear bands, followed by the rapid

Lldl Lhdlilids,

propagatlon of these bands, and sudden fracture. Thus, when a metallic glass is deformed under tension it
exhibits very limited macroscoplc plastxc1ty It is pointed out that, deSpltC a limited macroscopic plasticity, local

s AA nn

strain within these shear bands can be, sometimes quu;e SIgnmcant (anout 1U), These bands are typtcauy

nm in width and have not yet been microscopically examined [8], although some observations indicated p"'mb}

crystallization [9]. Whereas there exist many different views on inhomogeneous deformation in metallic glass e

(e - free-volume model [10, 11] and dislocation theory [12]), there is still no universal agreement. This pape
to address only homogeneous deformation.

Homogeneous deformation in metailic glasses usuaily takes piace at about 0.70T ﬁ- 11] above which metailic

glasses exhibit significant plasticity. It is pointed out that the transition temperature Ty from inhomogeneous to

homogeneous deformation (or brittle-to-ductile transition) is strongly dependent upon strain rate. For example,
Te for ZrgsAljgNiCuys a]loy is about 533K (corresponds to 0.82T ) at x 104 &1, but it is 652K
(corresponds to 1. OTg) at 5 X 10' s1[6]. The stram rate dependence of Ttr ( 25K 0.61-0. 75Tyg) has also

Lo J-u-_M_A_-4_ g o S .. B = L

been demonstrated in FeqoNigoB2o [13 These results Sugg est that homogeneous deformation is associated with
certain rate (or diffusional relaxation) processes, For the purpose of r‘hqmme on, we divide the homoeeneons
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deformation of metallic glasses into three reglons, according to testing temperatures.
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temperatures, found that the transition temperature from mhomogeneous to homogeneous deformnation is about
480-525K (0. 68-0 75 '1:5) as predicted by a free volume model [11]. The also conducted creep experiments at

Tt ab . 1.

temperatures (523-548K) below the glass transition temperature with a relatively high stress (> 1.0 GPa).

Experimental results showed that the stress exponent was rather hich (n=Q €% The actvation &neroy W
Lt Al he siress ek Ml as rauier nign u=0.2). 1NE actuvaton HCLEY Wwas

determined to be between 250 and 280 kJ/mol, which is similar to that for eutectic crystallization below the glas
transition temperature.

Taub and Luborsky [14] also conducted tensile creep experiments on amorphous Fe4oNisoP14Bg ribbons.
Thasy farmnd that unthin tha ftarmimasatms sasnces ~F 2070 SO0AY 1T _L09TF r——~Tr
Y IOUNnd uial Widnlil oid WIMpCranmne 1ange o1 J05—J50zZR \lg—UUJI\ and J.x—DIJI&, Wnel'e .lx is me

crys[alltzati@!’l t@mﬂgmmrg) and at a constant te nqile stress of 117 Mpﬂ fhP cfrmn rate unrlns invarcaly unth Hime bnf
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only after an initial transition. They also performed stress relaxation experiments and showed that the stress
dependence of the strain rate obey a hyperbollc sine relatlonsmp (nonlmear), consistent with transition state theory

=

Li5L To further reconcile all data, including those from the initial transition, a threshold stress (=392+4MPa) was

instr rvinr\nnrl imta the formnlatian althanoh tha nhyciers]l manning nf tha thraghald o
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Most recently, Kawamura ef al [6] studied the high-temperature deformation properties of a

ZrgsAl1oNijoCu)s metallic glass (Ty=652K, Tx=757K) with a wide range of AT (=Tg-Ty) produced by a melt
spmmng method. They found that, within Tn-<T <Tyg, the alloy has a low strain rate sensmwty value (m<0 25) and

the tensile elongauon is also low [(lUU‘?’O ) omular observations were also made in P 0401\] 1401' 20 metailic glasses

and n:-cn“'c c]'\n“rpri ﬂ':nf at a test temperature of 560K !'T" —<'TQ <0'7T(\ the allov exhibited a low strain rat
St ICMperature o1 Jouis C¥ CXOioneG a 10W Sirain raic

sensitivity of only 0.20 and tensile elongation < 50%.

