ELECTRICAL TRANSPORT DURING PHASE TRANSFORMATION
IN METALLIC GLASSES

Theslis by
Robert Schulz

In Partial Fulfiliment of the Requlirements
for the Degree of
Doctor of Phliosophy

Callfornla Institute of Technology

Pasadena, Californla

1984

(Submitted May 23, 1984)



TO MY MOTHER



-iil=

ACKNOWL EDGEMENTS

I eam very grateful to Professor W.L. Johnson and Professor Pol
Duwez for Introducing me to the fleld of metalilc glasses, I would
especlally Ilke to thank Blll Johnson for his support and for glving
me the opportunity to pursue my own Interest in the fleld, His great
knowledge 1n materlals, constant enthusiasm and fasclination In
sclence, together with his friendship makes him a great person to work
with,

! would Ilke to thank Konrad Samwer for his help and
encouragement with the work on Cu-Zr, Madhav Mehra and Bruce Clemens
with Mo-Ru-B, Vladimir MatijJasevic wlth Zr-NI and the Mossbauer
experiment, and flnally Michael Atzmon and Pat Koen with the TEM
results, For many useful discussions and experimental advice | would
ITke to thank Art Wililams and Mike Tenhover who were very helpful
when | first Jolned the group.

On the technlcal side | would |lke to thank Concetto Geremla
and Angela Bressan, Thelr help and companionship durlng the past years
will ealways be cherished. I would llke to acknowledge Johanne
Laganiere for her great support during the writing of this thesis and
also Dave Baxter for many useful comments.

To conclude, | wish to thank all the members of Blll's group who
helpea In making my years at Caltech frultful and enjoyable.

Support for thls work came from the Natlonal Research Councll of

Canada and from the Unlted States Department of Energy.



-y=-

ABSTRACT

Electrical resistivity measurements have been used as a primary
tool to study relaxation phenomena and high temperature structural
transformations In metalllc glasses. We will try to correlate,
throughout +thls work, the resistivity behavior with structural
measurements from high and low angle X-ray scattering, +transmission
electron mlcroscopy, Mossbauer experiments and low temperature
superconductivity measurements <o get a better understanding of the
scattering mechanism during the phase transformation. We willl
distingulsh between topological relaxation and chemical relaxation and
In this latter case, emphasis wlll be glven to phase separation. Three

systems wlll be discussed extensively,  Amorphous Cu100-xZrx around

the equlatomic composition, (Mop ,gRup.4)100-xBx  for boron
concentrations ranging from x=14 to x=22 and (Zrq.,Hfy)goNizg @across
the concentration range. We will show that upon anneallng at
temperature above 300°C, CusgZrsg phase separates Into two amorphous
phases of concentration close to CuZr, and CuypZry. During the phase
separation an anomalous reslstivity behavlor, simllar to the one
observed durlng the early stage of Gulinler-Preston zones formation In
crystalline alloys Is seen . In Mo~Ru-B alloys, the nonlinear
behavior In resistivity Is correlated with the presence of a peak In
the small angle X-ray Intensity and Is explalned In term of splinodal
decomposition caused by +the diffuslion of boron In the amorphous
matrix. In (Zry_xHfx)e2N13g, 8n exothermic transformation which glves
rise to an Increase In resistivity but no resolvable Bragg peaks 1In

+he high angle X-ray pattern Is Investigated 1In detall,
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The applicabliity of the Ziman formalism to successfully explain +the
sehavlor of the resistivity In all these cases Is questioned and an
alternative approach, based on d-band conduction, Is proposed. New
ways of understandlng transport phenomena durlng structural relaxation

In metalllc glasses follow from these discussions.
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l. INTRODUCTION

In September of 1984, It will be the twenty-fifth annlversary of
the dlscovery of the flrst metalllic glasses. It was, Indeed, In
September of 1959 at Caltech, +that Pol Duwez and hls co-workers‘ !
found a broad diffuse band In the X-ray diffraction pattern of a gold-
slllcon alloy rapldly quenched from the melt. Prlor to this date,
work on amorphous metals was |Imited to very thin flims(2) gbtalned
by technlques such as physical vapor deposition, sputtering and
electrodeposition. Because of thelr geometry, these samples were
restricted to a certaln Iimlted type of experiments. The Importance
of +the discovery of Duwez resldes In the bulk nature of the samples
which can be obtalned by quenching from the melt. The Interest of
physiclists and material sclentists l% the fleld ha$ been growing
almost exponentially and since the discovery of the "melt-spinner"®
with which comes the possibllity of massive production, the englneers
as well contributed to Improve our knowledge on noncrystalline
metals.

Among all of the Interesting propertles of amorphous metals,
probably one of the most Important 1Is the electrical conductlivity.
However, the baslc theoretical difflculty which arlses from the lack
of long range order and the fact that the Bloch theorem Is not valld
makes transport phenomena In these systems, a very controverslal
fleld,

These difflculties have Ilmlted the use of electrical resistivity
measurements as a structural!l probe for short range order In amorphous

metals. Some experimentalists even question usefulness of these
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measurements In metalllc glasses because of the difflculty In

assigning an unequivocal, speclflic scattering mechanism. On the other
hand, the measurements are relatively easy to perform and, despite the
above theoretical considerations, large amounts of data and extensive
work can be found In the literature,

Most of +the studies of the electrical +transport in metallic
glasses concern the Jow temperature behavior, Many models and
scatterIng mechanisms have been proposed, with varylng degrees of
success, to explaln the very low temperature dependence of the
resistivity: Kondo effect(3), scattering from two-level +tunneling
states(4), coherent magnetic scattering(®), localization(6) etc. In
the low and Intermediate temperature range, theories |[|lke +the
locallzed spin-fluctuation scattering model(7) and especially the
dlffraction model(8) bpased on the extended Ziman metal theory have
been used. Both of these theorles predict a TZ dependence of the
resistivity at low temperature (T<6) and a |Inear dependence at hlgh
temperature (T>6)., © Is the Debye temperature. The diffraction model
has been quffe successful In explalning the temperature coefficlient
of the resistivity at high temperature In many amorphous metallic
systems and In particular, the negative temperature coeffliclent
observed for the Cu-Zr and the Ni-Zr systems which we wlll dlscuss
extensively In the followlng chapters.

The purpose of thls thesls Is not to study or criticlze any of
these scattering mechanlisms In particular, but Instead to use the most
widely epplied mode! (l.e. the extended Ziman theory), together wlth
the electrical resistivity, as a tool to detect and study phase

transformations whichoccur at high temperature In metalllc glasses.
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Because of thelir metastable nature, phase transformations, In
which | Include relaxation phenomena (topological as well as chemical)
are Inherent to metalllc glasses. Phase separation of a8 homogenous
phase Into two distinct amorphous phases represents by Itself an
Important problem 1In the fleld of glassy metals. We wlll show that
resistivity measurements can be very useful to locate, In the
temperature-time dlagram where such separation occurs, and to study
1ts kinetics. The behavlior of the resistivity around the glass
transition and I+s dependence on the free volume content can also be
used to test the verious theories proposed for the glass +transition.
Several authors reallzed how helpful high <temperature resistlvity
measurements can be In followlng the crystalllization processes of
metalllc glasses and numerous studles can be found In the
I1terature(9=11)  For +this reason we wiil restrict our Interest In
thls thesis to amorphous phase transformations or at most, to the very
early stage of crystalllzation.

Flg. 1.1a shows a typical resistivity scen on a CuyzTi,,
amor phous alloy. At first sight, the reslstivity varles linearly with
temperature, from room temperature to around 250°C, 1In agreement with
the prediction of the diffraction model at high temperature. Around
the crystalllzation temperature, the resistivity decreases by more
than 40%. Thls 1Is because of the much greater static order of the
polycrystalline phase. The typical temperatures of Interest In the
thesls wlll Include a range starting from a few hundred degrees below
the crystalllzation temperature. Fig.1.1b shows that, on a small

scale, the reslstivity Is actually highly nonlinear In this range of
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temperature. The plot shows the excess resistivity above the |lnear

contribution due +to phonon scattering. The Increase In the excess
resistivity reflects an evolution towards a state of higher chemlcal

short range order (CSRO). It has been demonstrated(12), Indeed, that

CSRO exIsts In CugeTiz, alloys In the |iquid as well as In the glassy
phase. Fig.1.2 shows the structure factor S(Q) obtalned by neutron
diffraction from a CugeTizg alloy In the Ilquid and glassy state. The
prepeak at Q==1.9R‘1 provides dlrect experimental evldence of CSRO or
a tendency for unllke atoms to be nelghbors., Thls prepeak Is the
diffractlon evldence of a non-random, |ike-atom correlation at the
second-nelghbor distance (Ry = (5/4)(2 7/1.9)~ 4.1R) and represents a
pseudo-perlodiclity A-B-A-B In the random structure., The size of the
prepeak In flg. 1.2 shows that CSRO Is enhanced on vitrification.
Therefore, by annealling below the crystalllzation temperature, the
CSRO should grow and the Increase In resistivity In flg. 1.1b Just
reflects +his tendency. Flg. 1.3 shows that after a non-reversible
ordering process observed during the first heating cycle, we can
achleve a reverslble behavlior In the variation of the reslistivity vs.
temperature which can be +thought to be a reflection of the
" metastable -equilibrium state™ of chemlcal short-range order. The
higher the temperature, the lower the degree of order and the smaller
Is the resistivity. Balanzat et al. (13} found simliar behavior for a
CusgTis5g amorphous al loy.

This brlef Introduction shows how sensitive and powerful
resistivity measurements can be In detecting ordering processes In
metalllc glasses. Before moving further Into the experimenteal

results, | wlll describe In chapter Il some of the theoretical
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background necessary In order to fully appreciate the results In this

thesls. | will describe In detall, topologlical as well as chemlcal
relaxation &nd | wlll present the standard approach used to
Investigate problems such as phase separation and phase segregation In
amorphous structures. Chapter V represents an attempt to explaln the
behavior of the electrical reslistivity for the varlous systems studled
In this research, from a different point of view than the one usually
adopted 1.e. the extended Ziman approach bassed on Boltzmann's
transport theory. This wlll glve rise, In conclusion, to new ways of

Interpreting relaxation phenomena In amorphous structures.



. THEORE;ICAL ASPECTS
1.1 The Ziman Formallsm

Transport theory In a highly disordered structure Is one of the
major unresoived problems In solld state physics. Several models have
been proposed to explaln the behavior of the electrical resistivity In
metalllic glasses and In particuler, the negatlive  temperature
coefflclent of resistivity found when the magnitude of p Is larger
than 150u2 cm, 1 will choose, 1In thls work, to Interpret the results
within only one model: The ZIman Formallism, Thls approach has been
particularly successful In explalning, at least qualltatively most of
the +transport phenomena observed In metalllc glasses. It Is a
suitable cholce because 1t relates electrical resistivity to atomic
structure In a8 natural manner. We should keep In mind, however, that
its appllcabllity to metalllc glasses, where the electron mean free
path Is very short, Is questionable. Indeed, the Zliman formallism Is
derived from the Boltzmann transport theory In the weak scattering
regime which falls when the mean free path becomes comparable to +the
lattice spacing or when the reslstivity reaches values on the order of
200 us? cm, Nevertheless, the Ziman theory Is still wldely used In the
fleld and for thls reason, | will address the Important problem of Its
eppllicabliity In chapter V.

In the orliginal formulation, Ziman(14) considered the elastic
scattering of nearly free electrons In plane wave states by the
pseudo-potential assoclated with the fons In a simple [Ilqulid metal,
Using the Boltzmann equation In the relaxation time approximatlon we
can write In the Born approximation p = m/nelt , wherem Is the

electron mass, n Is the free electron density and e Is the
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electronic charge. The scattering rate 1/7 1Is given by the following

2m
relation 1/1 =-/ﬁ (1-cos 8) Pey1(8) do where Pggr(6) Is the

9]
probablilty of scattering by unlt time and unit solld angle. Using

the Ferml Golden Rule we may write this scattering probabllity as
2T 2 -
Puk! = ﬁ“‘[Ukk'[ o(E = Ef) where <Uyk1> is the matrix element for

scattering from state k to k' by the total potential and p(E=Ef) IS

the denslty of states at the ferm! level. Assuming a quadratic

dispersion relatlon and a spherlcal Ferm! surface we obtaln
kaf

p(E=Es) =E;?§F§ where V Is the total volume and k¢ Is the Ferml
ul

wave vector which Is related to the electron denslity by
ki = (3v2n)]/3 . Using the well~known relation vy = hk¢/m for the

Ferm! veloclity the reslstivity becomes:

1

_ 1210 | 2(K\3./[K
p-;e—z—vz- NlUkk'} (é?;) d(?k—‘;) (2.1.1)
f
0

K = k=-k' Is the scattering vector and & Is the average atomic volume.

The matrix element <Ug, > can be written as:

v

1 .
<wktIU[xpk> = vfe”(r U(r) d3r (2.1.2)
0
where the total potential Is considered as 2 sum of pseudopotentials

assoclated with each of the lons U(r) = § :U|(r-r|). If uj(K) 1s the

:
Fourler +transform of the pseudopotential, the Interference function
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I(k), which | will take to be equal to N|Uyt|Z becames:

. iKe 2
I(k) = & ,Zui(K) e'kery (2.1.3)
i
For a monoatomlc liquld the structure factor Is deflned as:
1 iKe
a(K) =NlZe Kery ,2 (2.1.4)
i
fherefore, the Interference functlion becomes:
1(K) = a(K) Ju(k)]? | (2.1.5)
and the expresslon 2.1.1 for the resistivity becomes:
‘ 3
1278 K
o = 128, d(ﬂ‘)(?%’) a(k) [u(k)|? (2.1.6)
he Vf o f f

This Is the classical Ziman formula In 1ts usual form. It Is easy to
show that the structure factor I'n eq. 2.1.4 can be releted to the

radial palr distribution function g(r) defined ®s follows:

%g(r) = ;1; <§6(r-ri trid >
J

through the relation:

a(k) = 1+ 1 D efKe(ry - 1y)
¥

f (g{r) - 1) ﬂ',}—(r—@%rzdr (2.1.7)

0

<|z=

1 4+
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Faber et &l1.(16) pave extended this theory to binary simple

liqulid metals by Introducing the partial structure factor 2, (K)
which Is related to the partial palr-correlation function gup (r) by

an expression analogue to eq. 2.7. g(xB(r) Is the probabllity of

finding an lon of type o In a unit volume at a distance B from the

center of the R lon, normallzed In such & way that It tends to unlty

for larger r, In this case eq.2.1.3 or a(K)|u(K)|2 in the expression

for the resistivity (2.1.6), has to be replaced by:

= 2 2

ZC]CZU]UZ(a]Z - ]) (2.].8)

It Is Interesting to note that for a substitutional alloy In
which the two constituents have the same atomic volume and the same

structure tactor 2jy=aj;=ayi=a, eq. 2.1.8 can be reduced to:

1K) = (cqud + cpud) alK) + ¢3¢,y - up)? (1 - a(K))

= (WD) alk) + (4 = up? c(1-0) (1 - a(K)) (2.1.9)

therefore, for the resistivity one obtalns:

p = D] + 02
where by = 5% K (b (1- c)u) a(k) >
he V§
and by :—:;lcu-c < (4 - u, (1-a(x>>>
v

P2 glves rlse to the Nordhelm's rule and p, varies In a more or
less llnear fashlon between the resistivity of the two pure

constltuents, In the above expresslons <f(K)> means
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LS
Zk

> . Bhatla and Thornton(17) proposed a different
f

! 3
[f(K) (2—:5;) d(
0
formalism for binary alloys and Introduced new correlation functions

which, In terms of the partial structure factors deflned previously,

can be written as:

I 2 _ 2 2
aNN(K) = K1N(K)] = cyayp + Coapy + 2c]c2a]2
a~~(K) = l-[C(K)]2 = .6, (1 + cye,(aq,4 + 2.1
cC N 1% 162(2y7 + 255 - 2y5))  (2.1.10)

anc(K) = Re(N(K)C(K)) = eqcpleylagy = 235) = cylagy - a7,)

these were called the denslty~density, concentration=concentration and
density-concentration correlation functions. N(K) and C(K) are
respectively the Fourler transform of the local devlation In the total

number dens!ty and the mean concentration:

(o
N(K) = Z e 1K

'F,CF’.? . 1 . 2 (2.1.]])
C(K) = JN" (c, Z e'kry . ¢ Ze’K'ri)
1

Using eq. 2.1.11, eq. 2.1.3 for the Interference function becomes:

1K) = gl TNCK) + Ny = up) €(K) |7

(2.1.12)

<4

agy(K) + (uy = up)? 8 (K) + 20(u; - ) 2o (K)

where u = cquptcgu2 * ﬂhen the partial atomlc volumes of the two

specles In a binary alloy are nearly ldentical as Is for the case of

the regular solutlon, then anc(K)~ 0 for all K and only two
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Independent structure factors ere needed to describe the resistivity
completely., Furthermore, If we have an ldeal solution (heat of
mixing = O0) the concentration-concentration correlatlion function Is
glven by ugc(K) = c(1=c) and expression 2.1.12 becomes Identical to
equation 2.1.9.

The resistivity can therefore be expressed In terms of a

topologlical and chemlcal part.

P = Prspo * PCsrO

1
_12m f -2 K_\3 K
p = u- ay, (K) (——) d( ) 2.1.1
TSRO hezvz NN 2ke H ( 3a)

2”9 f(u -up)? ag,(K) ( 5f)3d (T’é‘) (2.1.13b)

f
During structural relexatlon, the changes In bond distances and angles

x

PcsSroO

which leads to a higher topologlcal short range order, affect the
resistivity through eq. 2.1.132 whereas the exchanges of chemlcally
different nelghbors which leads to a higher chemlcal short range
order, affect the reslistivity through eq. 2.1.13b.

In order to extend the Ziman formalism <o [llquid transition
metals where the scattering Is strong and the electron mean free path
Is very short, Evans et a1, (18] replaced In the orlglnal Zliman
formula (eq. 2.1.6) the weak pseudopotential u(K) by the t=-matrix for

scattering from state k to k' by the muffin-tin potentlal of the lons,

3 i
t(K) = Samh :Z:(ZE +1) s1n(n£(E ))e e Pl(cose) (21.14)

VZmE
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For transitlon metal elements, the d-phase shift N, gominates and

since most of the contribution to the Integral In eq. 2.1.6 comes from
the reglon near 2k we can write to & reasonable approximation:
30rh3
=

. 2
p & =5—— sin (nz) a(2kf) (2.1.15)

me Qkaf

For blnary transitlion metal alloys, an expresslon simllar to eq.
2.1.8, In which wuy(K) and up(K) are replaced by slingle slite t-
Ma*r!ces, has to be used In the expression for the resistivity.

