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Microstructure evolution and plasticity in Zr-based glass-forming alloys
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The microstructure characteristic scale, in partially devitrified Zr-based glass-forming alloys, is examined in
the light of classical nucleation and growth theory. It is then related to the high-ductility properties of these
materials. Stabilization of the icosahedral phase under addition of isoelectronic elements, as evidenced in
recent experiments, is discussed on a qualitative basis.
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Zr(Cu,Ni)-based multicomponent alloys are characterizedar, when a relatively small atom is substituted for a heavier
by both high glass-forming ability and broad supercooled-one—as, e.g., Ti for Zr in Ref$1,2].
liguid range. When doped with Ti, or Ag, or Ridoelectronic With a free-energy barriefper unit volume between
to, respectively, Zr, Cu, and Nithey can be brought to a stable and metastable phases, of heghtand a supersatu-
partially devitrified, generally metastable, state consisting ofation Ag, the critical nucleus sizR; and nucleation barrier
spherulitic, icosahedral quasicrystalline grains embedded i&, are given(in order of magnitude and for weak supersatu-
the amorphous matrix. The characteristic size of theseationsAg<g,) by
depends on composition and thermal treatmditt. has
been known for some time that oxygen impurities also Jo go\? 167  4°
favor precipitation of the icosahedral phaséRecently RC:g(A_)’ E.= EO(A—) , EC:T 5
published examples include: &r,Ti,ClyNigAlyo [1], g 9 (Ag) L
Zrs7TigNb, sCiaNi11Al7 5 [2], ZresCuy NigoAl7 sAg10 [3,4], D
Z6sClhp NisAL7.5AGs [S], ZrzoNisgM 2o (M=Pd, Au, Pj with & a molecular lengthey=g,&°, and y the solid-liquid
[6], and even ZrPdy [7] interfacial tension. The growth rate, in the early stages, is

Such a microstructure in partially de\_/|tr|f|ed meta_lhc essentially constarthis is consistent with experiment, see
glasses leads to interesting mechanical propertles—eg Ref[4]):

specifically, to substantially enhanced ductili] (in addi-
tion to the high strengths that are due to absence of crystal dR
slip in the homogeneous, finely divided, material strugture u=—-

We shall examine and discuss, in turn: nucleation and dt
growth of quasicrystalline grains, ductility optimization as a
function of precipitated volume fraction, and stabilization of
icosahedral clusters upon addition of isoelectronic element%

=(cons) X DAc=(cons) X Ac exp— % 2
B

whereAc (~Agq) is a characteristic difference in composi-
ion, related to the chemical potential control parameter in
he supersaturated mixtur€; is an Arrhenius activation en-
ergy for attachment fluxes and growth. In the compact me-
I. NUCLEATION AND GROWTH tallic alloys we are considering, the kinetics are sluggish and
Q is large(the high compacity arises, in large part, from the
The grain size scales generally in nanometers, or tens ofariety of different atomic sizes For example, in
nanometers, on heating above glass temperature and anne@iz=Cu; sNi;0Al7 sAg;0 [3,4]: Q=400 kJmol !,
ing. This has been interpreted as indicative of phase decom- The nucleation raté, is the current of viable nuclei in
position in the supercooled liqui®] or, in the case of very size space. As such, it obeys a Fokker-Planck equation

fine grains, of transient nucleatiddQ]. In classical nucle-

ation and growth theory11], the volume fraction trans- e of
formedz is given by the Avrami relation: lh=fR— Bﬁ'
z=1—exp —kt"). wheref(R) is the equilibrium distribution of nuclei an a

diffusion coefficient in size space. Arl¢ goes as

In Ref. [3], for example,n is about 3.5-3.7, pointing to E
homogeneous nucleation with a solid-liquid interface- l,~Df., f.=(constxexp— —=, 3
controlled growth mechanism. kgT

In a multicomponent system, diffusion and growth is, of o ) )
course, a complex kinetic process. We shall, however, agiving the familiar time-temperature-transformation relation:
sume that it is dominated by a single, effective, thermally
activated diffusion coefficierd corresponding to interfacial |, = (cons) X exp— E.+Q @
attachment-limited growth. Such may be the case, in particu- n kgT °
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E. is large near liquidus, and usually smaller tH@rat sub- itself (which indeed is absent when titanium is absij}.