From the above results, we may conclude that homogeneous deformation of metallic glasses at temperatures
below / Ty are charactenzed by a low strain rate sensmv:ty (i.e. high stress s exponent) and ductility (<100%). This
is attributable to the fact that structural relaxation and recovery are still difficuit as a result of sluggish diffusion in

thic temnaratire ranoe
wuils WCINPOTaivIc Tallge.

Mlllder et al f13l in a Sl'lldV of the deformahnn of pF‘an .nn-n ﬂ\ntaﬂin glnan in cinn At nlsumfnri

-

Tg < T < Tx (supercooled liquid region)

> WP T iy a= TNON T . .. TL b B < ISR, Ty MO, RS ey . PRI oMLy (PLTNDTL e, A L
Al CdIly as 170y, nuUlg U CUCIHATUL {10] ICTpOTICU UIC 0DsCrvauun PCl'pl l:lClty Il'l aJnorpnouS
Pd7g.1Fes.18i)6.3 ribbons (Tg=668K, T,=683K) during non-isothermal creep exnenm.,..t.. In the experiments,

.'J“

veated 10 the maximum temperature of 698K under a constant load (range:
sulted creep rate was rather high; for example, an applied stress of 150 MPa produced a
The strain rate sensmwty value was estimated to be about one, suggestmg poss1ble
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ohserved in the test samnles after mncrpla tic deformation. It is noted tha
by eas

in the disappearance of g erplasticity. This is apparently caused
by a narrow AT (= 15K)

o — e o

Aelensl(ly et al. [17] studied the formability of amorphous CoggFe7Nij3Si7Bs (lg—won 1x-u 6K) at

hattvass 771 and 01K Thavy shcaryad lnroa tancila f‘l?ﬂh'Ihl at a lohunlu an oten ta ~f
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102 s~ within 823-853K (in the supercooled liguid region). Specifically, the maximum elongation of 180% was
recorded at a correspondmg minimum stress of about 150 MPa. However, strain rate sensrtmty was not
measured. TEM microstructural exammatmns 1nd1cated that 853K anneahng produces nanometer grams (~50—7O
nm) in the alloy. From these resulis, the authors argued that the presence of a large amount of grain/amorphous

rratey 1nfnrfan|nl area m nacaccary Fnr ﬂ'\p nhcprm:rl c“mmlncht‘lf\i nnunn\n:-f we want to nn1nl' ont fhut t"ne mav
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not be true. In fact, several experiments indicated a reduced ductility in the presence of nanograins {6, 16]. A
recent study of Busch et al [18] also showed that the viscosity of a metallic glass increases sharply once the
temperature is above the crystalhzanon temperature. As expected, an increase in viscosity leads to an increasing
resistance to ptaauc flow qu, mua, a decrease in ductility

To further understand superplasticity and extended D]aSt]CltV in metallic glasses, Khonik and Zelenskiy [19]

25-150 MPa). The re

test samples were rap dly
resulte:
creep rate of 0.5 s—*

1 Eld.lllb l.l.l I.llG dlllUlPllUub Illd.l.lla\ de
low heatine dlmno creen test resulted
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sl
y crystallization in the alloy, as indicated

analyzed available mechanical data from fifteen different metallic glasses, 1nclud1ng ‘both metal-metal and metal-
metalloid systems. They made several important observations. First, superplastmty occurs in alloys with a large
AT, typlcauy about several tens degrees. The larger is AT, the larger is the tensiie eiongation, provided tesis were

v Airntad in tha gmarsnalad BaiAd r This indicates the importance of thermal cfnl-n]ih: of a mﬁf')"h“ n-lncc
\aUllUuLLCu il uie SUPULCUUIVAL lu.iuu..l AUEIUII 1018 INGICales e IMponance or weim SravILILy

during superplastic deformation. They noticed also that a faster heating rate usually produced a larger elonEanon
Apparently, this is associated with strictural stability since slower heating results in an earlier crystallization.