The temperature dependence of the reslistivity can be Included by
taking Into account the change In the structure factor (eq. 2.1.4)
with temperature. e(K) has to be replaced by the resistivity static
structure factor S(K) which can be expanded for an amorphous Debye

solld as(19),
S(K) = SO(K) + S](K) + SZ(K) +...

a(K) e 2 ...elastic term

where SO(K)

S](K) a(K) AP(K) (T/B)ZIZ(EB/T)e'Zw ...one phonon term

S,(K)+..% 1-(1 + 2u) ™2

The Hernandez-Calderone approxlma+lon(20) to the multiphonon serles

has been used for the higher order terms. In the above expression

3n2K°
kae where M s the atomic welght, 6 Is the Debye

a(K) =
temperature and kg !5 the Boltzmann constant, e~ZW Is the Debye

Waller damping factor with 20 = a(K)(T/9 )Z1(9/T) ,AD(K) Is the
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average of the structure factor a(K) over the Debye sphere center on K

and finally:

6/7
1.64 T 6
I(e) = 5g5 coth(x/2) dx (T << 0)
5 8/T (T >> 8)
T
I,(e) =[e/ x%dx 3.29 (T << 9)
[e*-1][e"*-1] 8/T (T >> 8)
0

From these expressions we can write the static structure factor In the

high and low temperature 1Imit as follows:

a(K) + a(K)(3.29A°(K)-1.64a(K))(T/8)2 + ...  (2.1.16a)

For T<<8 S(K)

"

For T>>8 S(K) = a(K) + a(K)(AD(K)-a(K))(T/e)+a2(K)(I-AD(K))(%)2(2.1.16b)

The factor (1-A°(K)) In eq. 2.1.16b Is usually small so we can

neglect the quadratic temperature dependence term at hligh temperature

in most cases.

We therefore conclude, after substitution of these expressions

into eq. 2.1.6 or eq. 2.1.15 that the diffraction mode! predicts a
resistivity varylng llke T2 at low temperatures and llnear In T at

high temperatures.

[o8

1dp
p dT

The slign of the temperature coefficlent of resistivity o

et high temperature depends whether a(2ks) Is greater or less than

A° (2k¢) or, In other words, It depends on the position of 2k; with
respect to the position of the malin peak In the structure factor kp.

When 2k¢ Is close to kp. 8(2kg) Is large and o s negative whereas
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when 2ks I|s far from the maln peak in the structure factor, a Is

positive.
In this thesls we are primarily Interested In +he hich
temperature reglon (T>6 ) where the resistivity varles linearly wlth

temperature due to thermal broadening.
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11.2 Topological Relaxation

Topologlical relaxation and the concept of free volume are closely
related. We usually assoclate the Increase In the topologlcal short
range order with a consequent reduction In the free volume
content. The theory of free volume was origlnally developed for
I1quids(21),  The free volume was deflned as the "macroscoplc" excess
volume of the llquid (In the sense discussed by Egaml et al.(22)y
compared to the extrapolated volume of the solid. Thls free volume Is
distributed over the whole system In the form of vacant spaces between
the atoms. The repulslve part of the Interatomic potential was
assumed to bevalmosf hard sphere 1lke and the free volume was wriltten

as:

vf=5-90 (2.2.1)

where O Is the average atomic volume and QO » the atomlc volume at
Ideal close packing., The theory was then applled to amorphous sollds
by Spaepen and his co~workers who described the structural relaxation
In metalllc glasses In the following way: In & relaxation event, the
atoms at a relaxation site collapse at about a local free volume
fluctuation. The collapsed volume Is transferred permanently to the
specimen surface through many Individual atomlc rearrangements.
Following thls event, the +total free volume Is reduced and the

viscoslty Increases. The viscosity can be expressed In the theory by:

*
YV /vf
ne no(T)e (2.2.2)

where v* Is the critical free volume fluctuation for an atomlc Jump
produclng flow, Yy Is a geometrical factor close to 1 end N, Is a

structure Independent factor.)
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A. The Kelton-Spaepen Approach
Kelton et al. studled the kinetics of Isothermal structural
relaxation through changes In the electrical reslsflv!fy(23). Thelr
understanding of +he behavior of the resistivity Is based on the
experimental observation that the viscoslty for Pd=-Sl-V amorphous
alloys Increases |llnearly as a function of anneallng time ( noIs a
constant depending only on temperature). Using eq. 2.2.2 we can write:

Yv*/Vf(t) . Yv*/vf(o)

ﬂoe =nt + noe

which can be Inverted to glve

vf(t) i Yv*/vf(o) ' (2.2.3)
Vf(b)

i -y*/v (o) *
m(d-te LANAZIC) AR LY /v(0)
0

According to eq. 2.1.15, the change In the electrical reslistivity can
be directly related to the change In the structure factor evaluated at
2k¢, Ashcroft and Langreth(Z4) found that the Percus-Yevick hard-
sphere model 1is a sultable approximation to the maln peak of +the
structure factor,. In thls model the alloy Is characterlzed by 2
packing fraction parameter £ = thﬁ where Qh Is the hard sphere
volume. The peak helght reduction and broadening of the structure
factor with temperature can be approximated In the Percus-Yevick model
by allowlng for a change In packing fraction with temperature. Kelton

et al1.(23) used this model to describe the structural relaxation In

metalllc glasses. Let us expand the Percus-Yevick structure factor

In & Taylor serles: S(K,g) = S(K.Eo) + g%— AL + ...
%
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From thls, using the preceding dlscusslon, we can write

3s 1)
o= 5, “h(ﬁ(t) n(t=0))

(e]

and by usling equation 2,.2.1

2 ve(o) ve(t)
bp = 52 : —“Q—:—— (0-3r) (gl <<ny) (220
0

With eq. 2.2.3 and eq. 2.2.4, we can flt the electrical resistivity

change with three parameters: a prefactor, n / n, and  Yv¥/v¢ (0.

The sign of the resistivity change depends on the sign of BS(Zkf) )
| 5E|E,
When ks Is close to the maln peak In the structure factor, o Is

negative and the resistivity Increases upon relaxation, When 2k¢ (g
far from the main peak, o Is positive and the reslstivity decreases
with topologlcal relaxation. Flg. 2.2.1 shows a schematic plot of the
structure factor In the as-quenched state, relaxed, and at high
temperature. Flg. 2.2.2 shows a flt to the electrical resistivity for
an (Mog gRup, 4)78B2o amorphous alloy using eq. 2.2.4. Even If 11 hes
not been proven that the viscoslty Increases |lnearly with fime during
Isothermal anneallng In thls specific alloy, the fit'ls very good at
low temperature (450°C and 500°C), but becomes worse and even
Impossible as we ralse the temperature to 600°C. We wlll show later
that chemlcal relaxation and phase segregation Is responsible for this

behavior at hlgh temperature,
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Flg. 2.2.1
Schematic 1l lustration of the flirst peak of the structure factor
S(Q) In the as quenched state, relaxed state and at hlgh

temperature.
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(Mog, gRug, 1) 78877

0.0 A . . . . .

0 4 8 12
TIME (HRS)

Flg. 2.2.2
Relative change In resistivity as a function of anneal Ing time at
various temperatures for (MOO.GR”O.4)78822 glesses., The solld
Ilne Is a f1t to the Kelton-Spaepen theory of structural

relaxation,
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B. [Egaml's Model for Structural Relaxation
Egam! et 21.(23/25) discussed the short-comings of the
macroscoplic free volume theory when applled to metalllc glasses &and
proposed Instead a microscopic model for structural relaxation In
those amorphous alloys, They Introduced several local parameters +to

describe the loca! atamic structure. Among the most Important Is the

local hydrostetic stress parameter deflned as:

Py =€37;2%%r T (2.2.5)
h| iJ
Where G, Is the local atomic volume and ¢(r) 1Is the Inter-atomic
potentlial, Because of the quas! harmoniclity of thls potential In an
amorphous metal both positive and negative density fluctuations are
present. The reglons [n tenslle stress are called n-type and are
free-volume-like, whereas the reglons 1n compresslive stress are called
p-type and can be viewed as anti-free volume-like. The n and p type
local density fluctuation contribute to the total volume In an
opposite way. In this plcture, structural relaxation results from
the recomblnation of the n-p palrs. Even If the mlcroscoplc free
volume, deflned as <({. -?i)2>, Is greatly affected by this process,
the macroscoplc free volume or the total volume Is only changling
slightly as a result of the anharmoniclty of the [Interatomic
potential. Uslng & computer model contalning 2067 atams for the
amorphous structure, Srolovitz, Egam! and Vitek(26) gimylated the
effect of structural relaxation on the radlal distribution functlion
(RDF) by calculating the ARDF when one flixes the origln on each atom

In the model and then excludes all the sites having the [largest
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tenslle and compressive stress. They found good agreement between

thelr model and an experimental A RDF measured on an amorphous

Fe4oNl4oP1586 alloy. To a good approximation, the local RDF centered

on atoms with hydrostatic stress p can be expressed as(26);
G,(r) = 6y(r + yp) (2.2.6)

where Y Is & constant and Go(r) Is the RDF for atoms wlth p=0. G(r)

Is related to the g(r) defined previously In eq. 2.1.7 by:

6(r) = 4nr & (g(r)-1) (2.2.7)

The effect of the local density fluctuation Is then to shift the [ocal
RDF by an amount proportional to p. If we expand 2.2.6 In a Taylor

sertes around p=0,

2
oG 3 G
- 0 1 0 22
Golr + vp) = G(r) + 5= vp + T YP

+he total RDF <Gp(r)>=-/.50(r + ypIN(p)dp (where N(p) 1Is the

normal {zed distribution of the hydrostatic stress parameter) becomes:

2
_ 1 2({25 ) 2
<Gp(r)> = Go(r) + —2- Y ;—2—' <p~> (2.2'8)
since -pr(p)dp=0. Experimentally, It 1s often observed that the
effect of structural relaxation Is to sharpen the peaks of the RDF
wlthout shifting them. For +this reason Egaml et al. choose to

Interpret the changes In the RDF solely on the basls of the relaxation
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of the denslty fluctuation <p2> and write:

2
2 36 (r)
ARDF = 3 —2— a<p®>
or (2.2.9)
2. _ .2
where B<p™> = <p™> nealed = <P >as quenched

The success of Egami's model 1s that It predicts correctly the small
change 1In the total density of the amorphous alloy durlng structural

relaxation and It predicts @ ARDF In agreement with the experiment,

C. The Allle-Turtelll Theory

Based on the previous mlcroscoplc model for structural
relaxation, Allla et al.(27) proposed a correlation between the
reslstivity and the density fluctuation <p2> using the ZImen

formalism, From eq. 2.2.7 and eq. 2.1.7 we can write:

<ap(K)> =1+ % -/-<Gp(r)>sin(Kr) dr (2.2.10)

and by substitution of 2.2.8 Into 2.2.10, the equation after

Integrating twice by parts becomes:

<ap(K)> = a (K) + %-YZKZ (1 - ao(K))<P2>
(2.2.11)

"

where aO(K) 1+ ]](.[ Go(r)sin(Kr) dr

Using expression 2.1.16b and eq. 2.1.15 for the resistivity at high

temperature we find:
p T
p(T) = <ap(2kf)> + a(2kf)(A (Zkf) - <ap(2kf)>)§- (2.2.12)

and therefore the change In resistivity and coeffictent of the
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resistivity at a fixed temperature due to relaxation, can be written

as:
Ap = 7 y (Zkf) (O -a )(1 - 2, (2k)) a<pls (2.2.13)
(2k )
and Aa E A(l %-?) —?F_-e_a— (1 - Zkf)) A<p2>

where p, = aO(Zkf) +a (AO(Zkf) - ao(Zkf)) %. and A<p2> has the same
meaning as In eq. 2.2.9 . We see In eq. 2.2.13 that Lp and Ao  have
opposite signs. When Zk¢ Is close to kp (which corresponds to the
maxImum of +the structure factor), ag(2k¢)>1 and the reslstivity
Increases upon structural relaxation since A<p2> <0. The temperature
coefflclent of +the resistivity on the other hand decreases, in thls

case, with structural releaxation. These observations seem to agree

with experimental measurements(27,28),

Among the several theorles which have been proposed to explaln

the |1quld-glass transltion, one of the most extensive Is the mode! of
Cohen and Grest(29),  The theory ls based on the exlstence In dense
llquids and glasses of &a well defined cellular structure which
persists on & time scale comparable to the typical time for atomlc
motlon within the cell. These cells are equlivalent to the Voronol
Polyhedra In 8 dense random packing mode! of hard spheres. They assume

that the local free energy of a2 cell f(v) depends only on Its volume,
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and write:

1"(v)=fn+%-)((v-vO)2 V<V,

= fo + %-K (v - vo)2 + (v - Vc) V>V

When v<ve the cells are called solld-llke and when v>v., they are
called llqulid-llke. The free volume of a cell Is defined as
V¢ = v=vo.  The llinearlty of f(v) for v>ve Implles that free exchange
of free volume can take place between Ilquld~llke nearest neigh-
bor cells., |If P(v) Is the probablllty that a cell has a volume v, the

probabllity that a glven cell 1s liquld-ilke Is:

f P(v) dv (2.2.14)

Ve

P

Furthermore, they deflne & percolation problem where p. {s +the
critical liquid-like cell concentration, above which there exlists an
Infinite Ilquld-llke cluster. They found <that the Yequlllbrium"
fraction of +the liquld-ilke cells p, as a function of temperature,
undergoes a dlscontlnuous change at a temperature Tp. This
discontinuity 1Is taken to be evidence of an underlying equilibrium
glass translition. This +transition Is never seen experimentally
because of kinetic effects. At a temperature called the experimental
glass transition, the relaxation time of the system becomes comparable
to the +time of measurement and the system falls out of complete
thermodynamlc equlllbrium. Tp I's usually some 20° below Tg, The glass

Is therefore characterized by a frozen fraction of 1iquid-llke cell

Ptroz whlich relaxation toward the equillbrium fraction Peq (T) upon

anneallng below Tg-
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In this plcture, & glass can be vlewed as a blnary alloy In which
the +wo speclies are respectively the solld-like and the |Ilculid-like
cells. Using the Faber-ZIman formalism(16) for the resistivity of
binary simple llquld metals, [t Is stralghtforward +o show that the

Interference functlion defined In eq. 2.1.3 can be written as:

N N
= 2.42_s 2 2

1(K) = N|ug |7 = 0 g2 ag (0 + of gR oy, (0 + 1,00 (2.2.15)

where ug(K) and uQ(K) are respectively the Fourler transform of the

pseudopotential assoclated with an atom In a solld-like cell and In a

llquld-llke cell. Ns/N = (1-p) and Ny/N = p are the fractions of

solid-llke and llquld~llke cells, &g (K) and 3,, (K} ere fthe
corresponding partlal structure factors, and 'sz (K} 1Is the
Interference function between 2 solld-llke and a 1llquld-llke cell.
For a segregated system (l.e. @a system In which the solld-llke cells
and the Ilquld-llke cells are clustered), lsg,ls non negligible onty
at small K values l.e. for K << 27 /R where R s the average cluster
slze, Since the resistivity |Is proportional to the structure
factor evaluated at 2k, ISQ(Zkf) will make a negligible contribution

to the resistivity., For a segregated system, therefore, eq. 2.1.15

and 2.2.15 glve:

2 2 2
p o= ug ag(2ke) + (ugag,(2ke) - uga  (2ke)) p

D>

2 2
or P« 3‘; (upa,, (2ke) - ula (2k()) op (2.2.16)

Po
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2.2.3
Relatlive change In resistivity for Auo.77Geo 136S'O 094 @lloys
calculated for dlfferent heating rates together with the

experImental data of Chen and Turnbull (ref. 31),
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The sign of Ap during Isothermal anneallng depends on the sign of the
expression In parentheses In eq. 2.2.16. When 2kg 1s close to kpe
809 (2kg) < agg(2k¢) and the resistivity Increases with structural

relaxation since Ap<0. When a  (2k¢) > agg(2kg) equation 2.2.16

agrees with our Intultive feellng that an atom near an Interface
between a solld-llke and a llquld-like cluster wlll scatter +he
electrons more effectively In the lIquld-llke phase than In the solld-
l1ke phase. In that case +thls approach Is simllar to Tsuel's
mode! (30) yhich considered a disordered solld as a structure with a
highly developed short range order contalnlng, however, some
disordered sites, (the liquld-like cells) which are conslidered to be
scattering centers for the electrons,

Fig. 2.2.3 shows & calculated resistivity curve using eq. 2.2.16
for a Aup,77Gep,136S10.094 a@morphous alloy together with  the
experImental data of Chen and Turnbul1(31), |n calculating Ap/pO we
assume that the fraction of jiquid=-like cells relaxes towards 1ts
equllibrium value peg(T) glven by the theory of Cohen and Grest with a

single time constant 7T (T) which scales with the viscosity:

@ . (p - peq(T))
dt (T)
where w(T) = T, exp(vm/vf)

= 10710 exp(1360/(T - 241.3))

In order to take Into account the contribution of crystalilzation
we assume that the equliibrium fraction of 1lliquid-like cells not

crystalllzed at e time t follows a Johnson-Mehl-Avraml equation(32)



-31-
Peg(T) exp (- (kt)")

(1-X)Pg ()

where k(T) k, exp (- AE/KT)

For Au-Ge-SI we have Tp = 280K and Tg = 295K.  All the other

parameters used In the calculation can be found In references 29, 31,
and 33, The resistivity values of Chen and Turnbull are the average
values taken from several measurements. Thls approach Is particularly
suitable for kinetic studies since It relates the resistivity to only
one simple parameter: the number of Ilquld-llke cells which can be

considered as defects In the amorphous structure.
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{1.3 Chemlcal Relaxation