stantial supercoolings. But then, above some small Ti concentrati@maller than
Coming back to the volume fractiarof the primary crys- 3% [1]), collective rearrangements become somewhat more
tallization, icosahedral phase, we may write, difficult and attachment kinetics slows down upon adding
more titanium:Q increases and the microstructure size de-
t 4 creases.
— o _+/\13 .
2(t)= fo(lndt ) 3 [utt=t)T% (5) To sum up, we have argued that the microstructures ob-

served in Zr-based multicomponent alloys might be qualita-
or, in order of magnitudez(t)~1,u* In principle the tively understood along the lines of classical nucleation and
transformation ends at=t, , whenz=1. Recall however growth. Itis natural that the phase, albeit metastable, tends

that the primary, quasicrystalline phase is usually metastablé9 show up in primary crystallization since icosahedral short-
and its growth may be blocked by intergrain elastic interacfange order is present in the densely-packed undercooled
tions (experimentally, after sufficient annealirgmay satu- molten, and quenched-amorphous, phases. In large grains,
rate to values between, typically, 10 and 80% clear ten- formed upon heating and annealing, the resulting quasicrys-
dency to growth deceleration and grain-size leveling istalline phase is chemically disordered and, therefore, crystal-
usually observedsee e.g. Ref[4]. In small nanometric lographically distorted; it can accommodate significant local-
grains, this probably signals particular stability of icosahe-composition variationg2]. Selected isoelectronic atomic
dral clusters with such sizgsee Sec. Il below From Eq.  Species such as Ti, Pd, or Ag substituted in the alloy, may

(5), the microstructure scale is given, again in order of magstabilize icosahedral short-range order in the liquid and,
nitude, by therefore, lower the energy minima of corresponding con-
figurations in the potential-energy landscape of the disor-
L4 o s dered system—the so-called inherent struct(it$. As we
Rimax= Ry ~ut, ~ [N te~(Uly) ) shall argue in Sec. Il this will tend to stabilize the primary-
precipitation icosahedral phase and lead, progressively, to
(and, due to the weak exponeht the exact value of,,, smaller, better-orderetgrains. Quantitatively, the problem

does not matter mugh is immensely more complex than whatever picture of it the
One simple test would provide much insight: measureglassical nucleation model might provide us with. Nonethe-
simultaneously,l,,, u and R, over the Zr-based family; less, such a picture seems to be compatible with what experi-

wheneverR, scales withu andu with |, ® as composition ment tells us about microstructural sizes or nucleation and

is varied, the classical model should provide a reasonablgrowth rates in these systems.
first approximation for nucleation and growth. In

ZresCuy sNij Al M 1o (M=Ag, Pd for example, substitu-

tion of 10% Ag or Pd boosts the nucleation raterom 10 Il DUCTILITY OPTIMIZATION

to 10° m3s71, while the initial grain-growth rates de- Let us turn our attention now to the connection between
creases from about 18 to 10° ms ! [4]. R,, then, microstructure and plasticity. Very finecluster sizes have
should scale essentially as been observed in ZIC WAl 1oPdo: R, ~1-2 nm(at inter-

Given the large value d, changes i due to changes in mediate volume fractio), by Fan and Inou¢8]. The au-
composition are likely to be driven by small changes in acthors have demonstrated, at nanocrystalline volume fraction
tivation energyQ. At a given characteristic annealing tem- z=z* =25%, a plastic-strain peak under compressid;]“f’?X
perature T=700 K[4]), a one order-of-magnitude decrease =4 —4.5% (ep is 2% atz=7% and vanishes at=70%).
in u upon substituting 10% Ag or Pd, requires only aboutFor such small clusters, the Kelton mod#D] for transient
12 kImol'! increase inQ: AQ=3%Q. Conversely, the nucleation may be relevant. It predicts, around each precipi-
four order-of-magnitude increase in nucleation rate clearlytated nanocrystalhere, icosahedral clusiera sort of halo
calls for a substantial reduction in nucleation barrtey. that—due to redissolution—is richer than the parent amor-
This makes sense: adding Ag or Pd stabilizes the icosahedrphous phase in crystal-forming elements. These “halo”
“i” phase; that is, at a given supersaturation leviey, free-  zones are densely populatézhme volume fraction, and ap-
energy barriegy and interfacial tensiory are reduced, lead- proximate size, as the clusters themselvEach one of them
ing through Eq(1) to a smallerk,. . however should be, for compositional reasons, somewhat