In studylng the forrnabnhty of a La55A125I\120 alloy, Kawamura et al [7} reponed that the alloy in the
supercooled liquid range (480-520K) behaves like 2 Newtonian fluid, i.e., m=1. A tensile elongation of over
1 200% wasg recorded at qn’J.T( at a cfr-:un rate of 2 x 1nl c'I 'T'l'm olaeev er\lu‘l below the colase trancition

LUV 7 YY) LA LS Gk CLARE VA =7 ARG vAGELCAvATLE

temperature exhibited non-Newtonian viscosity, and the sunercooled llqu1d revealed a Newtonian viscosity but
changed to non-Newtonian with increasing strain rate. The elongatton was reduced by the transition to non-
Newtonian viscosity and crystalhzatlon. However, a careful exammatlon of their stress-strain rate data mdlcated

[-574Y %4
that the strain raie bcnbll]Vl[y tends to decrease to less than one wucu tcaung Lt:ulpclatmc \cg .un, ..mun;



approaches Ty. Again, this is probably associated with a partial crystallization in amorphous structure during
testing.

K%;wamt.ra et al [6] recently studied the high-temperature deformation of a er5AllefgCum metallic glass
with a wide range “of AT (Tz—652K Tx—757K) In the supercooled liquid region, they found that plastic flow
were strongly depcndcnt on strain rate and the strain rate sensﬂ:mty value exceeded 0.8, but less than one. The
high strain rate sensitivity produces a corresponomg high tensile elongation. For exampie, a tensile elongation of
340% was obtained at a strain rate of 5 x 102 s™! and at 673K. However, a true Newtonian behavior (m=1) was
not observed in the alloy.

To further investigate superplasticity in metallic glass systems, Kawamura et al [6] tested a Pd4oNisoP2 alloy
prepared by rapid solidification. Within 560-620K, the alloy exhibits a similar deformatlon behavxor to that of

o . i Lo

ZresAldiolNi pCuys, namely, a mgn-slmm-mlc-bclmuvny value accompanied by extended tensile uuuuun.y in the

S“pﬂfvuulud liguid region ( (T,=578-597K, Tx=651K). In contrast to ZrgsAloNijqCuys which is non-Newtonian,

Pd4gNiapP2g can behave like a true Newtoman ﬂund (i.e. m—l) under appropriate testing conditions. The
difference may be associated with the fact that Pd40N140P20 is thermally more stable than ZerAlmemCuls in
the supercooled liquid state, as pointed out by nawamura etal [6]. (AT=72 and 100K for ZrgsAl oNijoCuis and
Pd4oNigoPso, respectively.) Therefore, during high-temperature deformation, PdygNigoP20 can still retain its
amorphous state, whereas crystallization may have already taken place in ZrgsAljoNijgCuys. This is indirectly
indicated by the fact that the viscosity of Pd4oNisoP2o is about one order of magnitude lower than that of

Zr55A110N110Cu15
Thus, at Tg < T < Ty, large tensiie ductility can be obtained from metaiiic giasses with large AT. T
ductility is expected to occur at a temperature near Tx, where the flow stress (or viscosity) is low, nd

rates at which the alloy can retain its amorphous structure during deformation. For convenience, the ve data are
summanzcd in Table 1.

able 1 Summary of the deformation data of some metallic glasses in the supercooled liquid region
Alloys Ty Tx m Elongation Ref.
Pdyg 1Fes 15116 668K 683K ~1.0 N/A [16]
CoggFe7Ni11517B5 836K 856K N/A 180 un
LassAiysNigg 480K 520K 1 1,800 (7]
ZrgsAlioNipgCuys 652K 757K >0.8 340 [6]
Pd4oNisgP2p 578-597K 651K 1.0 N/A (6]
Niq7.55i75Bys N/A N/A 1.09 N/A {20]

Tx<T

At a temperature higher than Ty, metallic glass alloys are readily crystallized and form nanocrystalhne
structures. Whereas there are some data on pIastlc1ty of nanocrystalhne sohds at temperatures much greater than
T o there exist only limited information on the mechanical behavior of metallic glasses at temperatures slightly
above Ty.