The broad fleld of chemical relaxation In alloys, which Includes
phenomena |lke ordering, coarsening or phase segregation, spinodz!
decomposition and nucleation, Is of great practical as well as
theoretical Interest. In Its simplest form these phenamena occur when
an AB elloy (such as AlZn or CuBu) 1Is quenched from a high
temperature, where the system Is chemically homogenous to @
temperature T<T. (where T¢ Is the critical <temperature for phese
separatlon or orderling). | Immediately after the quench, which s
Ideally Instantaneous, the system Is thermodynamically unstable and,
therefore, wlll undergo a process of phase transformation If the
atomlc mobllity Is large enough., The same phenomenon also occurs
obviously, for an homogenous system which has been quenched orlglnally
to a temperature where diffusion Is prohiblted and subsequently
annealed at high temperature. In thls case the term chemical
relaxation |Is more approprilate. It Is obvlously out of the scope of
this chapter to dlscuss In detall all of these phenomena, therefore,
we willl concentrate malnly on the problem of phase segregation. A
good review of some recent results on the kinetlcs of phase
segregation can be found In reference 34, The term  "phase
segregation™ embraces phase segregation of an smorphous phase Inside
another amorphous phase, formation of & crystalllne phase Inslde an
amorphous phase or @a crystallline phase Inside another crystalline
phase. In this research we are primarlly Interested by the flrst case:
Phase segregation of an smorphous phase Inslde another amorphous
phase. However, most studles, especlally +those on spinodal

decomposition, were performed usling crystalllne phases. Flg. 2.3.1 and
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T = 0.59 T,.
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2.3.2 show @a computer slmulated quench of an Isling model(36) from a

temperature above the coexistence curve to a temperature (T = O.SQTC)
Inside the spinodal reglon. The alloy Is originally at the equlatomic
composition, The splnodal curve Is deflined by the locus of polints
where the second derivative of the free energy wlth respect +to
concentration vanishes, Flg. 2.3.2 shows the evolution with time of
the concentration-concentration structure factor durlng the phase
segregation, In the early time, when deviations from unlformity are
small, the Cahn-HIl11ard(35) [linearlzed theory of splnodal
decomposition glves:

S(K,t) = S(K,0) exp [2R(K)t]

. 2 ( 3%4(D) ., .2 e

(K) = - MK <§"7_ + SK )

c

where M and S are posltlve constants respectively related to the
diffusion coefflclent and the surface tension and ¢ Is the average
composition of the system. In the splnodal reglon where

Bzf(E')/BE12 < 0 (reglon Als fig. 2.3.1) the system Is unstable
with respect to long-wavelength fluctuations (R(K) > 0). When

azf(E)/3§2 > 0, the metastable reglon (reglon B In flg. 2.3.1)
the system Is stable with respect to small fluctuations but unstable
with respect o strong locallzed fluctuations such as & nucleus,
provided an extra activation energy Is supplled. Thls theory predicts

the existence of a certaln Kmax (When Bzf(E)/aEz < 0) at which
S(K,t) w!ll have Its most rapld growth, This describes the Inltial
stages of coarsening but falls to describe the experimental data at
all times and, In particular, the shift of K .. (+) toward small K

values (fig. 2.3.2). Also represented In this figure Is K3lv(K)|2
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curve to a temperature T = 0.59 T. Inside the spinodal region
(see fig. 2.3.1) (the dataare from ref. 36). Also represented In
the figure Is the function K3|v(K)|2 = K3/(1+(k/ 2122 (dashed

Ilnes) for different values of the parameter.
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for dlifferent screening parameters ) (dashed curve). Vv(K) Is +he

Fourler transform of a screened Coulomb potentlial which Is glven by:

2 - 2
v(r) = %%: e™ v{K) -———-;—(Kzzi 2 (2.3.2)

The factor K3|v(K)|2 was seen In the Integrand of equation 2.1.6 for
the reslistivity, During +the phase separation the resistivity goes
flrst to 2 maxImum when the overlap between K3](V(K)|2 and S(K,1) s
haxlmum, and then decreases as the peak of the structure factor moves
further to the left In flg. 2.3.2.

Such nonlinear behavior In the resistivity Is often seen during
the age~hardening of supersaturated solld solutions. To my knowledge,
one of the flrst attempis to understand this behavlor Qas due to N.F,
Mott(37), He evoked the wave nature of a beam of electrons and argued
that the scattering power of a group of clustered atoms wlill be
greatest when the slze of the cluster is comparable to the wave-length
assoclated wlth the electrons. Typlcally thls latter distance Is
about four or flve Inter-atomlc distances. Several authors (38-40)
afterwards, developed various formallsms to explaln this optimum In
the resistivity and tried to correlate the resistivity to the slze of
the scattering entity. I will discuss brlefly some of these

epproaches In the followlng sections,

A. JThe Rossliter and Wells Theory

Rossiter and Wells studlied the dependence of +the electrical
resistivity on the chemical short range order In crystalline blnary

alloy. They Introduced a formallsm which relates directly +the
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resistivity to the Cowley short range order parameter. An average

potential throughout the lattice Is defined as u(r) = cquy(r)tc,u,(r)

and the devlatlon from this average potential can be written as:

on a site 1 vy = ug(r) - u(r) = cz(u] - ”2)

(2.3.3)

"

on a site 2 Vo = up(r) - u(r) = - ¢y (uy = uy)

The residual resistlvity arises from the scattering of nearly free
electrons by these fluctuatlons In the potential and therefore the

Interference function (eq. 2.1.3) may be wrlitten:

iKe(r;-r.)
I(K)=NZ K)v (K)e LI
»J (2.3.4)
iK-R,
= C]CZ(UI - Uz) + Z<V v >e J
=0
where RJ = roory and v > Is an average over all palrs of sltes

separated by R;. If we define P, as the probabllity of finding an
J 12 .

atom 1 at a dlstance RJ from an atom 2 we can write:

cvgvs> = vy (Phvp + (1= Py dvy) + v (Plovy + (1 = Plo)vy)

0J

= c.c{uy - u )2 (1 - pd, - pJ )

1-2' 11 2 12 21
: J o_ h]
but since czP]2 = C1P21

where 5 Is the Cowley short range order parameter for the atom at
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distance Rj from an arbltrary origin.  The average of eq. 2.3.4 over

all possible dlrectlons between K and RJ glves, finally:

(kR )
in > (2.3.5)

1K) = ey oy - wp)? (14 3niE
J¢0

where the summation Is now over the nj atoms s the JTh  shell and

oy Is the average value of %; for this shell. By substitution of

2,3.5 1In 2.1,1, +the resistivity can be written In terms of the degree

of short range order by:

o = 1210 c]cz( Z n; o Y(kf,Rj)) (2.3.6)
hezvf2 j=0

whe Y(k,,R,) = ]d K K 2 STn(KR;)
re 2757 ° / <§7) (Tf‘) (uy - up) KR,

0

and Eb = 1 by definition
The function Y(kf,RJ) Is a decaylng, osclllatory function of R and
therefore the predominant contribution to the residual resistivity

comes usually from the first term,

12WQ

Here, ny [Is the coordination number of the first shell and a; Is the
negative for an ordering process and poslitive for a clustering

process. The value of Y(Ry) can be elther positive or negative

depending on the value of kg¢- In the case of CuTl, whlch was
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discussed brlefly In the Introduction, the reversible behavior

reflects reversible changes In the ordering parameter o,(T). Both
o and Y(Ry) are negative since the reslstivity decreases with
Increasing temperature. For the CuTl system the term (u1-u2)2
should be replaced by the difference between the t-matrices of the two
elements,

Rossiter and Wells(42) eppllted thelr theory to the problem of
pre-preclpltation durlng the agelng process and argued that the
maxImum In the resistivity occurs when the dimensions of the clusters
become comparable wlth the conduction electron mean free path. For
larger clusters, the zones could no longer be treated as Isolated
scatterers and the reslstlivlity decreases because of the reduction In
the overal |l surface scattering at the boundarles of each zone.

Rossliter et al. also discussed the case of spinodal decomposition

by replacling the order parameter In eq. 2.3.6 by:
oy = % 3, cos(Q-Rj)

where the wavelength of each concentration fluctuation Is given by
A = 27/Q and the ampl ltude g Is Increasing wilth ageling time. They
ergued that whether there Is Gulnler~Preston zone formation or

spinodal decomposition the resistivity still exhiblts the same general

behavlior,

B. The Hillel, Edwards and W[lkes Theory

Hillel et a1,(43! disagree wlth Rossliter on the reason for the
decrease followlng the maximum In the reslistivity. They considered the

theory discussed above, as applled to 2 crystalline lattice, only
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valld In the small zone lImlt, were the clusters can be assumed to be

randomly orlented.

HIllel(44) orefers to attack the problem using a different
formallsm and proposed that Bragg scattering, due to the micro-
structure of the zones, leads to the observed Increase In resistivity
whlle the decrease, @&s the Gulnler-Preston zones grow 1In slze, Is
caused by the Increasing anlisotropy of the relaxation time. Since the
microcrystals are coherent with the metrix structure, the Bragg
scattering ultimately becomes |Imited to a vanishingly smail fractlion
of the Ferm! surface. In other words, when the number of atoms In the
cluster Is small, +the Bragg peaks are wlde and cover the whole Ferm!
surface, when this number Is large, the peaks are extremely narrow and
the Bragg scattering decreases.

Hlllel conslders & very dilute substitutional alloy and uses the
elementary +transport <theory for free electrons to calculate the
resldual resistivity. As was done In eq. 2.1.5, the square of the
scattering matrix element Is factorlzed Into structure factor and form

factor

NI< k' [Ulk >12 = Ju(k)]? s(k)

where u(K) Is the Fourler transform of the dlfference potential for a
single atomic site ul(r) = ugyiyteUsolvent 2Nd the structure factor Is
glven by:

2

) iKer,
S(K) = N lso‘?ﬂte e J (2.3.8)

atoms

Hille! assumes a random arrangement of N, single solute atoms together
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with z clusters, easch contalning No atoms. He neglects all Inter-

particle Interference effects, except when they are within the same
zone, All Gulnler=-Preston zones have Internal sclute concentration of

100¢4. Under these condlitions, the structure factor becomes:

S(K) = N/N + 2/N SNC(K) (2.3.9)
N
C iKer_ 2
- Q
where SNc = l Z e
a=1

Sy Is the structure factor of a single zone, At this polnt
c
Hitlel (44) yses a simple approxImation, which Is valld In the early

stages of agelng, and conslsts of taking the spherlical average for the

cluster's structure factor over all possible orientations
-] dn
<5y (K)> = 7 Sy (k) . Hlllel emphasizes that we cannot expect a

decrease In resistivity for large zones In thls approximation since
the decrease Is precisely related to the breakdown of  thls
approximation. If Ny = NgtzN. 1s the total number of solute atoms,

equation 2.3.9 can be rewrltten as:
S(K) = N /N + 2/N (<SNC(K)> - N.) (2.3.10)

The Debye formula{43) can be used to calculate this average cluster

structure factor,

sin(Kd )
<sy (K)> = N_ + 22 (2.3.11)
C 2

where the summation Is over all Interatomlc dlstances. Flg. 2.3.3
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IR STRUCTURE FACTOR FOR
SPHERICAL FCC CLUSTERS

(THE FIRST TEN SHELLS ARE SHOWN)

S(K) x 1000

Flg. 2.3.3
Structure factor S(K) for spherical fcc clusters, The hard
[}

sphere atomlc radius Is taken to be 1.3 A, The flrst ten shells

are represented.
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shows the results for an fcc spherical microcrystal. The flrst 10

shells are represented In the figure and this corresponds to a maximum
of about 200 etoms In the cluster. Note the formation of 2 Bragg

peak around 3A-1,

C. Application to Nucieation In Topologically Random Structures.

When the host lattice Is topologlcally disordered, the previous
assumption of randomly orlented Guinler-Preston zones Is vallid even
for very large cliusters. This makes the Hillel formallsm particularly
sultable to +treat +the problem of nucleation In very dllute
topologlically random structures. An Ildeal system would be for
Instance a blnary metalllic glass contalning a few percent of a ternary
element which would have the tendency to segregate at low
temperatures.

The electrical resistivity of metalilc glasses shows, quite
often, anomalous behavlior around the crystalllzation temperature.
For example, flig. 2.3.4 represents the normallzed resistance trace
taken at a heating rate of 10°C/min.  for a Pdg4Y3g amorphous alloy,
Up to 3709C, the resistivity Is almost constant, it decreases slightly
by about 2% near 385°C and then Increases by about 10§, reaching a
max!mum around 403°C,

TJo understand such behavior let us apply the previous mode!l to
the problem of nucleatlion of fcc microcrystals In a random structure,

From eq. 2.1.6, eq. 2.3.10 and 2.3.11 the reslistivity during
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Normal Ized reslstance trace taken at a heating rate of 10°C/min.

for PdgsYzg metailic glasses.
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clusterling can be wriltten as:

1
N sin(Kd,)
. 1278 0 (_5_) K ) , 2( 22 2 )
d - V+ 52— 2.3.
hezvf N _[o ke (?T; [ (uy-u,) + No% Kd, (2.3.12)

where NO/N = ¢ Is the concentration of solute atoms and Z/N, = r Is
the ratlo between the number of clusters and the number of solute
atoms., Most of the metalllc glasses Involve transition metal elements
and therefore (U1'U2)2 should strictly be the dlfference between +the
solute and the solvent t-matrices. However, since we are looking only
for qualitatlive results, we will use a screened Coulomb potential with

a same screenlng parameter, A , for both constituents. From eq.

2.3.2:

2 2
2 AZe
( - = 3.
T v) [(—Kf—;z)] (2:3:13)

where AZ Is the difference In the atomic number, Thls expression Is
a monotonlically decreasing function of K which takes relatively small
values near K = Zkg.  Since the major contrlbution to the Integral
2.3.12 comes from the reglon near 2kg, where the function
<SNC(K)> - N, has & peak, the use of a screened Coulomb potential can
severely underestimate Ap , 8s 1t was pointed out 1n(43), Moreover, in
topologlically random systems, +the electron mean free path Is wusually
very small. In order to take Into account the finite electronic mean
free path, we can apply the Plppard-Ziman approximation which consists
In using a lower cut-off In the Integral 2.3.12 . Assuming a Gausslan

probablllity distribution for the electron mean free path, we can
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replace eq. 2.3.12 by:

f (K - K, )
pa[ 5 Zn exp - {fF(k)dk} K (23]4)

K =21/%2 where £ is the average electronic mean free path and F(k) is the

Integrand of eq. 2.3.12 . Through Integrating by parts, eq. 2.3.14

can be rewritten as:
2k
X f H(K)F (K)dK

where H(K) = 1/2 + 1/2 erf ((K - kK)/V2o) k> K,

12 = 1/2 erf ((K- K)/\20) k< K,

The excess resistlivity can therefore be written as:

1 3 ]
sp = 212002)%% [ d( : )( K ) O e (2.3.15)
hvi . 2kf 2kf (K2+A2)2 2 Kd2 e
during the

Flg. 2.3.5 shows the calculated excess resistivity Ap /0,

growth of fcc mlcrocrystals In a topologlcally random structure using

eq. 2.3.15 and the parameters glven In Table [1.3.1
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EXCESS RESISTIVITY DURING
THE GROWTH OF FCC MICROCRYSTALS
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Fig. 2.3.5
Calculated excess reslistivity during the growth of fcc
microcrystals 1In a topololcally random structure. The excess
resistivity Is plotted vs the size of the zones. All the
perameters relevant to this calculation can be found In Table

l1.3.1 and 11.3.2.
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JABLE 11.3.1

Parameters used for calculating the excess resistivity during the

growth of fcc mlcrocrystals In a tcpologlical ly random structure.