Similar considerations should probably apply to stabiliza-less compacthan the randomly close-packed parent phase.
tion of thei phase upon substitution of Zr by small amounts The halo zones, then, bring locliée volumeto the sys-
of Ti in Zr,Cu _,Ni Al alloys [1] (see Sec. I). Primary tem and—since they are structurally less stable thani the
quasicrystallization occurs at progressively lower temperaelusters—they therefore enhance its potential for plastic de-
tures, with a progressively finer microstructure, as the titaformation. It is reasonable to expect th@j: under mechani-
nium concentration increases. Why, in the present simplifiedal stress, shear bands will be nucleated, and pinned, at these
picture for nucleation and growth—wher®, ~u~exp  zone sites—thus preventing brittle fracture, even under ten-
—(Q/T)—should the activation enerdgy become larger upon sile stress(ii) at a given annealing temperature, there will be
adding more of the smaller Ti atoms? In fact, the latter findan optimum nanocrystallite volume fractiah that will lead,
their way, relatively rapidly compared to Zr atoms, to stableafter quenching to room temperature, to maximum ductility:
sites in icosahedral clusters, thereby stabilizing ithase  below z* the halo zones surrounding every cluster are not
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large enough to provide maximum inelastic shear strdjn, ~smaller than the corresponding.m/@)-deviatoric, shear
abovez* they are large but less efficient as their compositionstrain. As mentioned above, an optimal nanocrystal volume
goes close10] to the parent-phase average compositionffactionz* will maximize (n..V,Ae€) which is the product of
(thereby increasing their compagityand this loss in effi- volume fraction (..V,) and efficiency Qe) of plastically
ciency is aggravated by the fact that the zones start to oveRctive zones. Within the present picture one gets:\f,) ™"
lap or interfere with one another. Within this picture, the =2*=25%, correspondingsincez*Ae~6%) to an aver-
experimental finding* =25% [8] seems quite realistic. age increment in local shear strain, in each bistable plastic
It is possible, however, to go a little farther Ijentifying ~ zone, of typically:A e=0.25—which seems to make sense.
the halo zones in partially devitrified metallic glasses with ~ Thus, the high-ductility levels, characteristic of partially
the so-called shear transformation zones recently introduce@gVitrified multicomponent alloys, can be understood on a
and discussed by Falk and Landds3], in the context of Semiquantitative basis, inasmuch as the “halo” nanoregions
dynamic fracture. These objects distable microscopic, that surround individual quasicrystalline clusters, and endow
disordered regions within an amorphous matrix, with characthe disordered system with extra free volume, may be con-
teristic volumeV, and equilibrium number density.,, that ~ sidered as shear transformation zones.
can switch under externalhear stressog back and forth
between two structural arrangements )( differing by an IIl. STABILIZATION OF ICOSAHEDRAL CLUSTERS
increment in plastic local shear straie. (Note that, in this
model, they can also be created or annihilated under stress, Short-range icosahedral order in the undercooled liquid,
contrary to the halo zones that are attached to nanocryst8Nd quenched amorphous solid, is favored in the compact
clusters; this allows proper assignment of yield stress ang@ystems we are considering, as this cluster symmetry mini-
plastic flow) The required excess free volume forta— — mizes the area over volume ratio. In this section we address
transition is of the form, the following question: given that short-range ordering
(SRO in the liquid provides a templatgl4] for the nucle-
o ation of precipitated grains in the annealed solid, in what
AV* (o) =V§ exp— =, measure can we expect small amounts of substituted, se-
2 lected isoelectronic species to control the appearance, size
_ and stability of quasicrystalline grains formed within the
where V§ is a molecular volume ang an internal shear amorphous matrix under subsequent heafimg., in a dif-
modulus somewhat smaller than a typical plastic-yield stresgerential scanning calorimetry rudSC)]? We shall concen-
oy=o. With these ingredients, the authors were able to writdrate on the well-documented systemsZr Ti ClpoNigAl 1o
down rate equations fan. , the number densities of shear (see Ref[1]).
transformation zone€STZ) in the = states(These rates are In this particular system, thephase is absent for=0
governed by the ratece™ at which irreversible work is done and the only precipitated phases are cubic Miand tetrag-
on the system In typical situations for simple amorphous ©Nal CuZp. For 1-2%<x<5-7%, primary precipitation is

solids, described and simulated within a Lennard-Jonelcosahedral, with better stability and smaller grainscas-
model, they found: creases. This indicates that titanium enhances SRO and that