Ashdown et ai [21] studied the superplastic behavior of a crystallized Fe-Cr-Ni-B glassy alloy. By
controllmg crvstalhzauon a matcnal with a grain mze of 0.2 pm was produced Tensile elongation of over 200%

accordance with the conventional lun:—g,ramcu SUperp Pm.bubu]

Brandt et al [22] also studied the t:nnernlaqtlc behavior of a rmcrocrvstalhnc (0.5 um) NirgSigB14 Dl‘OdllCCd
by annealing amorphous samples at 1073K. The material contains equlaxed Ni3B and NiaSi grains and showed a
tensile elongation of over 120% at 823- 1023K. The straJn rate sensitivity value was essentlally constant
(m = 0.85) over a wide range of strain rate (10-6 to 10-2 s°1) and the activation energy was 72.4 ki/mol. These
results indicated the occurrence of conventional fi..\,—s.mm,d superplasticity.

Using a similar technique, Wang and coworkers [23, 24] crystallized an amorphous NiggP2¢ alloy at 603K.
The crystalhzed alloy was nanocrystalhne consisting of 80vol% NisP and 20vol% Ni. Creep experiments were

- subsequently conducted at 543-583K on the crystalhzed samples and the data showed a stress exponent of 1.2

(m U 8) and activation energy 68 kJ/mol. From these data, the authors argued that Coble creep was responsible
lUi l.llC deUllllauUll

Most recently, two submicrocrystalline bulk alloys, Al-14mass% Ni-14mass% Misch Metal [25] and Mg-
8.3wt%Al-8.1wt%Ga [26], were produced by the extrusion of rapidly solidified amorphous powders The grain
sizes of the extruded Al and Mg alloys were 0.1 and 0.6 um, respecuvely Resuiting from fine grain sizes, both
alioys were highly superplastic (elongation = 600% for Al and >1000% for Mg} and the strain rates at which

Lc
superplasticity took place were



The above experiments were all carriad ont at fomeemcws o 1 h P S T S
e abo penments werc atl carried out at temperature much higher than Tx. In fact, the testing
the al no

temperatures were Sometlmes close to T, the melting point of lovs. At these tamneratnres material are n
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Iongcr amorphous but rather nanocrystallme or even nncrocrystalilne dependmg upon the thermal stability of the
ailoys. Conventional mechanisms for high temperature deformation, and 'particularly superplastic deformation, are

avnertad to nravail
Ul\t}w‘-w W t)l\-"ml

In Summar\' for hOﬂlOEenC-OllS defom‘at‘ln“ in metallic olaccas laroa tancila Auntility ranm ganarally ke nhtainad
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in the supercooled liquid. The exact deformation mcchamsm however, and in particular whether an alloy deforms
by Newtonian v1scous ﬂow or not remams a controversial issue. The purpose of this paper is to report an
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The alloys were p pared by arc meltmg in inert gas followed by drop casting into 7.0-mm-diameter by 7.2cm-
long Cu molds at Oak Ridge National Laboratory. The details of fabrication of the alloy have been described

.y

previously {2]. Differential scanning calorimetry was used to cnaractenze the thermal propemes of the alloy The

tarmmaratnrece far the nneat and and of olace trancitin an tha rructallicntinm  taram et Fia [ A
wWilipuidiuivs 1Vl UL, Viste il ida Ul sluaa ransiaon uuu Ui Ll yolalll ZaUuULl l.culpcxal.ulc L lx), ll Y& O€en
previously measured using differential scanning r_:a!on-_- (DSC) [27]; specifically, these temperatures are 631,

705 and 729K, respec-twely, at a heating rate of 20K/min.
Tensile sheet specimens were fabricated from the as-cast material by means of electrical discharge machining.
They had a gage length of 4.76 mm, a [thkl‘lCSS of 1.27 mm and a width of 1.59 mm, as shown in Fig. 1. Tensile

maben toomeen mmon dinadad ciales s o B o mm S el e il o TR L R e )

S1S Were conatciea u:sulg an Instron machine cqiilpp:‘:u with an air furnace. Because of structural msraoulty
during testine of samnples at hich temneratures. the hemmo rate must be ranid to minimize crvstallization.