Packing density of the matrix (atoms / A3) = .06
Number of free electrons per atom = 1.9
Screening length (R) = 0.5
Radlus of the atoms In a cluster (;) = 1.3
Electronlc mean free path (A) = 3.0
Root mean square deviatlion of the dlistribution (A) = 1.5
Number of clusters / Number of solute atams = 10~4

Taeble 11.3.2 glves, for a glven cluster dlameter, the number of atoms

in t+he zone,

JABLE 11.3.2

Size and number of atoms for several fcc spherical mlcrocrystals.

f of Shells  # of Atoms  Cluster Diameter (A)

1 13 5.2

5 79 11.63
10 201 16.44
15 381 20.80
20 495 23.83

Because of the screened Coulomb potential this excess resistivity

Is very small. For transition metal elements, however, eq. 2.1.15
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Indicates that we should expect large excess resistivity whenever +he

difference In the d-phase shift Noy of the two constituents is large, In

the Cu-Zr system, for Instance, +the phase shifts at the Ferm! energy
for Cugpzryp are46)n,(Cu)=2.996 and Np(2r)=0.488 and we will shox
that, Indeed, a relatively large excess resistivity Is observed during
phase separation In this system,

I would Ilke to emphasize at this polnt +that +the previous
formalism 1Is also valld for the growth of a +topologlcally random
cluster, l.e. In the case of nucleation of an amorphous phase Inside
another amorphous phase. The only difference Is that the width of the
Bragg peak near 2k s larger.  The formation and the growth of
amorphous zones with boron concentration close to 25% was found, for
Instance, In Fe4oN140B2p metalllc glasses during agetng(47), an
anomalous excess resistivity Is assoclated with the growth of +these

clusters(48),

CMSLQLSn.anaLDmm:,_mm

The previous formallsms described +o this point, are malnly
concerned wlth the description of the resistivity during the Inltial
growth of locallzed fluctuations. They are, therefore, more
approprlate for the <treatment of nucleation, When an alloy Is
quenched below the critical temperature for demixIng Into the splnodal
region, however, the early stages of phase separation occurs via long
range compositional fluctuations. Binder et aJ,(49) discussed 1In
detall the behavior of the resistivity In this case uslng the time
dependent concentration-concentration correlation function glven from

both 11inear(30) ang nonl Inear(31) theories of splnodal decomposition
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and from computer simuletions(36),

Binder uses eq. 2.1.6 for the resistivity together wlth a
screened Coulomb potential (eq. 2.3.13) for +the dJlfference 1In
potential between the two constituents. The structure factor S(K,t)
glven by eg. 2.3.8 Is then time dependent, As glven before, the

| inearized theory of spinodal decomposition predicts that(50),

S(K,t) = S(K,0) exp(- Da’k?(K? - Kcz)t) (2.3.16)
1

2
= 1.1 3f |2
where, In terms of the parameters In eq. 2.3.1, K_ = [ T BE2 ]

1s the critical wave number for growth, D = 2MS/a2 is & dlffusion
constant and, a Is the lattice spacing. Let & be the correlation

length for +the fluctuatlon of concentration above +the critical

-r/E
r

temperature and before the quench (I.e.gcc(r) = %F £ ). Therefore,

If we assume an Infinite coolling rate:

S(K,0) = ﬁ?i_'?] (2.3.17)

Using eq. 2.3.17 and 2.3.16 to calculate the excess resistivity during
the early stages of phase separation we obtaln when Ke<< A , K¢, 1/€&

the followling results:

22
ap(t) - 8p(0) = —Ql-ﬂ—zle—- /282K explyt) erf(yt) (2.3.18)

hvf(Zkf)
where vy = 1/4Da2K4 - M EEi 2
Y c 25 aEZ)

This equation predicts that the excess reslstivity Increases |lnearly

with time for small times (vt << 1), We will see In section IV that
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this 1Is actually the case for the Cu-Zr system during the early stage
of phase segregation. For larger times the |lnearized theory of
splnodal decomposition falls to describe the experImental S(K,t) and
the exponentlial growth In elther S(K,t) or Ap has to be discarded.
In this regime fluctuations Interact and macroscopic grains form. The
shift In the peak of the structure function with time (fig. 2.3.2) Is
associated wlith an Increase In the dimensions of the phase separated
reglons. Binder(49) showed, from 2 scallng assumption, that the
excess resistivity, In this regime, decreases |lke the Inverse mean

radlus of the preclpltated zones
Bp(t) - 2p(=) = q (t) «t71/3

We have seen that, whether we declide to describe the early stage
of decomposition vla nucleation or splnodal decomposition both can
glve to an Increase In the resistivity. The physical reason for the
decrease Is more controverslal but It Is, In any case, assoclated wlth
the shift of the structure functlion toward small K values and the
Increase In +the slize of the precipltated zones. Ustng the
experimental structure factor obtalned from X-ray scattering analysls
1o ca2lculate the excess reslstivity, J. Mimault et 21.052) found a
maxImum In reslstivity only In the case of spinodal decomposition,
The reason for thls discrepancy can be related to the finlte quenching
rate In real experliments. These authors actually found In thelr
samples quenched Into the nucleation reglon, small preclpitates which

were formed almost Instantaneously durlng the quench,
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111. EXPERIMENTAL CONSIDERATIONS
The alloys used In thls study were prepared by melting the
appropriate amounts of the constituent elements on a water cooled
silver boat under an argon atmosphere. The purlty of the starting
materlals was better than 99.9%. Ingots, of typlcally 2 or 3 grams
were melted several times to Insure homogeneity,

Two quenching techniques were used In this study to prepare

amorphous  alloys. Cu73Ti 27, Pds4Y36, Cujpp-xZrx  and

(Zri_,Hfy)goNizg were obtalned In forms of ribbons by the melt-
splnning technique(33), In this technique a Jet of molten metal |Is

projected onto a rotating copper whee! turning at approximately 10,000
RPM. The sample In contact with the Cu surface solldifles, then comes
off as a ribbon of about 2mm In wildth, 30um In thickness and several
feet In length., The coollng rate achleved by this technique Is
estimated to be on the order of 106k/min. The (Mop eRug.4)100-xByx 8N4
(Zrg2N13g)gg.gFep.2 amor phous samples were produced by the Piston and
Anvil method(®4),  The melted alloy Is eJected from a quartz tube In
the form of a droplet whlich Is caught between a rapidly moving plston
and an anvll whose surfaces are both made of & CuBe alloy. The
samples prepared this way were In the form of folls approximately lcm
In dlameter and 40um thlck.

After preparation, all samples were checked for crystalline
Incluslon using X-ray diffraction and CuKa radiations. Samples whose
diffraction pattern consisted of a smooth featureless band and no
sharp Bragg reflections were considered as amorphous and kept for

further studles.
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A. The resistivity measurements

The reslstivity measurements were done using a standard four
polnt dc method. The samples were elther, ribbons of typlcally 2cm
long or, strips cut with awlre saw from an as quenched foll.
Hewlett-Packard 6177c Dc current source was used together with a 3490A
Hewlett-Packard multimeter to measure the voltage drop across +the
sample. Typical current and measured voltage were 10mA and 5my
respectively. An error of less than ,04% on the normal lzed reslstance
can be achleved this way. The digltal output of the vo!ltmeter was fed
Into a PDP 11/23 "Minc" computer which was used to control +he
experIment, With the help of & D/A output module on the Minc, for
each deta point, the current was reversed and the voltage averaged In
order to eliminate any thermal Induced voltage. A real time display
of the resistance on the screen of & terminal was provided, and found
very useful In determining an appropriate time to quench the sample
from a8 speclfic state. The temperature of the furnace could also be
controlled by the computer. Two different heatlng modes were often
used: constant heating rate (typlcally 109C/min.) or constant
anneallng temperature. With careful adjustment of the feedback
parameters In the program, temperature fluctuations could easlly be

limited +to the order of 1%.

For the Mo-Ru-B system, Pt wires were spot-welded on the sample
to make the electrical contact. The measurements were performec In &
vertical furnace In a slight over~pressure of hellum. The chamber was

evacuated and back-fllled wlth He several +times before the
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measurements.

For the other systems a special arrangement has been bullt In
order to faclilitate sequential anneallng and quenchlng experliments. A
quartz tube golng through a vertical furnace ls attached to the top of
a dewar, The probe can slide freely on a vertical axis Inside +the
quartz tube. A hlgh vacuum valve and an O~ring seal at each end of
the tube permits measurements In any type of atmosphere. As before a
slight over-pressure of hellum Is usually employed In +thls case.
Fig. 3.1 shows a plcture of the experimental arrangement. The system
is particulaerly sulted to measurement of the residual resistivity at
low temperature after varlious annealling performed at high temperature.

The +ip of the probe Is made out of a single plece of nickel to
provide rapld heat transfer. Usually the temperature of the sample
reaches Its equlllbrium value In less than 10 min, The sample sits on
quartz slide and pressure contacts are made via a set of four Cu
clamps. A P+-PtRh thermocouple |s used to monlitor the temperature and
resides In a Cu block located at one end of the sample, Mulllte rods
are used to lsolate the wires Inslde the probe. Because of thelr zero
thermal coefficient of expansion mullite rods are very resistant o
thermal shock. Flg. 3.2 shows a picture and a schematic design of the
tip of the reslistlvity probe. A reel on which a long plece of ribbon
can be mounted Is attached to the end of the probe for annealling
purposes. This way, the resistivity can be accurately correlated with

other types of measurements |lke X-ray diffraction.
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Flg. 3.1

Picture of the experimental setup.
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Picture and schematic deslign of the tip of the reslstivity probe.
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B. Jhe Structural Measurements

fhe alm of thls research Is to understand the behavior of +the
reslstivity In terms of structural changes. Several type of
structural Investigations were performed. They Include: X-ray
diffraction, Mossbauer experiments, transmission electron mlcroscopy
| ow temperature  superconductivlty measurements and finally

Differential Scannling Calorimetry (DSC). | will describe briefly 1In

the following each of these experiments and | refer the reader +to
the experimental sectlon corresponding to each alloy studled In

chapter 1V for more detalls.

X-ray diffraction:

In order to calculate the Radial Distribution Function (RDF),
detalled X-ray studles were performed on several samples In the
reflectlon geometry uslng a GE XRD-5 scanning diffractometer or a
Phllilps Norelco dliffractameter, The samples were prepared by
stacking several layers of ribbons together with thinned Duco cement
on a glass plate. The sample were thick enough to elimlinate any
scattering from the substrate and to simpllfy corrections for sample
absorption. Molybdenum Ka radiatlon ( A = 0,7107 A) wes used with a
LIF focussling crystal monochromator placed In the dlffracted beam to
el Imlnate scattering contributions from other energles. A typlcel run
was done by scanning In angles fram 10° to 80° In steps of 0.25° and
from 80.5° to 150° In steps of 0.5°. The Interference function can be
measured, thls way, for K values up to 17 A“. A time Interval of 7
min. was chosen for each step In order to reduce the statlstical error

to less than one percent on the average. A micro-processor controlled
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the experiment and stored the recorded intensity digitaelly. The dats

obtained were then transfered to a PDP 11/23 computer for analyslis,
After correction for background, polarization, absorption and Compton
scattering, the data are normallzed using the "high angle method"(55)
Convergence factors ranging from 0.005 to 0.015 were used to calculate
the Fourler +transform In specliflc cases. The detalls of +the RDF

calculation and the data handling are glven in (56),

Mossbauer Experlment:

Mossbauer experiments were performed at room temperature on
(ZrgoN1zglgg,.gFep,2 2lloys using a CoS7(Rh) source In constant
acceleration mode. An old Mossbauer drive was first rebullt In order
to do so. The new electronic feedback system can now achleve an
error signal of less than 1% of the reference signal. | would llke to
emphasize <that wlthout the help of Viadimir Metijasevic during the
reconstruction of +the drive this experiment would probably have not
been possible. A Canberra multichanne! analyzer was used to collect
the data. Fig. 3.3 shows a sketch of the experimental setup and the
drive electronlics. A complete explanation of the detalls of the drive
can be found in (37),

Amorphous folls quenched by the Piston and Anvil technique were
used dlirectly as absorbers. Because of the very small concentrations
of lron In the sample, Fe enrlched In the Mossbauer Isotope (Fe37) yas
used to make the Ingot but even so, collectlion of a typlcal spectrum
required roughly 1wo weeks. The photons are detected by a Kr(CO,)
proportional counter, Before each measurement, the drive was
callbrated using the splitting of the Inner two lines of the magnetic

hyperfine spectrum of Fe>! In metallilic Fe. The analysls was performed
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by fitting n Independent Lorentzian |ines with varlable wldth and
helight, where n Is the lowest even number of lines needed to obtalin a
visually good fit. | am grateful to Carl Unruh for providing me with

hls program and helping me to perform this analyslis.

Transmission Electron Microscopy:

A series of Cujgo,Zry and (Hf{-xZry)goNisg alloys were studied
under a transmission electron microscope. For Cu-Zr we used a Slemens
ELMISKOP I, whereas for Hf-Zr-Nl a Philllps 300 electron microscope
was used. Typlcal magnification in this last case Is 210,000. Prlor
to the experiment the samples were electro~pollshed using a 550B Jet
Thinning Instrument (South Bay Tech. Inc.) and kept In methanol until
the time of the experiment to pfevenf oxldation. For Cu=Zr a solutlion
of 20% nitric acld, 20% glycerin, 60% methanol was used at =30°C. For
Hf-Zr-N1 we used a solution B80% methanol, 20% perchloric acid at
-159C, | am very grateful to Michael Atzmon and Pat Koén for thelr
help with these measurements.

Low temperature superconductivity measurements were performed on

ZrgoNisg alioys. |In order to measure the upper critical fleld, a
magnetic fleld produced by a superconducting NbT! solenold was applied
normal to the dlrection of the current In the sample., The critical
fleld was determlned by plotting the reslistance of the sample as a
function of the applled fleld. H., Is defined as the mid-point of
the resistive transition. The temperature was malntained constant
using a pressure control valve over the He bath.  The temperature was
calculated using the vapor pressure over the |llquld. The

superconductivlty transition temperature was obtalned by extrapolating
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the greph of Hoo versus T to vanishing fleld. —a%“ Is just the
T

slope of the curve at T=Tc.

DSC measurements were nbtalned on a commerclally available unit
(Perkins-Eimer DSC-1) at the Jet Propulsion Laboratory. In  these
measurements the temperature of the sample Is Increased at 2 uniform

rate and the heat evolved during varlious transformations Is recorded,

A scanning rate of 20K/min. was used.
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IV. RESULTS AND DISCUSSIONS

Vel  Cuip0-yZrx

[This section is essentially an article with the same title by
Robert Schulz, Konrad Samwer and W. L. Johnson published in

Journal of Non-Crystalline Solids 61 & 62 (1984) 997.]



-63-

KINETICS OF PHASE SEPARATION IN CusyZrgy METALLIC GLASSES

ABSTRACT

An excess resistivity above the usual topological relaxation
contribution Is seen In C”502r50 glassy alloy upon annealing a+
temperatures far below the glass transition. Thls excess resistivity
Is correlated wlth the appearance of & well defined two step
crystallization when the annealed sample Is heated through T, 2t @
rate of 15°C/min., X-ray diffraction suggests that phase separatlon Is
taking place and Is responsible for thls anomalous reslstlvity
behavior, Resuits from +transmlssion electron mlcroscopy are

conslstent with this Interpretation.

1. INTRODUCT |ON

Evidence for phase separatlon In vapor quenched Cu-Zr amorphous
gl loy hes been repor?ed(’). The phase separation occurred durling
synthesls and the composition of the *wo amorphous phases are
ldentiflable with those of ordered crystalllne phases CuZr, and CusZr.
It 1Is belleved that the phase seperated structure represents a lower
free energy state for thls noncrystalline alloy system and Is @
result of the enhanced kinetlics found In rvapor quench fllm, The
suthors also belleve that phase separation could be achleved In llquld
quenched materlal by extended annealling at temperatures conslderably
below Tg and T¢ of the two resulting amorphous phases.

Recently Altounlen et 21.(2) suggest that the equletomic CuZr

does not exist as & single phase In the crystalllne state and show In
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fact that the crystalllzation producfs of the amorphous CuspZrs0 I's 2
mixture of Cuigzry and CuZrz, and not CuZr as [t was previously
reporfed(3). The crystalllzation temperature of CujpZry and CuZr
glassy alloys are respectively ™360°C and ™455°C as measured by the
onset of the resistivity drop et T. for 2 heating rate of about
109C/min. Fig. 4.1.1 shows the maln and the second band of the radial
distribution function for Cu-Zr glasses across the concentration
range. Flig. 4.1.2 shows that the average nearest nelghbor distance
undergoes an abrupt change around the equiatomic composition. I £
CUsoZr5o phase segregates Into Cu rilch and Cu poor zones, we should
expect the formation of a split first peak In the X-ray pattern during
anneal Ing.
In this section we report measurements of electrical resistivity,

X-ray diffraction and TEM I[In order to find phase separation In

Cuspzrsg at temperature below 360°C.

2, EXPERIMENTAL

The Ingots were prepared by RF Induction meitling the approprlate
amounts of Cu and Zr on a sllver boat. Amorphous ribbons were ob-
talned by the melt-spinning technique under reduced hellum pressure.
The samples were stored under vacuum and used within a few days after
preparation,

All measurements of resistivity and X-ray diffraction with
annealling temperature have been done on the same rlbbon to avold
fluctuation In propertlies from sample to sample. The klinetics of
phase separation appears to be very sensitive Yo +the state of

relaxation of the amorphous alloy. The resistivity was measured using
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The maln and the second band of the radial distribution functicn

for the Cu-Zr system across the concentration range.
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a four points computerlized DC method described 1n(4). Speclal care
has been taken agalnst oxldatlion of the samples during the experiment,
Measurements of the scattered X-ray Intensity were performed In the
reflection geometry usling MoKa radlation on @ Norelco diffractometer.
The analytical procedure used to compute the palr correlation function
was described elsewhere (5), Samples for electron microscopy were
electropolished In & 20§ nltric acld, 20% glycerin, 60% methanol

solution at =-300¢,

3. RESULTS AND DISCUSSION
Using the Ziman theory to describe the electrical resistivity of
an amorphous alloy and the free volume mode!, Kelton et al.(6) rejate
the klnetlics of the reslstivity changes to the kinetics of +the
viscosity changes upon annealing In PdSI. The resistivity vs time, In

terms of viscoslty, can be written as:

80 1 - < 4.1.1
Po c+ zn(ﬁ/no t exp(-c) + 1) (4.1.7)

where ¢ Is @& constant depending on the quenched-in free volume.
Flg. 4.1,32 and b are typlcal representation of such topologlcal
relaxation for CuspgZrsg. As the temperature Is Increased further,
chemical relaxatlon occurs and departure from this model can be seen
In fig. 4.1.3c and d. At the annealing temperature of 3000C, the
excess resistivity above the usual free volume relaxation Increases
Initially llnearly with time, +then bends over. This Is In agreement
with Binder et 21.(7) who describe the time-dependent resistivity In

phase separation klnetlcs In simple binary systems |ike Al-Zn. Using a
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general expression for the excess resistivity and the |Inear theory of

spinodal decomposition they predlct an excess reslstlivity which, at
small times Increases llnearly In time with a slope related to the

diffusion coeffliclent D:

2

8p(t) - 8p(0) = Ke exp(Da2

K} t/4) erf(pa®? t/4) (4.1.2)
a Is the lattice spacing and K. Is the critical wave number, If we
assume thls expression valid for +the Cu-Zr system, D would be the
diffuslion coefficient of Cu. Flg. 4.1.3e shows therelative changes
Inresistivity for a sample Initlally annealed 10h, &t 210°C. The
change In the siope of the excess resistivity could reflect the change
In the diffusion coefflcient of Cu upon free volume relaxation, which
In our case, seems to Increase contrary to the usual observation seen
in other systems(8). While the early stage of phase separation occurs
via nucleation or splnodal decomposition for later fimes macroscoplc
gralns form (Guinler Preston zones) and due to the Interaction between
fiuctuations, the resistivity reaches a maxImum and then decreases
(Flg. 4.1.4b). Hlgh angle X-ray diffraction shows no trace of
crystals whlie this process Is happening (Filg. 4.1.5). Fig. 4.1.6
shows the crystalllzetion behavlior for semples Initially annealed
"11h. at different temperatures. For T, < 280°C no excess reslstivity
vs time Is seen during annealing and all the crystelllzation curves
fall on the same trace, characteristic of topologlcally relaxed
structures. Crystalllzatlon Is taklng place In almost a8 single step.
The small shoulder corresponds to the small subpeak seen In a DSC scan
of an as-splat CugpZrsg altoy', For T, > 280°C we observe the onset

of the excess reslistivity and a well deflined two step crystallization.
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for different pre-annealed conditions. Ry = R(T=300K).
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After the first step X-ray diffraction shows the presence of CuZr;
plus a few talnt Ilnes cue to CujgZry. The second step Is associated
with the crystalllzation of CuygZry In agreement with(2)
(flg. 4.1.7). Note +thet for annealing temperature > 365°C, which
correspondsto the crystalllzation temperature of glassy CuZrp alloys,
the resistivity maximum Is not seen and the amorphous phase separation
Is by-passed by preclipitation of Cuzrp crystallites., These are
responsible 1In fig. 4.1.4c for the increase In resistivity as It was
in the case of Fe~-P-C(9), At 385°C crystalllzation takes place In
less than 3h., Flg. 4.1.8 represents the maln peak of the Interference
function of CusgZrsp after dlfferent anneallng treatments.  The peak
shifts to higher q values, gets wider (In contrast to the usual
relaxation behavior descrlbed by Egami(10)), and becomes more
asymmetric. Also represented are the maln band of as quenched CuZr,
and CujpZry glassy alloys. The figure suggests that the annealed
CUsoZr5o might be composed of a mixture of amorphous CuZrp and
CujpZry. Fig. 4.1.9 shows the radlal dlstribution function of
CusgZrsg at different annealing stages. The positions of the maxima
are tabulated 1in Table IV.1.1. The second band consists of two
subpeaks, nearly resolved, and a sﬁou!der at high r values. We note,
In the second band of the as quenched CusgZrsg, that the first subpeak
Is less Intense than the second one. This Is typlcal of an unrelaxed
Bernal structure and 1Is In agreement with the results obtalned by
Chen(11) Upon relaxation, the flrst subpeak Increases In Intensity
and the second decreases. This Is also consistent with computer model
of relaxation of Bernal structures(12), The Inablllty to resolve the

first split-peak of the second band efter anneallng might be partly
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due to the relatively high convergence factor (.017) used to calculate
G(r) due to the poor statistics at high angle. The second band shows
@ more pronounced shoulder at large r than reported In(11)
for CuspZrspe. This shoulder Is due to +the second band
of the Zr-Zr partlial palr distribution function. Fig. 4.1.10
shows G(r) of glassy CujpZry and CuZrp. The first maximum

occurs respectively at R = 2.76A and R = 3.02A. Flg. 4.1.11

represents AG(r) = G(r)annealed-G(rlas quenched* The first peak s

malinly due to the formation of Cuygzry, +the 1lttle bump at "2.9A Is
due to unchanged ZrsgCusg remaining In the matrix and the shoulder at
3,34 Is caused by the formation of CuZr,, This suggests that one fit
the annealed G(r) of CuspZrsg to @ Iinear combination of CuspZrsgs
CuZr, and CuygZry. Flg. 4.1.12 shows a least square fit with 5.2% of
CuZrpy, 26.9% of CuigZry and 67.8% of CuZr. The crosses correspond fo
exper Imental data polnts, This good fit suggeststhat the following

reaction Is taking place In the amorphous structure
amorphous ZrCu - amorphous Cu]02r7 + amorphous CuZr, (4.1.3)

Flg. 4.1.13 shows (a) TEM of as-quenched ZrCu and (b) annealed 11h. at
210°C and 9h. at 300°C. The diffraction pattern of the annealed sample
shows only @& broad diffuse band (c)}. Those results suggest phase

separation on a scale of a few 100A.
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Jable IV.1.1

G(r) parameters for Cu502r5o metallic glasses (a) as-quenched

(b) annealed 11h, at 210°C and (¢) subsequently annealed 9h. at 300°C.

Alloy Ri(A) Rp/Ry Ry/R; C.N.| Alloy Ry(A) Rp/R; C.N.

a 2.83 1.73  1.79 13.02{ 7Zr.Cu 3.02  1.73 13,00

2
b 2.81 1.74 - 12,43 - - -
c 2,83 1.68 - 12.85 ZryCuyg 2.76  1.73 12.01
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1V. RESULTS AND DISCUSSIONS

V.2 (Mop_gRup,4)100-xBx
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ELECTRICAL RESISTIVITY AND STRUCTURAL CHANGES UPON RELAXATION
AND CRYSTALLIZATION OF (Mop_gRup_ 40 100-xBx METALLIC GLASSES

ABSTRACT

Crystallization of (Mo gRup 4)100-xBx Gl2sses takes place In
three steps. The first step, corresponds to the prectipltation of the
signa phase MosRuz which decomposes at higher temperatures. The
second step Is assoclated with the formation of an hcp solld solution
of Mo In Ru, and In the last step the remaining amorphous matrix
crystallize In an fcc borlde,

Detalled electrical resistivity measurements taken below the
crystalilzation +temperature reveal an excess resistivity above +the
usual llnear temperature dependence predicted by the ZIman theory. The
Increase In reslistlvity is assoclated with the onset of long range
compositional Inhomogenelty (splnodal decomposlition) and the decrease
with <the beglinning of crystalllzation., The ejectrical behavlior for
samples pre-annealed for 12 hours at varlous temperaturessuggest that
boron migration Is partly responsible for this excess resistivity. The
I Inear relationshlip between the conductlvlty &nd the denslty of states
scross the concentration range, and the fact that upon annealing
(Mog gRup.4)gzBig the maximum In the excess resistivity Is associated
with a minimum In the denslty of states, Indicates that Mott's mode!
Is not applicable and suggests that the d electrons are Important In
the conductlion. The changes In the radlal distribution fugcflon during

enneal Ing at 5259 are also reported in this section.
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1. INTRODUCTION

I+ Is well known that electrlical resistivity measurements form a
senslitive probe for the experimental Investigations of relaxation and
crystal | 1zatlion processes In metalllc glasses. Both topological (free
volume annihilation) and chemical relaxatlon (ordering, phase
separation,..) Influence the electrical resistivity. The problem
arises 1In the Interpretation of the data, In other words when we try
to @asslgn a speclflc mechanism or structural +fransformation to a
particular feature In the electrical reslstivity.

Reversible changes are wusually —considered as chemical
ordering(1) and Irreversible changes as topologlical relaxation(Z). The
latter has been studied extensively. P. Allla et al.(3) yse a theory
based on the ZIman approach to the resistivity and the mlcroscoplc
mode! for structural relaxation proposed by Srolovitz, Egaml and
vitek(4) +to explalin +the free volume dependence of <the electrical
resistivity. They usually attributed the Increase of resistivity In
thelr |low  temperature Isothermal measurements to changes In
compositional short range order (clustering of Mo atoms In the case of
Fe-N1-Mc~B for Instance) and the decrease at high temperature +to
topologlical relaxation{?), Thelr results however, are In dlsagreement
with those of A.K. Bhatnagar et al.(®), Kelton and Spaepen assign the
Increase as well as the decrease of the reslsflvlfy In P¢-Si-V to
free volume relaxation and not the clustering of vanadium atoms. The
reason for many of these dIsagreements Is the lack of direct
structural Informations correlated with the resistlvity measurements.

The effect of chemical relaxation on the electrical transport In

metalllic glasses, on the other hand, Is poorly understood. Even when
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atomic clustering(7) and phase separation(8-10) had been observed In
metalllc glasses, +thelr effects on the electrical resistivity were
never carefully Investigated In +the amorphous state until
recently(11). In the crystalline state however, the behavior of the
resistivity during Gulnler-Preston zone formation, splinodal
decomposition etc. Is well known(12-13),

Considerable work has already been done on the effect of

annealing on the structure of (Mop,gRup.4)100-xBx  Mmetellic

glasses(16‘18). It has been suggested that upen annealing at
temperature sufflclently hligh to permit the diffuslion of boron over
atomic distances, but low enough to prevent crystalllization, this
glass phase separates Into boron-rich and boron-poor zones. Thus
Mo~Ru-B represents an [deal candidate to study the effect of chemlical
segregation on the elecirlical propertlies of this glass. This section

reports electrical resistivity and high angle X-ray diffraction
measurements upon anneallng (Mog,gRup,4)100-xBx for x=14,18 and 22
and Interprets the results In terms of phase separation caused by

diffustion of boron In the amorphous matrix,

Il. BEXPERIMENTAL
The Ingots were prepared by Rf Induction melting the dlfferent
constituents on a sllver boat In an argon atmosphere. The Ingots were
remelted several times to Insure homogenelty. The rapldly quenched
amorphous alloys were obtalned by the '"plston and anvii"
fechntque(jg). The folls were typically 40um In thickness and 1.5 to
2 cm In dlameter. They were examined by a high angle X-ray

diffractometer using CukKy radiation and only the folls showlng a2 broad
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band with no resolvable Bragg peaks were kept for further study. The

detalled diffraction studies of the crystalline phases obtalined from
the amorphous samples by heating through the crystallization
temperature were performed on the same X-ray diffractometer by
scanning at 0.050C intervals, The X-ray data used In computing the
RDF were obtained in the transmission geometry on a Norelco scanning
gonlometer using MoKa radiation and a focussing LIF monocromator. The
detalls of <the data handling and RDF calculation were described
elsewhere(20,21), The resistivity was measured using a four polnt dc
method wlth Pt leads spot welded on to the samples, also described

el sewhere(11),

Ille RESULTS and DISCUSSION

There 1Is now much evidence to believe that alloys with low boron
content (x<18) have predominantly one type of local structure while
those wlth high boron content (x>18) have a distinct, second type of
local structure(17,22,23) ye then expect different crystalllzation
behavior as we go through the concentration range., Fig 4.2.1 shows the
normal 1zed electrlical resistivity for x=14, 18 and 22 as we heat the
samples through the crystalllzation temperature at a heating rate of
about 150C/min, For the low boron concentration alloys we find a three
step process, the first two becoming almost a single step for x=22. A
shoulder Is nevertheless dlstingulshable. Table IV.2.1 glives the
crystalllzatlon temperatures and the relatlive percentage drop of the

flrst +two steps.
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Crystalllzation temperatures and the percentage drop of +the

resistlvity during the first two steps of the crystalllzation,

Alloys  TI(°K) § drop T2(°K) £ drop
x=14 1020 60 1135 40
x=18 1045 45 1135 55
x=22 1085 27 1120 73

It Is clear from the data In the table that the first transition
around 1020K 1s characteristic of primary crystallization from glasses
with low boron concentration and the second around 1130K, from glasses
with 2 high boron content. |In order to analyze the crystalllne phase
corresponding to each step we applled to a foll of (MOO.GRU0,4)85814
the heat +treatment Indlcated by the arrows shown 1In fig. 4.2.2 and
took an X-ray scan after each quench. Fig. 4.2.3 represents the
results for quenches from 1075K, 1170K and 1300K. The crystaliine
phase Identifled after the flrst step 1s the boron free sigma phase
MosRuz. Durling the second step an hcp solid solution of Mo In Ru
appears In the structure and from the peaks position we estimate +the
Mo concentration at about 36%. In the flnal step the Ru hcp phase
grows, the sigma phase dlsappears almost completely and an fcc boride
of lattice parameter a=7.81A can be ldentified.

Thus In glasses of low boron concentration, +there Is flirst

primary crystalllzation of the sigma phase, MosRuzs Which transforms

ot hligher temperature Into an hcp Ru. The remalning amorphous state
crystalllzes Into a boride phase. In & high boron concentration glass,
crystallization takes place by first a formation of &an hcp solld

solution of Mo In Ru and then the crystallization of an fcc borlde.
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As mentioned eariler In the case of (M°0.6Ruo,4)78822 the first
two +transitions occur In a broad single step. However, I1f we anneal
the sample for 12h. &t 500°C we recover a well deflned two step
process typlcal of crystalllzation of low boron phases, fig. 4.2.4.
This Is what we would expect If annealing Induced phase separation by
alffuslon of boron In the amorphous matrix occurred,

Fig. 4.2.5 shows an enlargement of the resistivity scans just
before crystalllzation. Up to around 600K the reslstivity varles
almost llnearly with T as I+ Is found to In many metalllc glasses at
high +temperatures (T > ed) and as Is predicted by the ZIman-Faber
theory In the Debye approx!maflon(24’25). Around 800K, reglion "a" on
the plot, a plateau or & departure from +the [|lnear temperature
dependence Is observed. Then the resistivity falls agaln first slowly
In region "b" then rapldly as crystalllzation proceeds. C.C. Koch et
al.(16) gtydled the small angle scattering on an (Moy gRug 4)goB1g and
found three reglons of Interest (fig. 10 In ref. 16). For Ilow
temperature annealling (<4500C) |It+tle dlfference s observed In the
scattering Intensity from that of the as-cast condition. For higher
anneal Ing temperatures or longer times (reglon {l) peaks In the [(K)
curves, which can be assumed to represent a "®pseudo-Bragg peak"
attributed to a perlodicity In the scattering entity are observed. For
the duration of a reslistivity scan, typlically two hours, +this region
corresponds to +the plateau %"a" In fig. 4.2.5. After stlill higher
annealing temperatures or longer times (reglon |Il In ref. 16) the
peaks 1In |(K) disappear and the curves can be fltted to the Gulnler
and Porod law of dlscrete scatterers. Some crystalllne precipltates

can be observed by TEM In thls reglon of the temperature-time diegram
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which correspond to region "b" on our resistivity scan. The lower

portion of fig. 4.2.5 shows the excess resistivity above the Ilnear
temperature dependence due 'to thermal scattering. The Increase In the
excess resistivity seems then related to spinodal decomposition In the
amorphous matrix caused by boron diffusion and the decrease, to the
onset of crystalllzation. Such maximum In the excess resistivity Is
well known In the crystalline state.

Mimault et al.{13) explain the connection between the anomalous
initlal 1Increase of the electrical resistivity and the presence of a
peak In the X-ray small angle scattering for an Al-Zn system when
quenched Into the spinodal region. Recently Schulz et al.(11) found
simllar behavlor In the amorphous state durlng phase separation of a
CuspZrsp metallic glass. For Cu-Zr the Increase of reslstivity due to
topological relaxation and the Increase due to chemical segregation
are well separated In time durlng Isothermal measurements. This Is not
the case for (Mog gRup,.4)g2B1g as we can see in flg., 4.2.6. At low
temperature  (<450°C) only +topological relaxation (free volume
annihllation) Is observed. The full lines represents the best fit+ of
the data uslng the Kelton-Spaepen model for topologlcal
relaxaflon(26). At hligher temperature both topological and chemical
relaxation contribute to Increase the resistivity over about the same
+ime Interval. The decrease of the resistivity at 600°C after +wo
hours 1Is due to the onset of crystalllzation and colncides with the
boundary between region || and reglion Il In fig. 10 of ref. 16. Note
that an Increase of the electrical resistlvity has been also reported
during Isochronal annealing of amorphous (Mog gRup, 4)goB1g flims(18),

From fig. 4.2.5 It seems that there Is no correlation between the
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excess resistivity observed durlng a scan and the boron concentration

of the glass. Flg. 4.2.7, however, shows that this anomalous behavior
of the resistivity Is very sensitive to the state of relaxation and
that annealling has a slightly dlifferent effect on boron 14 and boron
22 glasses., If spinodal decomposition Is responsible for +this
reslstivlity anomaly, “topologlcal relaxatlon or free volume
annlhllatlion should slow down the diffusion(Z7) of boron and thus
affect the behavior. Johnson and Wiillams(23) have calculated the
effective boron volume V, across the concentration range. They found
that 1t decreased linearly with Increasing boron concentration up to a
value close to the effective volume of boron In & close packed
metalllc arrangement (¢%) near the upper limit of compositions for
which @a glass can be made (l.e. Xx,=24). If we consider Vg-v% 8s 2
structural excess volume we can write an effectlve free volume

assocliated wlith the boron atom In terms of a2 thermal free volume and

this structural term(17),
Vg = cx(Tf - To) Q+ B(Xm -x) 8 (x < xm) (4.2.1)

T¢ 1s the flctive temperature assoclated to the quench and T, an
approprlate reference temperature at which the thermal free volume Is
effectively zero. £ Is the average atomic volume and o ,B are
constants. The diffuslon of boron In the matrix depends on this free
volume. In +the as quenched condltion the thermal term Is large and
masks, any effect of +the structural component on the excess

resistivity (flg. 4.2.5)., If we anneal outthe free volume at low

temperature however, we can reduce the thermal term to o(T-To)0 ,» Ta
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Is the anneallng temperature, and thus observe the effect of the

concentration on the resistivity bump. Filg 4.2.7 shows that In +the
case of (Moy cRug 4)78B22 for which the structural component vanlshes
(x=~xp), the resistivity anomaly completely disappears after annealling
for 12h. at 4509C, The effective boron free volume vanlshes preventing
its diffusion, and the resistlivity varies llnearly all the way up +to
the crystalllzation temperature. For higher annealing temperatures,
followed by a quench fo room temperature, we observe the gradual
effect of +the Increase In the quenched-In thermal free volume
a(Ta=To?t » the resistivity anomaly becoming more slgnificant at
higher annealing temperature. For (Mog gRup,4)g6B14 the structural
component 1s not negllgible (x<<xy) @and low temperature anneallng Is
not sufficient to stop +the diffusion of boron as we can see In

fig. 4.2.7.

Unllke 1In the crystallline state, the very short electronlc mean
free path (3-4A) In these glasses cast doubt on an approach using the
Ziman scattering theory for resistivity and small angle X-ray
scattering data from spinodal decompositlon theory +to theoretically
explaln the resistivity anomaly observed here., Fig. 4.2.8 compares the
excess reslstlvity with the change In the density of states Interms of
the reduced annealling temperature. Tcr Is +the crystalllzation
temperature corresponding to the onset of the drastic drop In the
measured property. We see that the maximum In +the resistivity
corresponds to a minimum In the denslty of states, Based on a
correlation between the fractional change In magnetic susceptiblliity
and reslstivity upon crystalllization, Z. Altounian et al.(28) suggest

that s~d scattering which Is proportional to the d density of states
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makes an Important contribution to the resistivity for Cu~Zr and Ni-Zr

glasses. Our results on Mo-Ru-B show that even If resistivity and
denslty of states are correlated during crystalllzation they behave In
opposite dlirections In the amorphous state. Recently L.E. Ballentine
et 21.(29) have celculated the conductivities of several Iiquid
transition metals characterized by strong scattering and s-d
hybridization uslng the Kubo formula and clusters of 365 atoms whose
palr distribution functions agree with the measured values. They treated
fhe s and d states on an equal footing In order to eveluate +the
relative contributions of the s and d states to the conductlivity. They
found that although the diffuslivity of d states Is less than that of s
states, the d states domlnate conductivity because of thelr much
greater density. They wrote(29):

2
o = 5 [DN(Eg) + DN,(E)] (4.2.2.)