clusters are Tirich in the liquid as well as solid phases.
n..V,Ae~6%, Already atx=5%, the higher DSC exothermic peak seems
to be eliminated, at least for rapid quenches. Finally, there is
which is realistic as this dimensionless quantity represent8 remarkablyfastdecrease in grain size, from 50-100 nm at
the total strain one gets if all STZ switch together in thex=3% to 5 nm atx=5%, and<3 nm atx=7.5%[1].
same direction1f..V, is the STZ volume fraction in the sys-  Let us callN the number of atoms in the icosahedral
tem). building-block clusters that are nucleated from the melt,
It is interesting to note that,.V,A € also provides a mea- their average valence, andthe fraction of Ti atoms substi-
sure for maximum plastic shear strain before failure, that istuted for Zr within these clusters. Icosahedral symmetry is

for ductility: the yield stressr marks the crossover between compatible with different sizes, internal structures, and
static deformation and plastic flowhich of course eventu- chemical decorations of theseclusters.X is large, as we

ally leads to failurg close to yield, the final inelastic shear have seen, and this may be understood from the relative
strain is given approximately bisee Ref[13]): smallness of Ti atoms, which helps overcome excluded-

volume effects and is likely to lead to an increaseNinAt
small overall compositiong, X is an increasing function of
—, (7) x—at least up to some valug. For every type of elemen-

1-(oslo) tary i building block, there is a “magic” numbevl such that
_ _ when Nv =M, then thei cluster shows particular stability
For 0s=0.90, this amounts toer=3(n..V,A€). With the  due to itsinertness(cf. rare gases, or saturated moleciles
parameter values chosen in the model system of H&i, For alkali-atom clusters such as Neaand in a jellium-cluster
this gives:el' = 9%, twice the value!*=4-4.5% as mea- model, the magic series i¥=2, 8, 18, 20, 34, 40, 58, 92,
sured under compressive stress igyZyoAl1oPdig [8] (re- ... [15]. For instance, ALC (or Al that has 40 valence
call that, under uniaxial stress, uniaxial strain is significantlyelectrons, forms a stable, closed-shell configuration:

I
e'sn=§(nxVZAe)|n
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152 1p®1d102s? 1f142p°®. Al 5 clusters, in contrast, with 39 Where 6, the shift relative to the relevant magic number
electrons each, are strongly reactivéth, e.g., oxygein see  M(X), accounts for cluster reactivity andyrain growth.
Ref.[15]. Similar considerations hold for larger blocks such ~We argue that, at smak and X, the elementary clusters
as, for example, the Mackay pseudo-icosahed(®Pl)  are poorly stable and strongly reactive, leading to relatively
which is a compact, almost spherical cluster of 51 atomdarge graingwith many defects, in all likelihogd Upon in-
(N=51) and, in the case of the stable,Rt,Mn quasicrys- crease irxk andX, cluster stability increases and cluster reac-
tal, its inert configuration correspondshb=92 (i.e. average tivity (as measured by) decreases. If we assume that
valencev=1.8). In this case it has been sho\see, e.g., goes to zero at=x, (~5-7%, as we have segrthen the
[16] and references thergithat, for some small deviatiof  grain size should reduce to the “magic-cluster” size
from the latter value, the stablephase grows from the el- (~2 nm), with X=X,.,= X(X), for x>Xx,. Such a picture
ementary MPI's according to aexpansionsymmetry(with  js comforted by the experimental results of Xiegal. [1].
expansion factors that are irrational, Fibonacci-like num-The aimost abrupt decrease in grain size betweer8%
bers. Th_e elementary MPI is abo_ut 1 nm in size, the seconq50_1oo nm and x=5% (=5 nm), suggests that, in this
“generation” about 4 nm, the third 18 nm, etc. Note that ., mnasition range, it is energetically favorable for the el-
such a sequence is, away from strict stoichiometric CCmd"ementary icosahedral units to switch to a finer size; soNhat

tions, _Ilkely to be mterrypted rather early in view of kinetic M, and s all jump to lower values there, analogous to, say, a
limitations due to the size of elementary units. - o . e
M =92—M =58 jump in the jellium model.

Let us now come back to our @r)-based system. There, Clearly, many more experimental datespecially as to

both N and, henceM depend onX (and on the electronic . _ e
structure of the embedding amorphous matrbhe balance small-grain chemical compositiprvill be necessary before
strong support can be brought to this line of reasoning. The

equation, for total valence, writes: i o )
latter, however, is sufficiently flexible to be adaptable to
N(X)v =M (N(X))+ 6, (8) other systems than just Zr(Ti)(Mi; _ Al
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