SRELANE Wwesil VLOSQIPAe QL gl .u...rv.u._.vu (13 LU ) el S 1 RGN GRSy AW AN W imnnadiiiidas Sedliissdiuaiia

Typically, the heanng-plus-holdmg time prior to testing was about 25 minutes. For example, for a test at 683K at
a constant strain rate of 10-2 s, the temperature profile was: 578K (5 min), 644K (10 min), 670K (15 min), 680K

{20 min), and 683 (47 min). (..onstant strain rate tests were pertormed at a constant strain rate of 10-2 s—1 with a

movarastan ~antrallad sanshina usthin o ftamoasane sonea ~Ff 67 TAIY A snanmiea ofenie; sota comoldicoriter
LCUTTNPUCI-COTIOLCU  Hialiiine WHUIlll a Wilplialui© fallgtc Ul O0J=/501N, 10 IMCASUre Siraini raic sc DIUVILY

exponents, both strain rate cycling {i.e. cvcling between 10-3 and 10-2 Q-h} and strain rate increase tests were

performed The amorphous nature of the alloy was confirmed using transmission electron microscopy (TEM), as
shown in Fig. 2. The TEM sample was prepared by chemical milling.
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425°C, >650%
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amples fractured at different temperatures. Sample necking is apparent. An untested sample
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Fig. 1 Amorphous
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RESULTS AND DISCUSSION



The stress-strain curves for the alloy at different temperatures at a strain rate of 10-2 51 is shown in Fig. 3. A
yteid drop phenomenon is readily observed at low temperatures, and in particular at 663 and 683K. In fact, at

663K the yield drop is 750 MPa (i.e. from 1600MPa to EDUMPa). which is about the same magnitude as its
nrmal’ \IIP].I" Q!"I"Pnﬂ'f"‘l (...Rﬁﬂ Mpn\ 'T'hn \nﬂl!‘ f"l"ﬂl‘\ nh haa ala | Y haanrar‘ 'jﬂf‘ Eh1fllﬂn“ l’\‘l

11\.'1 11IEAL g J lJll\ullUlllUllUll. uas alDU WUII UUGUI
Kawamura et al [5] dunng testing of a ZrgsAlygNiygCuy 5 metallic glass in the supercooled llauld region. Thev
attributed the yield drop to a ‘transient phenomenon but the associated concurrent change of atomic structure
associated with the phenomenon was not given.

It is noted that similar phenomena have also been observed in the nomogcncous flow of glassy pmymers and

in tha nlacti~ r‘nFr\rrhnhnn n'F Fr\!t!‘:‘l“lﬂﬂ mPfﬂ] n“nuc Tn fhn raca nf olacoy nn thie hahavinar ic ueeMlalﬂd
1L Wi yluot W WL UL LA AR L Lo L A a1 v Wl VL slaou P’Ul:lll&la, “ua LAMALY IV LD

with the stress-effected, segmental chain dlsplacements and the preferential alignment of the long axis of the
molecules along the tensile axis. Both chain displacements and molecular ahgnments are achievable by the
nucleation and propagation of ‘double kinks’ along the chain axis. By contrast, in crystalline metal alioys, it

. FTEE ] + o

l‘CSI.'llIS from the locxmg of dislocations Dy somte atoms, €. g LOTII‘@U ocxmg |<3], or me sneanng of coherent

E 2t o -Tagl ' toton k‘, A!"'n"ﬂf‘nﬂn r')ﬂ“l pnr mn"')l]‘f‘ "I'lccﬂc hﬂ‘l]ﬂ‘,ﬂ' nn'f‘" f}‘ hﬂﬂ"’ F nﬂe‘f F
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crystalline metals appears to be applicable. Kawamura ef a/ [30] argued that the yield drop was caused by an
initial increase in atomic mobility at high strain rates, but, upon yiclding, the atomic mobility decreases and
structure relaxes. However, the exact physical process that leads to the observed yield drop is Stﬂl unclear [30}

Structural clustering and chemical short ra Mnge Grucnug arc cxpr:i..ted to m‘lpcuc the prupagduon of shear bands and
may be responsible, in part, for the yield drop.