Where N¢ and Ny 2zre the s and d partial densities of states and
D, Dy the respective diffusivity. The sd contribution to the
conductlvity was found to be neglligible For liquld Le, Cr, Mn and
Fe the d states contribute about 85% of the conductivity.
| It this Is also the case In (Mo gRup 4)100-,Bx gl2sses we can
write In a first approximetion:

e

0= 5 DNy(Eg) (4.2.3)

The average electronic diffuslvity D = 1/3vs2 (where v§ Is the
average group veloclty st the Ferm! surface and &, the &verage

electron mean free path) Is related to the critical fleld gradlient
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by(30):

(4.2.4)

If the electrons involved in the superconductive palring are also
the ones responsible for the conductivity In the normal state, It

follows from 4.2.3 and 4.3.4 that:

70 dHcZ

Ng(Eg) = Tekge 1

o (4.2.5)

Te

It as been shown(23) that for (Mop gRup.4) 100-sBx the critical
fleld gradlient does not vary with the concentration to wlthin
exper imental uncertalnty. A plot of the density of states vs the
conductlvlity for dlfferent concentrations glves, therefore, a stralght
llne as seen In Flg 4.2.9. An analog relatlonshlip Is also observed for
8 (ZraN1)100-yBy metalllc glasses(3’). The Increasing slope at high

dHcZ

boron concentration Is assoclated with a general Increase of —|j7—|_ .

TC

These results Indicate that the Mott model for s-d scattering is not
appllcable In these glasses and suggest Instead a d-band conduction,
More evidence for d band conduction In metalllc glasses wll]l be
presented in chapter V.

The right explanation of this reslstivity anomaly must then be the
follﬁwlng: Anneallng Induces phase separation Into boron-rich and
boron-poor zones. Thls spatial wvarlation In the metallold

concentration eaffects the density of states at the Ferml leve!l N4(E¢)

and thus the conductivity In a d-band conduction plcture.
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Fig. 4.2.10 shows the changes In the radial distribution function

after 2h. and 11h. annealling at 5250C and Table 1V.2.2 Ilsts +the

parameters obtained from the G(r).

Jable 1¥.2.2

G(r) parameters after several heat treatments.

Alloy Heat Treatment Ry Ro R2/R1 C.N.
x=14 As quenched 2.79 4.62 1.66 15.3
2h 2,78 4.64 1.67 15.7
11h 2.79 4.59 1.65 15.1
x=22 As quenched 2.76 4.61 1.67 14.1
2h 2.76 4.57 1.66 13.8
11h 2.79 4.63 1.66 14.0

The flrst band remains almost unchanged. The first peak In the
second band tends to split Into two subpeaks located for x=14 around
4.30A and 4.82A (l.e. centered around the max!mum corresponding ‘o
the as quenched condition) and for x=22, around 4.12; and 4.57A
(l.e. centered at lower distance than the maximum corresponding to the
as quenched condition). The result Is then a broad first peak In the
second band for x=14 and a sharp peak wlth a shoulder at smzll R value
for x=22. The second peak of the second band Increases slightly In
Intenslty In both cases, malnly on the large distance side. Such
behavior of the second band upon anneallng Is unusual for topologlcal

relaxatlion alone(Z).
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CONCLUSION

1. Primary crystalliization of a boron free phase, hcp sollid
solution of Mo In Ru for high boron concentration glasses and sigma
phase MosRu3, which then decomposes at higher temperature Into the hcp
Ru for low boron concentration Is responsible for the two flrst steps
In the reslstivity drop around the crystalllization temperature. In the

final step, the remaining boron~rich amorphous matrix crystallizes

Into an fcc boride

2, The anomalous excess reslstivity above the usual |lnear
temperature dependence predicted by the Ziman theory at hligh
temperature 1s explalined In terms of phase separation caused by long
range diffusion of boron which affects the density of states at the

Ferm! leve! and thus the number of carrlers In a d band conduction

model.

3. The changes In the radlal distribution function upon annealing
at 525°C cannot be explalned by topological relaxation alone., Some
types of chemlcal relaxation probably caused by phase separation must

occur as well.
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THE EARLY STAGE OF CRYSTALLIZATION
OF (Zryo,Hfx)gzNisg METALLIC GLASSES

ABSTRACT
This section reports a directly observable correlation between +the
chemlcal short range order and the electrical resistivity in meta!llic
glasses . The phase transition corresponding to the first exotherm
observed 1In & DSC scan on (Zrj., Hf,)goNlzg IS pecullar In a sense
that, contrary to usual metallic glasses, this +transition Is
essociated wlth an Increase In electrical resistivity and X-ray
diffraction taken Just after the DSC peak shows only the broad
diffuse band characteristic of the glassy phase, Electrical
resistivity, differential scanning calorimetry, low temperature
superconducting measurements, high angle X-ray diffraction,
transmission electron microscopy and Mossbauer spectroscopy are used

to study this transition In detall,

1. INTRODUCTION

(Zry_,Hf, g NI3g represents an attractive system In the fleld of
metalllc glasses for many reasons., First of all, It can be made
amor phous over a very wlde range of camposlflon(') and contrary to
the better known Cu-Zr system It Is more stable and not as sensitive
to oxygen contamlnation, Second, +thls glass Is probably the Idesa!
candldate for the Isomorphlc substltution technique(2) which consists
of gradually replacing Zr by Hf In the amorphous matrix andusing the

different X-ray patterns to deconvolute the data Into partial palr
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distribution functions of the different consti{tuent elements, Zr-Zr,

Zr=Nl and Ni=NI. This technlique Is based on the assumption that we
can replace Zr by Hf without Influencling the structure of the glass,
In fact Zr and Hf ére simllar In many aspects, they form a
continuous serles of solld solution, +they have simllar Goldshmitt
radll, electronegativity etc.. A study of the stabllity and the
crystallization process of this system for different Zr to Hf ratlo
constitutes then a good test for the vallidity of this technique.
Buschow et al.(3) were the first to observe the pecullar behavior
assoclated with the flrst DSC peak In Zr-Nl and Hf-NI systems near 38%
Ni. Similar observations were reported recently by Z. Altounlan et
al.(1) on the same system. The former authors suggest that the flirst
transition in those amorphous alloys 1Is @ +transition wlithin the
amorphous state and comprises malnly short range atomlc rearrangement.
Y.D. Dong et al.(4) on the other hand claim from X-ray diffraction
analysls, that for this composition the flrst exotherm arises from the
crystallization of NiZr, and the second, from crystalllzation of NiZr
from the nickel enrlched glass. Summarlzing the results of several
authors(1,4,3) op ZryNi{-x we conclude that for x>66 (up to 78) e
slngle sharp exotherm arlses from the simultaneous formation of the
equlllbrium phases oZr and NiZrp. For 60<x<66 we observed two
distinct exotherms which for x>62-63 can be lIdentifled @as
crystallization of first NiZr, then NiZr, For x<60 (down to 50)
Inltial crystalllzation of ZrNI followed almost Instantaneously by the
crystallization of ZrpNl from the Zr enriched glass explalns the
asymmetric single DSC peak, wlth a shoulder at high +emperature

observed In this range. Between 60 and 62-63 the nature of the first
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exotherm changes from crystal lization of NiZr +to crystallilzation of

NiZrp @and 1t 1Is In this range that the high angle X-ray pattern
remains broad after the exotherm without any resolivable Bragg peaks.
It is the purpose of this section to study thls pecullar transition In

thls range of concentration.

EXPERIMENTAL

The Ingots were prepared by rf Induction melting the appropriate
amount of each constltuents on a sllver boat In an argon atmosphere.
They were melted several times to ensure homogeneity. Glassy ribbons
§f typlically 30um 1In thickness, 2mm In wldth and several feet long
were prepared by melt-spinning. They were examined by high engle
X-ray diffraction using CuK, radiation. Only the samples showing a
broad band characterlistic of amorphous samples were kept for further
study. For each composition all measurements were done on the same
ribbon to ellminate fluctuations In the free volume content. The
electrical resistivity was measured using a four polnt dc method with
pressure contact. The probe Is free to move on a vertical axls Inside
of @& quartz tube, which goes through a furnace before beling flxed at
the top of a dewar. The system can achleve very fast heating or
coollng rates. The measurements were done In a slight over-pressure
of hellum. Other detalls are described In{6).  The DSC traces were
obtalned using a Perkin -Eimer DSC-! under argon atmosphere at a
heating rate of 209C/min,  Superconductlvity down to around 1.6K was
studled through changes In the electrical resistance. The critical
fleld was determined by plotting the resistance of the §amp|e as a
function of the magnetic fleld at a constant temperature malintalned

using a pressure control valve over the He bath. The temperature
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was calculated using the vapor pressure of the hellum. Samples for
X-ray diffraction were prepared by stacking three layers »of ribbons
together with Duco cement on a glass slide. The data were obtalined In
the reflection geametry on a Norelco Scanning Gonlometer wusing MoK,
radtation and focussing LIF monocromator., The detalls for data
correction and RDF calculations were described elsewhere(7). For
transmission electron microscopy the specimens were thinned by Jet
pollishling uslng 80% methanol and 20% perchloric acld at -15°C. Samples
for Mossbauer spectroscopy were prepared by Introducing 0.2% of
enriched Fe®/ 1In Zr-NI as a probe element. The experiments were
performed at room temperature on folls obtaln by +the "piston and
anvl|" technique. The source used was Co”’(Rh) and the experiments

were done In the constant acceleration mode.

RESULTS AND DISCUSSION
Fig.4.3.1 shows the DSC traces and the changes In resistance as
we heat <the samples through +the crystalllization temperature eat
15K/min.  The DSC data were corrected for the difference In heating
rate. Teble IV.3.1 glves the temperatures corresponding to the onset
of the 1wo exotherms and the corresponding relative changes In

electrical reslistance for each transition,
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Fig. 4.3.1
Resistance and DSC traces on Zr62Nl38, (Hf0.52r0.5)62N138 and

HfgoNizg.
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JABLE IV.3.1
Temperatures of the exotherms and the relative change In electrical

resistance for each transition.

ALLOYS TI(K) g T2(K) f
ZrgaNtsg 675 +6.2 700 -16.7
(Hf.5Zro.5)62N138 730 +7.8 750 + 6.5
HfgoN13g 775 +8.5 825 +16.8

We see In thls table that Hf Increases the stabllity of the glass by
moving the peaks position to higher temperatures. Generally, the
resistance decreases on crystalllization slnce the crystalllne state
has much greater atomlc order. In our case however, the first
transition Is accompanied by an Increase of reslistivity by roughly the
same amount In all three alloys. An Increase of resistivity upon
crystallization has been seen also In few other systems: CuZr In +the
vicinlty of Cuygzry(8), Zrsrh and zriFe(9). Altounian et al.(8)
explained thls behavlior fram the fact that the denslty of states at
the Ferml level [Increases upon crystallization which Implies an
Increase of reslstivity within the framework of the s-d scattering
model. Large changes In the reslstivity can be observed after +the
second exotherm, +the resistance decreases by 17% In the case of

ZrgoNlzg and Increases by 17¢ In the case of HfgoNizg. Bragg peaks

corresponding to +the equliibrium phases ZrNi and Zr2Ni or HfNi and

HfZNi can now be observed from high angle X-ray scattering contrary “o

samples quenched Just after the flrst exotherm. This large difference
In behavlior between the Zr end the Hf based alloys brings some doubts
on the valldity of the Isomorphlc substitutlon +technique In this

system.
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Flg. 4.3.2a shows an enlargement of the resistivity scan below
the crystalllization +temperature. Below 400-450 K the resistivity
varles, roughly, llnearly with the temperature, In agreement with the
Ziman-Faber theory which predicts linear dependence of the
resls#lvlfy(1°-11’ above the Debye temperature, due to  phonon
scattering. The |linear dependence Is represented on the figure by the
dashed Iine for the case of ZrgoNizg. Above 400-450K a departure from
the lInear behavior can be observed In all three cases. Fig. 4.3.2b
represents the excess reslstivity above the phonon contribution. Such
behavior has been seen In a number of metalilc glasses(12,13,14),
J. Hillalret et al.(15) belleve that the Increase In resistivity
reflects an evolution towards an "equlilibrium state™ of chemical
short range order. They propose the existence of ordered domalns but
they do not specify the exact nature of this equllibrium state.

Based on an original Idea from Mott{(16), Pol Duwez et al.(17)
suggest that mlcrocrystalline precipitates are responsible for the
additlional Increase In resistivity above the |lnear Increase In
amorphous  Fe-P=C. Those preclpltates would act as additional
scattering centers for the conduction electrons In a manner simllar to
that found In the early stage of Gulnler-Preston zones formation in
supersaturated crystalline solld solutlions. In many cases however,
mlcrocrystaliine precipltates can not be found and all those
Interpretations then become speculation due to the lack of structural
measurements coupled to the resistivity behavior.

Recently, +wo of us(18) showed, that the excess reslstivity

observed In (Mop.gRu0.4’100->Ex is correlated with the formation of

domalns of high end low boron concentration within <the amorphous
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matrix. In CuspZrsp We showed that the anomalous resistivity behavior
Is due to phase separsation Into Curich and Cu poor zones of
concentration close to CujpZry and Culr; respectively(19), From I ow
temperature speclfic heat Kroeger et al.(20) observed phase separation
and chemical short range ordering In Zr-Ni glasses between 60 and 66
At% Zr. They have found In a glass of 61.2 At§ Zr, showling no evldence
of phase separation as quenched, that anneallng one hour at 200°C
Induced phase separation Into two phases of concentration near Zr3N12
and ZrpNi. A heat treatment as low as 1509C for 30 min, produced great
changes In the volume fraction of these two phases In a glass of
62.9 At% Zr which was already phase separated as-cast. The lowest
anneal Ing temperature at which they report phase separation (™150°C or
423K) colncides with the onset of +the resistivity Increase In
fig. 4.3.2. We then conclude that the excess reslstivity observed In
(Zri_yHfx)62N138 Is caused by phase separation. We also see In
flg. 4.3.2b that Hf based glasses are more stable agalnst phase
separation Into HfzNIl, and Hf,NI than Zr based glasses.

In order to study the structural transformation which takes place
during the first exotherm, we heat the samples to different locations
within the crystallization range at a heating rate of 159C/min. then
quench rapldly to room temperature. The full lines In flg. 4.3.3
represent the radial distribution functions for as quenched a)
Zr62NI38 b) (Hfo.52r0.5)62NI38 and ¢) HfgoNizg. The results are very
simllar to the ones reported by Wagner and Lee(2!)  on
(Zr1-fox)65N'35' The reduced radial distribution functlon exhibits a
split first peaks The first maximum at r{=2.69§ decreases In helght

with Increasing Hf content and corresponds to Ni-(Zr,Hf) nelghbors,
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The second at r;'=3.20A becomes larger In helght with Increasing Hf

concentration and It corresponds to Zr-Zr nelghbor palrs.

The dashed |lnes show the reduced radial distribution function
after the heat treatment represented In the onset of each figure. For
ZrgoNtsg (fig. 4.3.38) the sample has been quenched Just at the onset
of the second exotherm (or at the onset of the resistivity drop). The
helght of the first peak Is reduced by about 13% which Indicates a
reduction 1In +the number of unllke nelghbors (Zr-N1) and the second
peak Increases by about 6% reflecting an Increase In the number of
Zr-Zr nelghbors. (Zrg,.sHfp.5)g2N13g (fig. 4.3.3b) has been quenched
in between the two exotherms or right at the maximum of the flirst
resistivity Increase. The changes In the first band are similar +o
the previous case (reductlon In the flrst peak by ™15f and increase of
the second peak by ™5%) which strongly suggests that Hf behaves !ike
Zr during the flrst phase transition. Finally we quenched Hf62N738 at
the onset of the first exotherm. The two sub-peaks of the maln band
eare now better resolved compared to the as quenched sample and the
respective helght of each peak remalins unchanged contrary to the
previous cases, The shoulder at large r of the second band Is also
better deflned and sllightly more Intense. Those are typlcal of
topological relaxation and do not reflect any éhange In the chemlical
short range order. We then conclude that the Increase of resistivity
during the flrst exotherm ls due to a reduction In a number or Zr-Ni
nelghbors and an Increase In the number or Zr-Zr nelghbors. In
ZrgsNiss, Wagner et 21.(21) $ound a Warren chemical short-range order
parameter of -0.04 indiceting a slight preference for unlike

nelghbors In the first coordlination shell. The followlng values were
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Flg. 4.3.3
Radlal distribution function before (full |llines) and after
(dashed 1ines) the heat treatment rebresenfed In the onset of

each f lgure for (a) Zr‘62N!38 (b) (HfO.SZFO.B)SzNIBB and
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obtained for the coordination numbers: N(NI-NI)=3.1, N(Ni=Zr)=8.6 and

N(Zr-Zr)=9.2. Roughly speaking our results suggest that the number of
Zr-Nl nelghbors should decrease to around 7.4 and the number of Zr-Zr
Increase to around 9.7.

This study could actually provide an Interesting way to test the
eppllicablllity of the Faber-Ziman theory in this amorphous alloy. The

resistivity In Its most general form can be written as(23),

_ 2 2
p = B~{c] <lt]l 211> + ¢ <[tzl a,,> + (4.3.1)

c]c2(<]t]lz(l-a]])>+<[t2[2(1-a22)>+<(t]t;-t;t2)(a]2-1)>)}

¢y and c, are the concentrations of the two constituents, +; and t2
are the single slte scattering matrix, the a's are the varlous partial
structure factors, B depends on +the average atomlc volume, the
electron denslty and the Ferml veloclity and the average <f(K)>

means(29);
2k

.
<f(K)>=f £(K)K3dK (4.3.2)

0
Using the Isomorphlc substitution technlque to measure the partial
structure factor before and after the flrst exotherm and the
t-matrices for NI1(24) and zr(25) we can write In the Iimit of a
constant prefactor:
%S =-%; { c%<[t]|2Aa}]> + c§<[t2[2Aa22> + c]c2<(t]t;-t:t2)Aa]2>} (4.3.3)

This approach lIs presently under Investigation.
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Fig. 4.3.4 shows the superconducting transition In ZrgpNizg 23S
measured by electrical reslstance changes at a temperature of 1.6K for
different applled magnetic fields. The as quenched sample shows a
very broad transition which has been seen before In other Zr based
metalllc g!asses(zs). It was suggested that such behavior, coupled
with other superconducting anomallies |lke the enhancement of Hep at
low temperature, may be due to spatial Inhomogenelties on a scale of
the order of the superconducting coherence lenght(27),  They proposed
the exIstence of a distribution of electronic diffusivity D=1/3v4%
due to varlietlons In short-range order or to fluctuations In
composition. Thls assumption would be In agreement with Kroeger et
al.(3) who proposed the existence of clusters of ZrsNl, and ZroNi
together with unassoclated atoms In the amorphous matrix. After +the
heat treatment beyond the flirst exotherm, we observe a sharp
transition characteristic of homogenous phases, even though the heat
treated sample shows clearly In flg. 4.3.5 two dlstinct phases. The
upper critical fleld Indicated by the arrows In flg. 4.3.4, Is shown
vs the temperature In flg. 4.3.5. The anomalous |[lnear ch(T)
behavior 1Is noticeable 1In the as quenched sample slince curvature
should be observable for the lowest measured temperatures.

dHcZ

Table 1V.3.2 glves the T, critical fleld gradient a7 and

T
c

the average electronlc diffusivity D=1/3vi? ( 21s the average

electronic mean free path, v¢ Is the average Ferm! velocity) for the

different phases using the relation(28),

dH 4k
c2| . 2'BC (4.3.4)
dT T neD

c
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Where ¢ Is the speed of light, kB Is the Boltzmann constant and e Is

the electronlic charge.

Jable 1V.3.2

Superconductivity transitions, critical fleld gradients and average
electronic diffusivities for as quenched and heat treated Zr62Nl38.
dH

cl 2
PHASE TC(K) —I7 Tc D(cm</s)
(KG/K)

As quenched 2.36 28.6 0.384

Phase 1 |92 25.5 0.430
Heat
treated

Phase 2 2.09 8.0 1.371

The Tc of the as quenched sample Is slightly lower than the one
reported by Kroeger et al.(3) for the same composition (2.50K). Many
posslble reasons can account for thlis discrepancy: 1) The state of
relaxation of the glass. We know that T, decreases upon free volume
relaxation and we use melt-spun ribbons whereas Kroeger's specimens
were quenched by arc-hammer. 2) The difference In the measuring
technlque. Our result comes from the extrapolation of the Hep vs T
curve whereas, Kroeger's result comes from speciflic heat. Finally, 3)
we cannot omlt the possiblllity of a slight offset In the concentration
of the alloy. After heat treatment, phase 1, wlth the TC of 1.92K has
almost the same critlical fleld gradient or average electronic
diffusivity as the amorphous as quenched sample whereas, phase 2, with
the T, of 2.09K has an average electronlic diffusivity more than three
times larger. We thus conslider phase 1 as the remalning amorphous

state after the phase transition. From a plot of Te vs composlf!on(S)
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we evaluated hls concentration at ™56 AtY Zr. I+ Is worth mentioning

that +his concentration corresponds to the maximum In the resistivity
vs concentration curve for the Zr-Ni system(29),

The reslstivity of ZrssNigs Is 185u0cm whereas the Initlal
amorphous ZrgoNizg Is 174uQcm(1’29). This represents an Incresse of
6.3% which 1s exactly the jump helght observed In the resistivity
during the flrst exotherm. Thls correlation suggests that phase 1
dominates the +transport properties at hlgh temperature. The
resistivity would seem to be unaffected by the relatively high
conducting phase 2 even though phase 2 1Is observable at [ow
temperature from superconducting measurements monitored by resistance
changes.

Filg. 4.3.6a and b show transmission electron mlcrographs for a
heat +treated ZrgpNizg. The pictures show a distribution of dark
speckles rangling from 10 to 30A In diameter. Agglomeration of these
speckles produces the dark patches (average slze 100-200A) [n the
micrograph . Flig. 4.3.7a shows the electron diffraction pattern of &
selected area of flg., 4.3.6a free of plts and holes. The pattern shows
only a broad single halo and from 1+, +there Is no evidence for phase
separation or crystalllzation, When the area under Investigation
Includes holes or large plts we can detect crystals In the dlffraction
pattern, flig. 4.3.7b. Thls reflects probably the presence of easy
crystal lization sites for heterogenous nucleation or oxide flims,
J.L. Walter et al.(30) noticed oxlde flims at the bottom of deep pits

In thelr thinned TEM samples of Zerl.
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Fig. 4.3.6

(a) and (b) TEM micrographs of heat treated Zr62NI38.
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Flg. 4.3.7
Diffraction pattern of heat treated Zrg,Nizg (a) selected area In
fig. 4.3.6 contalning no plts and holes (b) area Including holes

and sample's edges.
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In order to Investigate the local short range order of this new

phase we Introduce Fe as a probe element In the matrix and perform
Mossbauer experiments. Fig. 4.3.8 shows spectra of
(ZrgoNl3glgg gFen.2 In the as quenched condlitlon, heat treated beyond
the flirst exotherm and fully crystalllzed after the second. The
spectra were analyzed using least square fit of multiple Lorentzian
lines with variable height and width, Table 1V.3.3 glives the average
quadrupole splitting corresponding to the different sites. Our
‘results are very simllar to the ones reported by Wagner et al.(31) on
Zrg5-xNIxFes. These authors discuss the similarities between the
Mossbauer parameters of the stable crystalline phase (A Eq = 0.537)
which, as In the present case, Is mainly tetragonal ZroNi(Fe) (CuAl2
type structure) and the average parameters observed In amorphous
Zr-Nl-Fe (A Eq =0.608). They suggest that the average Fe environment
In the glass might be Ilke that of Fe In crystallline ZroNi(Fe)s This
would be [n agreement with the presence of ZrpNl type assoclates In
the amorphous state as suggested by Kroeger et al.(3), In +thls
environment each Fe atom |s surrounded by Zr atoms only, with the
average coordination of 8 Zr atoms arranged In an archimedian
antlprism capped by 2 Fe atoms. The Zr sltes have 11 Zr and 4 Fe
atoms as flrst nelghbors. The heat treated sample shows two very
distinct sltes. Site 1 has almost the same average quadrupole
splitting as 1In the as quenched sample. This site corresponds +to
phase 1 In Table 1V.3.2 and represents the NI enrlched amorphous
matrix. Site 2, which must be representative of phase 2 In table
IV.3.2 has a relatively large quadrupole splitting (0.931mm/s). This

value Is almost Identical to the one reported by Vincze et al.(32) for
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Fe In orthorhomblc ZrsFe (RezB type). If Fe substitutes for NI in the

amorphous matrix and behaves In the same manner as NI during the phase
transition assoclated with the first exotherm, the above resuits would
suggest the exlstence of a new metastable phase ZrSN[ orthorhomblc.
In +hls environment the Fe slte has 6 Zr atoms flrst nelghbors and 3
Fe atoms somewhat further, while the two Zr sites have 2 Fe and 12 Zr
In one case, 3 Fe and 11 Zr In the other case, This structure has s
lower number of Zr-Ni(Fe) nelghbors and a larger number of Zr-Zr
nelghbors than the one found by Wagner and Lee(21)  for amorphous
ZrgsNizs.  Preclipitation of an orthorhomblc ZrzNi(Fe) would then be
consistent with the reduction In the number of Zr-Nl and the Increase
In the number of Zr-Zr observed In the RDF after heating beyond +the

first exotherm.

Iable 1¥.3.3
Quadrupole splitting for different sites In (Zrp ¢oNip 38)9g gFep.o

alloys.

ALLOY'S TREATMENT  QUADRUPOLE SPLITTING (mm/s) REMARK

As quenched 0.608 Fit to two
Lorentzlans

Heat 1 site 0.615 Fit to four
Treated 2 slte 0.931 Lorentzlans
Crystalline 0.537 Fit to two

Lorentzlans
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CONCLUSION

The phase transition which occurs during the flrst exotherm In
(Zr]_fox)62N138 metallic glasses implies precipitation of very small
"microcrystal | ites® (10—20A slze) too small to glve rise +to sharp
rings In the diffraction pattern. The overall number of Zr=Ni
nelghbors decreases and the number of Zr-Zr nelghbors Increases. The
resistivity Increases because the Nl enriched amorphous matrix +that
remalns after precipltation has a higher electrical resis+ivity than
the orlginal amorphous phase, thus overcompensating +the Influence of
the highly conducting preclpltates. Agglomeration of  the
"microcrystallites™ Into zones larger than +the  superconducting
coherence length glves rilse to two distinct observable phases from the
Hc2(T) curve.  The Mossbauer results on samples with Fe Introduced as
a probe element might suggest +that preclpltation of metastable
very fine grained microcrystalline ZrgNi(Fe) is occurring during the

first exotherm.
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V. EVIDENCE FOR d~BAND CONDUCTION IN METALLIC GLASSES

In this chapter a dlscussion will be gliven on the electrical
resistivity of metallic glasses containing transition metal elements,
The case of (MOO.GRUO.4)IOO-XBX' zrlOO-xN'x and zr100-xC”x' which were
discussed In chapter !V, will be treated In detall. These systems are
characterized by strong scattering and have a conventional mean free
path on the order of the Interatomic spacing. In this |imlt, es
discussed before, the applicabllity of the Boltzmann formalism Is
doubtful and therefore the Ziman theory should be appllied with
caution.

Most of the theoretical understanding of the electrlical transport
In metalllic glasses, Inveolving transition metal elements, Is based on
the extended ZIiman +heory(14'18'58). in this theory, Evans et al.(18)
reinterpret Mott's classlic explanation of the high resistivity of
crystallilne transition metals{®) and apply 1+ to liquid +transition
metals using the ZIman formallsm originally developed for simple
llquid metals., First, we shall then briefly review Mott's theory.

Transition metals are characterized by a high density of d states
at the Ferml level N4(E¢). Some parts of the Ferml surface are s-like
and some parts d-like. The total potential (phonon, Impurities...)
Induces transitions from the s-llke part of the Ferml surface to the
d-like part with a high probability since the rate Is proportional
to the density of the final states, Nj(E¢). The relaxation time
of an s electron In transition metals Is then much less than an s
electron In simple metals because of the absence of the empty d states
at the Ferml level In this latter case. The relexation +time 714 for

the d-llke part of the Ferml surface Is comparable wlth Tg because It
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Implles malnly d-d scattering for which the probabllity of transition
{s also proportional to Nd(Ef). Fluctuations In the distance between
neighboring atoms wlll Induce changes In the width of the d-band by
modlifying the energy overlep Integrals, |, In the +ight binding
approximation, These  perturbations wlll affect the "hoppling
frequency™ of the electrons towards the nearby sites and represent the
starting polnt for calculating the d-d scafferrng(60'61). The
conductivlty of a crystallline transition metal, 1In thls +wo band

model, can be separated Into an s part and a2 d part.
0 =0 + o4

The velocity v, of an s electron at the Ferm! surface Is much greater
than vy therefore Its mean free path QS = vg Tg Is also much larger

than the mean free path of a d electron. |t follows that:

o>
Os %

In the generallzed Ziman theory Evans et al.{18) considered the
current to be carrled by free electrons In plane wave states. These
waves @ere scattered resonantly on the Ferml sphere by a "mufflin-tin®
potential. They replaced In the original Ziman formula <the weak
pseudopotential by & t-matrix. For transition metels, the d-phase
shift N, domlinates and therefore, 1In this plcture, the resistivity
comes from the d resonant scattering of the conduction electrons.
These electrons are assumed +to be s-like, the d electrons are

consldered to be Immoblle.
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Let us wrlte the s-d matrix element as:

*
J=f‘~}’s'pV‘¥ddv

where represents the conduction electron wave function made up

s, p
of s and p orbltals, and V Is the total potential. If, @&s before |
represents the energy overlap Integrals between adjacent atoms,
Mot1(62) pointed out that the Evans theory Is va!ld if and only 1f the
time taken for an electron to move from a d state In one atom to a d
state In an adjacent atom, h/zl, (where z Is the coordination number )
Is larger than the Jump time from an s to a d state, h/J. If +this
condition 1Is not fullfllled , +the resonance required by the Evans
theory cannot be bullt up. For this reason Mott belleves that thelr
theory Is Incorrect for pure liquid transition metals because of the
large coordlnation number and overlap lnfegral(ﬁz).

In amorphous dtransition metals alloys, for which the average
coordination number can be even larger, the same argument should apply
and a mode! Involving s-d transitions and different mean free paths
for s-p and d electrons should be more appropriate.

Amorphous metals alloys are known to approach the extreme dirty
Iimit. The scattering Is so strong that the conventional mean free
paths of both s and d electrons are on the same order of magnitude as
the Interatomic spacing. In this 1Imlit of Inciplent Anderson
local ization, perturbation theory and the Boltzmannmequation formalism
break down, and the conductivity must be evaluated using the Kubo
formula. In this extreme regime, the electrons should be thought of
as diffusing around rather slowly or even as hopplng between quasl

localized stetes rather +than belng occaslonally scattered between
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nearly coherent plane-wave states. Glrvin and Jonson(®3) showed that

the adiabatlic-phonon assumption also falls In this [Imlt and phonons
actuslly essist the moblllty, produclng an anomalous negatlive
temperature coefficlient of resistivity. Such negative temperature
coefficlent Is observed In all the samples dlscussed In this +thesls,
This phenomenon Is known to occur for locallzed states in the form of
phonon-assisted hopplng but It actually occurs even before
local Izatlon Is reached. Recently R.W. Cochrane et al. (6
reinterpreted the low temperature resistivity anomaly found In several
amorphous metals as belng a precursor effect of & locallzation
transition 1in a three-dimensional interacting electron system. They
found that +the conductivity scales wlth the ones observed In other
systems having typlical resistivity an order of magnitude larger, and
In which, metal=Insulator transition Is found.

Using the Kubo formallism, Ballentine et al.(54) have calculated,
for clusters of 365 atoms, the conductivities of several |Ilquld
transitlion metals. They +treated the s and d states on an equal
footlng and evaluated thelr relative contributions to the
conductlivity. They found that the sd contribution to the conductivity
Is usually very small and thus wrote:

2

e
o =q (DSNS(Ef) + Dde(Ef)) (5.1)
N (Es) end N (Eg) are the s and d partlal densitles of states and Dg
and Dy are the respective electronic diffuslvity. They found that for
Ilquld La the d states comprises 90f of the denslty of states at the
Ferm! energy and contributes to B7f of the conductivity. Including

hybridization, a diffusivity ratlo D /Dy of only 1.1 was found
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indicating very |ittle dynamlical difference between the s-llke and the

d-11ke states at the Ferml energy. Even If the diffusivity ratio 1s
much larger for other |lqulid transition metals |ike Cr, Mn and Fe the
d states are stlll| responsible for about 85% of the conductivity
because of the very large d component of the density of states. In a

first approximation for those {lqulid transition metals we have:

e2
o~g5 Dde(Ef) (5.2)
Let us now return to metallic glasses and let us first conslider
the case of (Mog gRug 4)100-xEx Gl2sses which has been extensively
studied In the ll+era+ure(65'67) and also discussed In chapter 1V,
Flg. 4.2.9 1In chapter IV showed a linear relationship between
the conductlvity and the denslty of states at the Ferm! level for
(M°0.6R“0.4)100-x8x across the whole concentration range for which the
glass can be made amorphous. The values of Y were obtalned from
calorimetric measurements{®®) and the data were normallzed to the
respective values for boron 18. We observe In thls figure a straight
positive slope. The s-d scattering model would predict an opposite
behavior (l.e. an Increase of resistivity with an Increase In the
density of d states at the Ferm! level) If the number of free carriers
Is constant In thls range of concentration. Fig. 5.1 shows the upper

critical fleld gradlent which Is related to the average electronic

diffusivity by 68);

dch 4ch (5.3)
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Upper crlitical field gradient vs concentration for Mo-Ru-B and

Zr-N1-B systems.
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This upper critical fleld gradient Is Independent of the boron

concentration for the Mo~Ru-B system. Based on an  abrupt
discontinulty In the slope of the resistivlity vs concentration at
x=18, Johnson et al. (63 proposed the existence of two different types
of defects wlth two different scattering mechanisms for x<18 and x>18,
Figs. 4.2.9 and 5.1 suggest, that only one mechanism Is valld over the
whole concentration range. Because the denslity of d states at the
Ferml level 1Is fairly large In Mo-Ru-B glasses (N (Ef) = 1.57
states/ev-atom for x=14), the average electronlic diffusivity
represents basically the d state diffuslvity (as long as the Ds/Dd
ratio Is relatively small Ilke In the case of llquld La). If eq. 5.2

s valid for Mo~Ru-B, and If

D ~Dy (5.4)

I+ follows from 5.2, 5.3 and 5.4 that

dH
- ™M el
NglEg) = Feke 4T |, ) ° (5.5)
C

Thls equation |Is baslically analogue to the one predicted by the
GInsburg-Landau-Abrikosov-Gor'kov theory for the density of states In
the extreme dirty IlImlt. The slope of the denslty of states vs

conductivity Is then proportlonal to the upper critical fleld gradlient
dH
c2

at T.. For (MOO.6RUO.4)IOO-xBx’ T Is constant and we

T
C

observe a llnear relationshlp between N, and O across the whole

concentration range. The least square fIt between the density of



-143-
statesand the conductivity data corrected by the average atomic volume

at each composition, glves an upper critical fleld gradient of 24.03
KG/°K, 1n good agreement with the experimental average data of
24.21 KG/°K. Flg. 5.1 shows that for (ZroND)ygo-yB, glasses, the
upper critical fleld gradient increases linearly with concentration
from 23 KG/°K for y=5 to about 30 KG/9K for y=25. This glves rise +to
the curvature observed In flg. 4.2.9 for the Zr-Ni-B system. The date,
In thls case, are from reference 69 and they are normalized to the
density of states and conductivity of amorphous Zr,Ni.