Fig. 2 Transmission electron micrograph shows the amorphous nature of the alloy.
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Fig. 3 Stress-strain curves of Zr-10A1-5Ti-17.9Cu-14.6Ni obtained at temperatures near the supercooled liquid
region. The yield drop phenomenon is readily seen, especially at low temperatures.
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these tempemtures there 1s an initial hardenmz. followed by a eradual decrease in flow stress until final fracture,
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The fracture strain increases with mcreasmg test temperature and reaches a ma.xrrnum value of 2.6 (~650%
elongatron) at 698 and 7151& At 743K whrch is above the crystallization temperature (729K), the aIloy becomes

extremely brittle; in fact, the test sample failed at the location of the oading pin. It is noted that samples, which
were deformed in the supercooled liquid region, exhibit gradual necking, as shown in Fig. 2. In fact, some

AIRLVIL 3 JLEIV VF AL AX

samples necked down nearly to a pomt The final decrease in flow stress is, therefore, not a result of softemng,
but reduction in load bearing. ’I'hrs fracture _appearance is different from that observed in a Zr(,sAlelmCul 5

metallic glass [5], in which uniform deformation was observed. The difference may be caused by the fact that the
al w

c-:n-nn'lpc used hu Kawamura ¢ ere verv thin (D02 mm) Ac a racnls tha Thiast to o mlana ctraca
samp Asawamlira 7 al 'w YETy Thin (U2 mm). AS a result, the aalui.uca WETE SUDjeCL 10 a pranc Siress

condltlon
It is evident in Fig. 3 that both the flow stress and fracture strain are extremely sensitive to testing

CW-3 7 b

temperarure. For example, with only a 15K difference in testmg temperature, the ﬂow stress drops frorn 700MPa

at ARIK ta nhot ADNMDPa ot RORK Tha tancile alanoatinn nloanct ttinled (23
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are generally quite high; for example, at even 713K the flow stress is about 200MPa. A high flow stress was also

observed in another superplastlc Zr65A110N i1gCuys metallic glass which was over 100MPa [6]). These values are
considerably higher than the flow stresses generally observed in metals or ceramics exhibiting superplasticity or

extended ductility [31]. Flow stresses for a superplastic metal or ceramic are typically lower than 35MPa.
Fn
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To characterize the deformation behavior, strain rate cvcling tests were carried out at 683K to measure the
strain rate sensitivity value. The result is shown in an 4, the values of strain rate sensitivity m in equation
£€=K.o", where £ is the strain rate, @ is the flow stress, and K is a constant, were measured by strain rate

cycling between 10-2 and 7 x 10-2 s-1. There is no steady state region after each cyele, making it difficuit to

datormina arpnrataly I"'ua ctrain rata cancitivity valiia Thic diffisnliy o e ngonaintad oditk oty
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during testing. It is noted that an external applied stress can promote crystallization in amorphous alloys [32].
Thus, desplte the fact that 683K is below the crystallization tempera , it is believed that some nano-scale,
crysta]hzed phase already evolved during the course of the test. The presence of nanocrystalline phases can

significantly affect the mechanical properties of a metailic glass. For example, Busch et al [18] recently showed

that the pregence af nﬂmtn“:np thases increases the viscosity of a2 Zrac 75Tie 7sCu~ sNi1nBest 2 meatallic glass
wldi WS presence of Crystauint phnases INCrcases Y Ol a A046,75:18.25%U7.581 o027 5 INCLALIT ZiaSs.

This observation is also consistent with the results of Kim et al [33, 34] who reported that the fracture strength of
an amorphous AlggNijgY2 was doubled when the alloy was crystalllzed and contained 5-12 nm-size Al pamcles.
Thus, in the present strain rate cycle test, continuous strengthenmg is proposed to be a result of the continuous

vivranl Sewotnlail
L

pr ‘C‘ipit"ticﬁ of nanocr; yauub in the amorpnous matrix. In fact, this is also reflected Dy a bugm increase in siress
after the initial yield drop (strain >0.4) shown in Fig, 4.
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As shown in Fig. 4, after each strain rate decrease, except for the first one, there
reglon The gradual decrease in flow stress after decreasing the strain rate results from

R Ny Sy

S
< P 0.8. which is c
from Fig. 4 indicate that the onset of sample necking occurs at a strain of appr U is consistent
with the results ohserved in cmclp-qtmm-mte tests (Fig. 3). The fracture obtain

is no steady-state flow
ample neckmg Data

X wilcll
...... strain-rate tests (Fig. 3). The fracture obtained in the strain rate cycling test is
also similar to that obtained in a a constant strain rate test.
It is worth noting that from Fig. 4 the "apparent” strain rate sensitivity for the present Zr-10Al-5Ti-17.9Cu-

14 6Ni alloy is computed to be about 0.5. Altnougn structural instability can contribute to some vananons m
Jnfa ‘ﬂn tha Meall atenin sota canciti vi hl valia ite infllian~a 16 nat avnantad tna ha enffisiantiv ora
L1 B LIEA tuuLe oilalll ialtv duiioiuy l.y Vaulliv, Lo QUGG B LIVL UI\HWM W e .‘.u.ulu.uuuu: slwl I.U ll].ll.’l."



"true” strain rate sensitivity value of as high as one. In other words. the tresent allov does rnot behave like a
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Newtonian fluid. The non-Newtonian behavior may be caused by the fact that the structure of the alloy in the
supercooled hqu1d regwn is thermally unstable. Upon thermal exposure, and particularly under an ‘external

applied stress, the amorphous structure tends to crystalhze and results in a mixture of crystalline and amorphous
strcture, Exnem'npnmnv it ie challanaing +n mvnmeioa R S e Y AR S SR
sfviiiadly, Lo is CHALCHENE 0 eXaiine l..[lc strucure D[ a Sup Ipld.bu(..dlly AQEeIoTIeu  Spolliine,

_primarily because tested samples necked down to nearly a a point. Samplg preparation for e,it__her x-ray diffraction

or TEM study is, therefore, difficult. Moreover, the present experiments were performed in air wh1ch resulted
serious oxidation on test samples (see next section). The presence of a diffraction pattern may be simply

indicntiva nf avida farmatinn
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However, if an allov indeed has a mixed crysta tallin g-p!!__l_s- morphons structure to a first appm,tummn on, the
total deformation rate can be expressed by:

*rolai

£ .=(1—f;)-£_-'3m+f,'_éfb 1\
\=7) v oy )

where £, is the total strain rate, £, and £, are the strain rates caused by the amorphous and crystalline
phases, respecttvely, and f is the volume fraction of the crystalhne phase. Since the plastic flow of an amorphous

auoy can be described by £,, = A, and the plastic flow of a nanocrystalline, superplasﬁc alloy can be described
by & ey = = B o2, where ¢ is the flow stress, and A and B are material constanis, Equation { (1) can be rewritten as:
Eiora = (1-f) Ao +f,-Bo? (2)

It is obvious that the strain rate sensitivity, which is the reciprocal of the stress exponent, would be between 0.5, the
value for grain boundary sliding mechanism in fine-grained crystalline material, and unity, the value for Newtoman
viscous flow.

it is interesting to comment on the drastic reduction in tensiie eiongation from 650% at 713K to virtuaily zero

at TARW A tamnaratnire Af FAIK Ic al-\nun tha rructallizatinn tamnaratiime Af tha allag LUTI0OEY At thic
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temperature, the alloy has a nanocrystalline structure consisting of many intermetallic phases. Conventional
wisdom suggests that an ultrafine grain size alloy should have a large tensile elongation, presumably resulting
from extensive grain boundary sliding. However, it must be pointed out that, in the case of grain boundary s]iding,
sliding strain must be properly accommodated either by diffusional flow or by dislocation slip {e.g., climb or

alide) arrace neiochharing oraine in arder tno nrevent cavitatinn and thne fractiire  Howevar diclacatinn clin in an
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ordered, multicomponent intermetallic compound is difficult at temperatures near Ty. Also, diffusional processes
are not expected to be sufficiently fast to accommodate sliding strains at strain rates of ~10-2 s-1. This offers an
exp]anatlon for a high m value but low tensnle elongat:on in metallic glasses at temperatures near T, It is worth

e mdia o dland s s cmmsma i ] a bl e o sam el L e Torcarbmcasno £1
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Microstructure and Fracture surface