Among eall the metallic glasses of the type ETygg_ LTy where ET
refers to an early transition metal and LT a late transition metal the
best known are Zr-Cu and Zr-Nl. Based on the strong correlations
which exlst between the fractional change In magnetic susceptibllility
and reslstivity upon crystalllzation Z. Altounian et al.(70’71)
suggest that s-d scattering effects make an important contribution to
the resistivity in both Zr-Cu and Zr-Nl.  Thls suggestion Is based on
the assumptions +that the Boltzmann equation and the weak scatfering
approximation are valld In the amorphous state as well as In the
crystallline state. It assumes also that the s-d scattering matrix
element 1s the same In the two phases. There are no a prlorl reasons
to bel leve that these assumptlions are true, and In fact, we showed In
chapter 1V that even If the change In the resistivity 1Is correlated
with the change In the density of d states durlng crystallization In
an (MOO.GR“0.4)82818 glass, they behave In opposlte direction upon
relaxatlion In the amorphous state (l.e. an Increase In reslstivity Is
assoclated wlth a decrease In the denslity of states). Altounian et

al.(72) ajso showed recently that thelr resistivity data In
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glassy Zr-NI are consistent with the Faber-Ziman model for liquid

metals and atiributed the discrepancles to errors Introduced by the
simplifylng assumptions made 1In applylng the model. Kroeger et
al.(76), on the other hand, explaln some peculiarities In +the
variation of Altounlan's resistivity data for Zr concentration larger
than 55 by the presence of clusters with definife stoichiometries.

Flge 5.2 shows a plot of the denslty of states vs the
conductivity for the Zr-Nl system. The data are normalized to +the
respective values for x=55. For 2Zr concentration larger than 55,
fig. 5.3 shows that the upper critical fleld gradient and, therefore
the average electronlc diffusivity (from eq. 5.3) Is Independent of
concentration to with!in experimental uncertalinty. We thus observe, as
for the Mo-Ru-B case, a linear relationship between +the denslty of
states and the conductivity for x>55 (flg. 5.2). The d-states seem to
dominate +the conductivity In this range of concentration. For x<55,
the critical fleld gradient decreases rapldly with decreasing Zr
concentratlion, Indlicating a rapld Increase In the eaverage electronic
diffuslvity (flg. 5.3). The conductivity Increases while the denslity of
states at the Ferml level decreases. In this reglme (x<55) flg. 5.2
shows thet, 1In fact, I1f we plot the denslty of states vs the
resistivity Instead of the conductlvity, we get a |lInear relationship.
The resistivity Is directly proportional to the d density of states

suggesting that Mott s-d scatterlng of nearly free electrons Is

predominant In +thlis range of concentration. In  thls regime
O 4 << O and equation 5.1 becomes:
2

o~ & ND (5.6)



-145-

0/0(x = 55)
0.98 1.02 1.06 1.12 1.16  1.20
1'6 7 T T T T T T T T T
N1100-xZRx :
i
1.4 (o)
i X (69) i
VE
(63.5) ™~ cosgggnvnv
1.2 o 7
- (60)
A i}
fl
5:\ 1.0 & 7
. VERSUS
— i RESISTIVITY i
pd \ (45)
0.3 ]
0.6 t (36.3) 7
(33) (33)
X FroM D. M, KROEGER ET AL .
0 FrROM Z. ALTOUNIAN ET AL
O.L‘ i | i 1 1 | 1 | 1 i i
- 0.90 0.92 0.94 0.97 0.99 1.01
P/Px = 55)
Flg. 5.2

Normal lzed density of states vs conductivity (or reslistivity
x>55) for the Ni-Zr system,

parenthesls,

x=55,

for

The concentrations are Indlcated In

The data are normalized to the respective values for



-146-

34 R ! 1 T T
8| 5 0 ° D
. 0]
261 -
Nll_xZRx
< o}
é 3
= 32f ]
Sl
3|
26+ ]
20 i 1 i [} ]
30 40 50 60 70 80 90
| ZrR CONCENTRATION (AT.%)
Flg. 5.3

Upper critical fleld gradient vs concentration for Ni-Zr and Cu~

Zr systems.



-147-
Ng represents the density of s electrons or free carriers and Dy

Is the s state diffusivity which Is proportional to the mean free path

3

Altounlan et al.(72), in Zr-Ni the ration 2/ (where Z Is the valence

or the |lifetime of the carriers 1.,. As [t was polnted ouf by

and & Is the atomlc volume) Is almost the same for both constituents
so kg and the number of free carrlers should be essentlally constant
over the concentration range. On the NI rich slde, the density of the
d states at the Ferml level Is relatively small and 1f the diffusivity
of the s states Is much larger than that of the d states, the average
diffusivity measured from the slope of the upper critical field will
be essentlially dominated by Dg and therefore equation 5.3 can be

written as

dHcZ ~
dT Iy meD; S (5.7)
(o

The upper critical fleld gradtent Is proportional to the s-d
scattering rate which, 1In turn, using the golden rule Is proportional
to the d density of states. Fig. 5.4 shows the log of the upper
critical fleld gradient at Tc vs the log of the denslty of states.
For the Zr-Nl system the least square flt of the data for x < 55 glves
a slope of 1,015 In agreement with the previous discussion. Thus for
a fixed number of carriers NS and a diffusivity DS varying, llke T, as
1/N4(Eg) we find from equation 5.6 a direct proportionallity between
the resistivity and the denslty of states, as Illustrated In flg. 5.2

Note that even If the d states dlffusivity makes a non-
neglligible contribution to the average electronlic diffuslvity D, we

would stlll get 2 slope of one In the case where the |ifetime of the
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d-l1ke states Is determined by d-d scattering for which, &s discussed
previously, the probabllity of transition Is also proportional to the
density of d states at the Ferml energy.

We can wonder why the transition between the range where the
d~states domlnate the conductivity (x>55) and the one where +the
s-states (x<55) domlnate Is so sharp. A possible explanation comes
from looking at fig. 5.5. Dong et 21.{73) nmeasured the positions of
the peak of the flrst halo, OQp, In the x-ray dlffraction pattern as a
function of composition for the Zr-Ni system and found an apparent
discontinulty around x=55. He suggests that the nature of the short
range order might be different In the two ranges of concentration and
this could explaln why there Is predominantly d-band conduction on one
slde and s-~band conduction on the other.

The last system to be discussed Is the Cu-Zr glasses. Flig. 5.3
shows that the upper critical flield gradlient Increases contlnuously
with Zr content over the whole range of concentration for which +the
alloy can be made amorphous. The rate of Increase with respect to Zr
concentration Is, however, much lower than what Is found for the Zr-Ni
system., The slope of the log-log plot between the upper critical fleld
gradlent and the density of states (measured from superconducting
propertles) Is 1/2 Instead of 1 llke for the Zr-Nl1 case (fig. 5.4). By
writing the average electronic diffusivity as D = 1/37}3 and the
average electron mean free path as L= 7*¥'(where T Is the average
lifetime of the electrons at the Ferm! surface) 1t follows from
equation 5.3 and the last result that the average scattering rate 1/7
ls proportional to the square root of the d denslty of states at the

Ferml level, assuming & constant average group veloclty of the
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electrons at the Ferml surface. This suggesisthat the s-d scattering

model of nearly free electrons Is not the only Important mechanism of
conduction In Cu~-Zr and that the d electrons must make a non-
neglligible contribution, as well, In the transport.

I+ Is Interesting to note that if the density of states at +the
Ferm! level Is obtalined from speclfic heat measurements, the slope of
the log-log plot Is 3/4 Instead of 1/2 as we can see In fig. 5.4 For
x < 50-55, the values of NY determined from calorimetric measurements
are all larger than the ones obtalned from superconducting properties
by using the Glnsburg-Landau-Abrlkosov-Gor'kov theory. For x > 50-55,
I+ Is the Inverse. Discrepancles between the values obtalned by both

(74,76) and attributed +o

methods have been observed before
uncertalinties In the resistivity measuremen+(74), di fferences between
specimens (state of relaxatlion, phase separaflon...)(76). We belleve
that the trend observed here Is too systematic to be explalned by any
of the above arguments. It Is possible, however, that the states
glving rise to the heat capaclity might not be all the same as the one
Involved In superconducting palring due to Inclplent locallzation.
Ching, Song and Jaswal (77)  have recently calculated the
electronic states In Cujpg.,Zryx metalllc glasses wusing the
orthogonal l1zed LCAO method on periodic structural models contalnlng 90
atoms, There Is no assumption In the theory which makes 1t applicable
only to weak scattering cases. They analyze each electronic state In
terms of a locallzation Index and show that the Cu d states are
localized and the Zr d states are relatively delocallzed. At the

Ferm! level, the states are delocallzed but there Is a tendency for a

slight Increase In thelr locallzatlion Index when the Cu concentration
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Is Increased. Since locallzatlion destroys superconductivity, this

tendency of locallzation with Increasing Cu concentration Is probably
related to the fact that the denslity of states seems to decrease
faster wlth Cu concentration when measured from superconducting
propertles.

Fig. 5.6 shows that the conductivity decreases |inearly with +the
density of states over the whole range of concentration with a
different slope depending, again, whether the density of states |Is
obtalned from speciflc heat of from the slope of Heoe The behavior Is
simiiar to the Mo~Ru-B system even though, the upper critical fleld
gradlent 1s not a constant . All these results on Cu-Zr can be
understood If we assume that both s and d electrons are Important In
the conduction. Let us write the average electronic diffuslvity eas

arlsing from contribution of both s and d states

N N

D= = D + i D (5.8)

: Ns,p + Nd 3 Ns,p + Ny d
where Ns,p and N,y represents the partial density of states at the
Ferm! level and Dy and Dy have thelr usual meaning. Table V.1 |lsts

the bare partlial density of states obtalned by Ching et al.!’7)
together wlith some other relevant data for the Cuygn ,Zr, system.
The average electronic diffusivity has been calculated using eq. 5.3
and the upper critical fleld gradient from ref. 75. The conductivity,
density and mass enhancement factor (1+X 4+ ep) are from reference
70 and 75. The mean atomic volume @ has been determlned from the

density and the average atomlic welght,
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JABLE V.1

Electronic density of states at the Ferm! level together with other

parameters for Cuygp.,Zry Mmetallic glasses.

N(Ef) states/ev atom 1000

D o d §2 Zeff 1+%Sf+kep

CU4S ZrES 2 ,] 3 03
x Cudp Zr5p Cu3d zrad (cm“/s)(Qem) (g/cm’) (A7)

67 .115 .187 .026 .713 0.391 6.08 6.95 19.61 1.67 1.87
50 .126 .106 .050 .577 0.451 5.65 7.25 17.72 1,50 1.68
33 .200 .057 .O60 .289 0.533 5.30 7.57 15.94 1.33 1.61

The s states diffusivity Is glven by Dy =1/3v i = 1/3v25Ts where

v Is the s states veloclty at the Ferm! level, 25 Is the mean free

s
path and T, Is the lifetime. If we assume that the Mott s-d scattering
mode! Is the malin scattering mechanism for the s electrons, i+ follows

using the golden rule that

2
1 _en (5.9)
PPN
then,
2
hv
D = s 1 ¢ (5.10)

- Z
S b |<¥y|V|¥g > Ny (Eg) Ny (E)

In ref. 46, Waseda assumed that Zr has two valence electrons per
2tom and Cu one. The ratio between the effective valence electrons
and the average atomlc volume, In that case, Is almost

Independent of the concentration, This means that we can consider the
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Ferml wave vector kg = (37 2z/0 )1/3 and the s states Ferml velocity

Vg = hzkf/m as roughly constant across the concentration range. For a
glven s-d scattering matrix element, we can calculate the s and d
states diffuslvity from eq. 5.8, eq. 5.10 and the values, In table
V.1 for the partial denslty of states and average electronic
diffusivity.

Fig. 7a shows the results for three different parameters. The
dropplng off In the d states electronic diffusivity with Increasing Cu
concentration Is associated with the Increase In the d states
local izatlon Index mentioned earller, the degree of locallzation
belng related to the electron mean free path. It Is interesting +to
note that when o =0.,4, +the d states diffusivity vanlshes when the Cu
concentration reaches 67 At.§. Beyond thls point the d electrons are
essentially Immoblle and the conductivity Is assumed entirely by the s
and p electrons. if we were to Increase the Cu concentration beyond
thls point, the density of d states at the Ferm!l level would still
decrease and the conductivity would Increase according to the Mott s-d
scattering model. We would then expect a minimum In the conductivity
versus concentration around 67 At.¥§ Cu and, indeed, we find
experimentally @& maximum 1In the resistivity curve around this
concenfrafion(7o'78). Fig. 7b shows the calculated conductivities
usilng eq. 5.1 for a paramefer 0=0,3 together with the experimental
points from Altounian et 21.(70:75) | The bare density of states glven
in Table V.1 has been corrected by the mass enhancement factor

(14X ¢+) ) before being used In eq. 5.1. The conductlvity Is found

P
to decrease over the whole range of concentration and the results are

in fairly good agreement with the experimental data.



-156-

1.2 T T T T T a
1.0t xDg s sTates )
— DiFrusiviTY
(&
i? 0.8 t <
A
(&)
‘ES 0.6 F Q= 0.4 -
0.14 - -
L i
0.2 e D D sTATES //’
0 DiFrusiviTY
A L .
E‘ 605 b
> ~ E
v 6.0 > )
> < 0
= +
Gosst ~ -
~ ' ~
b ~ ¢
59 b 9 CALcuLateD For @@= 0.3 o ]
+ EXPERIMENTAL
4.5 1 I 1 . | 1

20 30 40 50 60 70 80

Cu CoNncenTRATION (AT. %)

Fig. 5.72 & b
Calculated electronic diffusivlty for the s and d states vs the
Cu concentration for different parameters o (or s-d scattering
matrix element).
Calculated conductivities for a parameter o = 0.3 together with

the experimental data polnts from Altounian et al (ref, 70 & 75).
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Even If the electrical resistivity of Cu-2r¢46) ang zr-N1¢79) has

been found to be In reasonable agreement with the extended Faber-ZIiman
theory, the question of the appllicability of this theory to systems
wlth such a short mean free path still remains puzzling. Thls chapter
represents an attempt to0 explaln the behavior of the electrical
resistivity In those systems from a different point of view and

emphasizes the possiblilty of d-band conduction In these glasses.
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Vi. CONCLUSION

We have shown that the electrical resistivity can be used as &
very convenient experimenta! tool to study phase separation, ordering
end relaxation phenomena In metallic glasses. Each of these problems
Is, by 1itself, very Important and because of the topologlical
randomness of the structure, +they are also very difficult to detect
using conventional techniques |like X-ray diffraction. The abllity to
locate them In the temperature-time dlagram Is already a big step.
Because of the great sensitivity of electrical resistivity
measurements [t Is possible to observe slight changes In +the short
range order which are Invisible to other techniques. The lack of a
good and reliable theory relating atomic order to electricea!
resistivity In metalllic glasses, however, |Imits the power of such
measurements,

In chapter 11, 1 descrlbed some of the theoretical approaches
which have been used to study these phenomena 1In the crystallline
state. To what extent these formulas can be extended and appllied to
metallic glasses is stlil a very controversial subject. Chapter V
ls a warning for those who applled the Ziman formalism In the Born
approximation and the free electron picture, too extensively.

i+ 1s In fact, not to hard to think of alternative ways +to
Interpret the behavlior of the resistivity durlng structural
relaxatlon, wlthout reference to the Ziman formallism. For Instance,
It was shown In chapter V that, qulte often, In metalllc glasses the
conductivity 1Is directly proportional to the density of states at the
Ferm! level!l wlth a constant slope glven by the upper critical fleld

gradient at T..



o = x N(E;) (6.1)

Several authors have calculated, using different technlques, the
electronic denslity of states In dlsordered systems. In particuler,
the method of expansion In moments (33) using a +tight binding
approximation has been qulte successful for studying the local denslty
of states In amorphous mefals(54). |+ was found that the shape of the
denslty of states on a glven site Is governed by the local radial
distribution of near nelghbors ©;(r) and Is less sensitive to the
local symmefry(55). High~-density reglons glve rise to sharp peaks In
the density of states while low density reglons produce a rather flat
distribution. Fig. 6.1, for Instance, shows a typlcal example of the
local denslty of states on a NI site in a solld-llke cell (l.e. high
denslty reglon) compared with one for a llquid-llke cell. Golng back
to the theory of Cohen and Grest (11.2.D), let N (Ef) be the average
density of states for the solld-like slites and NQ (E4), the everage
density of states for llquid-like cells. By rewriting the total

average density of states, eq. 6.1 becomes

o =k ((1-p) Ny (Ef) + p No(Eg)) (6.2)

where p Is the number of llquld~-like cell and the normallzed change In

reslistance during structural relaxatlion can be written as

(N (Eg) = N (E))

Ap (6.3)
NS + pTNQ - NQ

bp .
pO
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DENSE Ni SITE ————]
(Solid 1ike cell)

CRYSTALLINE Ni

LIQUID Ni
(Liquid like cell)

02

Fig. 6.1
Calculated local density of states: for nickel in a solld-!ike
cell (high density reglon), for Iiquid nlckel and for crystalline

nickel (the dataare from ref, 83).
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When EF Is close to a band-edges, Ng(E¢) > NQ(Ef) (fig. 6.1) and the
resistivity should decrease upon structural relaxation whereas when i+t
Is close to the middle of the band the resistivity should Increase
during Isothermal anneallng. It 1s not surprising that eq. 6.3 s
simllar to eq. 2.2.16 since the local denslty of states Is dlrectly
related to the local radlal distribution function. The connection
with Egami's mode! for structural relexation Is also evident since the
local density of states on a slte with hydrostatic stress p 1is
governed by Gp(r) glven In eq. 2.2.6 and 2.2.8 .

Because of the great potentlal application of metalllc glasses
and the Importance of the character of the homogenelty of a material
In any Industrlial application, we wlll probably see, in the future, a
growing Interest In the use of electrical resistivity as a tool +to
detect phase transformation. Other technlques, more sophlsticated and
probably more powerful, have been used to study Inhomogeneity In
metalllc glasses, however, electrical resistivity measurements are
attractive since they can be performed so easlly. It Is not necessary
to emphasize the great use of such measurements In studyling age-
hardening In conventional crystalline alloys.

There remains much work to be done from both the experimental as
well as theoretical polnt of view. An X-ray hot stage diffractometer
which wlll permit In-situ high-angle X-ray analysis up to 2400°C has
been assembled by the author and small angle X-ray scattering
experiments can now be performed In Dr. Johnson's laboratory at the
Callfornla Institute of Technology. These systems can be of a great
Importance for anyone who would be Interested In pursulng thls work In

the future.
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