-based metalli glasses have poor r oxidation resistance. For exgmﬂle, the cross-section microstructure in

f tha cammnla tagtad at TIAK and 10 ic chaum in i S Ag aviwantard tha
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nternal structure is featureless. However, an oxide layer, estimated to be about 4 um thick, is present. The layer
was extremely brittle and non-uniform in thickness. The uneven thickness suggests that oxide Iayer was fractured
and new surface was continuously created, but immediately oxidized, as a result of sample stretching. The
formation and fracturing of oxide layer is not expected to affect significantly the flow stress since the layer
thisl-nace ic ralativaly ]n\i) Tt hasg alsg little affact on the ductility. since tha matarial ic not nnteh cancitive in tha
ULLAIILSD 1S 1hlatlviely 1V AL TIGD3 GISWF LU Willart I WV UUWLLLELY y S Wi JIGUTE EERE 1T HIWL HIWVVLEL OWiIIOLW T il Wi

supercooled liquid region, except in the final stage of deformation.

Fig. 5 Cross sectional view of the sample fractured at 713K and 102 5. A non-uniform oxide layer is readily
seen. The maximum thickness is about 4 pum.



It is well known that, at room temperature, the fracture surface of a metallic glass exhibits a vein pattern
(Fig. 6), as a result of the sudden release of elastic energy at fracture [2}. Also, sample does not show any

o w s
uc\.,k.lus aner fxa\.t'uuns These are typlcm fracture characteristics for metallic glasscs deformed
mhomoeeneously In contrast, metallic o‘m:qeq show strong resistance to necking in the sunercooled hnrm‘l
o o ¢ o o gk Ulls Lwolowaingw LW LIVAC WL 4Kl Wl O ke b

region,; this is readily observed in Fig. 1. The strong neckmg resistance is apparently a result of high strain rate
sensitivity.

Fig. 6 Vein pattern formed on the fracture surface of amorphous of Zr-10A1-5Ti-17.9Cu-14.6Ni tested in tension
at room temperature. Melted droplets are readily seen.
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The fracture surface of the sampie tested a
appears that vein patterii pers ists even at 663K, where homogeneous deformation prevails. However, a close
examination of Fig. 7 indicates that the pattern is actually different from that observed at room temperature.

Specifically, the ndges between voids are much higher and there is no indication of melting. In addition, large
voids were present. These voids were obvnously devcloped pnor to the final fracture of the sample they were
formed under a triaxial stress. As shown in Fig. 1, the sample exhibits considerable necking. The reduction in

area for the 663K sample was about 96%. At 683K sample fractured nearly to a chisel point (reduction in

area>%99%). The fracture surface, as shown in Fig. 8, reveals a ductile dimple ﬁ'actule with the absence of vein
pattern. The brittle-to-ductile transition from inhomogeneous to homogeneous deformation is clearly revealed by
the fracture surface appearance.




re surface of the sample tested at 683K and a
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appearance with the absence of vein pattern.

The deformation behavior of a Zr—10A1-5Ti-17.9Cu-14.6Ni metallic glass was characterized in the

supercooled liquid region. The alloy was observed to exhibit a large tensile elongatlon in this region; a maximum
tensile elongation of over 600% was recorded at 698-713K at a high strain rate of 10-2 s-I, The superplastic
properties, e.g. flow stress and elongation, are found to be very sensitive to testing temperature. As a resuit of

ctrirtiirnl inctahilitiac it 1ie diffirnlt ta datarmina the "tme" ctrai T ehTal
structural instabilities it is difficult to determine the "true™ strain rate sensitivity value. Despite this difficulty,

experimental results indicated that the alloy does not behave like a Newtonian fluid (m=1). Itis suggested that the
non-Newtonian behavior is caused by the concurrent crystallization of the amorphous structure during
deformation; a mixed crystalline- plus-amorphous structure was actually tested. At temperatures above the

PR | A.‘“- = memita AT L.

crystailization temperature, in spite of ha fing a nanocrystalline structure, the alloy exhibit limited ductility. This is
a result of poor strain accommoda.ion at grain triple junctions, Microstructural examination of the fracture sample

is now underway.
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