
VAD AOS9 701 HARVARD UNIV CAMBRIDGE MA DIV OF APPLIED SCIENCES F/G 20/12
STRUCTURE AND FLOW OF AMORPHOUS ALLOYS. (U)
AUG 78 F SPAEPEN NOOO1~ —77—C—0 O02

UNCL ASSIFIE TR —5 Pt I

____  
PU _

_ _  

_m
~~~

cJppjIf:
.11 1

END I
p~ rE

F11S D

I

t78

I

H 7



1.0 •

~~~ ~~~~~~: ;~: IIII~
2

11111’
11111’ ~ IIill~. IIIII~•

~

MI P IF V Ii UII I , N  TESI CHARI
N A  14! A [ 4  - AN :  Ap~



‘
i’

— 
~~~

Off ice of Nav al Resear chi’. Cout ract N00014-77-C-001J2

LEVEL
STRUCTURE AND FLOW OF AMORPHOUS ALLOYS

Frans Spaepe.

Tscüical Report No. 5

This document  has been approved for public reLease
land sale; its di st r ~butjo n  is u n l i m i t e d .  Reproduct ion in
J~~~~~ e or in part  is p e r m i tt e d  by the Li. S. Government.

A ugus t J 978

Divislo. of Applied Sciecces
Harvar d University • Cambridge Massachusetts

‘

~~~~~~ 09 29 031



Unclassified
SECURITY C L A S S I F I C A T I 3 N  ( ‘F THIS PA ,E ( When 1 .~~. F ’iU.re.1)

REPORT DOCUMENTATION PAGE BEFO . OR’~ 

. —

I. REPORT NUMBER — 2. GOVT A C CESS I~~~~~~~. 3. R L C I P I E NT ~~ CA T A L O D NU,.BF.R

Technical Report No. 5
4. T ITLE (.nd SubtUte) S. TYPE OF REPORT & PERIOD COVERED

STRUCTURE AND FLOW OF AMORPH OUS Inter rn a ortALLOYS ep
6. PERFORMING ORG. REPORT NUMBER

7. AUT HOR(s) I. CONTRACT OR GRANT NUMB ER(S)

Frans Spaepen N000 14-77-C-0002

9 . .  PERFORMING O R G A N I Z A T I O N  NAME AND ADDRESS 10. PROGRAM ELEMENT . P I O . J E C T , TASK
Division of Applied Sciences . A REA 4 WoRK UNIT N U M B E R S

Harvard University
Cambridge, MA 02138

II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT D A T E  7
August 1978

13. ~ UMBER OF PAGES

14. MONITORING AGENCY NAME & AODRESS(il dlller.nt from ControUln~ OUic.) IS. SECURITY CLASS. (of thi. r.port)

Unclas sified
IS.. DECLASSI F I CAT ION/ DOW NGRAOIN G

SCh EDULE

16. DISTRIBUTION STATEM ENT (of It,I. Report)
This doc ument has been approve d for public release and sale; its distribution
is unlimited. Reproduction in whole or in part is permitted by the U. S.
Government .

I?. DIST RIBUTION ST AT EMENT (of the abstract inten d in Block 20, II dlfl.r.n t from Riper:)

19. SUPPL EMEN T A R Y  NOTE S

19. KEY WORDS (Continu. on nevinl. aid. ii n.c...my ind Sd•niity by block numb.t)

Review Chemical and topological short range order
Amorphous metals Defec ts
Structural models Plastic flow
X-ray scattering

20. A Bs TRACT (Conhinu. on ,.v .r.. aid. if n.c.a.a,5. ind ld.ntify by block numb.r)

—This paper , if it is to stay within reasonable limits , cannot possibly be
as general as the title indicates. Therefore , rather than trying to cover all
the recent developments in the stud y of structure and flow , an attempt will be
mad~ to provide a link between the two subjects: the emphasis will be on those
structural aspects that are important for flow and on a description of the flow
process that is as consistent as possible with the structural findings.

In a f i rs t  section, recent developments in the study of the structure of
amorphous alloys are reviewed. The discussion is limited to the transition

DD I JAN 73 1473 EDITION OF I NOV 63 IS OBSOL ETE

~~~ 0 l O 2 ~ O 14 ~ 660 1 . 4 Unc 1~~~~~iep~
Ef~ U~~1Y CLA ~I..FIe.A.YIOI~~~f TH IS PAGE (Wh.n bar. Ent.r.d)

~~~~~~~



Unclassified
. .LLIJMITY CLA S S I F I C A T I O N  OF THIS PAG E(Wh e n Data Ent.r.d)

20. Abstract  continued

metal-metalloid g lasses , mainly because they are the oldest and best studied
group. , Significant progress  has also been made in the stud y of metal-metal
and rare  ear th- t ransi t ion metal alloys , but these developments , although quite
important , have not been included. It is shown how the new scattering techniqi s
have c onfirmed earlier ideas about the high degree of short range orde r in the
metal-metalloid g lasses.

_-~~~~~~~ In amorphous systems as well as in crystals , atomic transport  is govern d
by s tructural  imperfections. As discussed in the second section , defects in
amorphous metals are probably more diffuse than in crystals and can therefore
best be described as individual sites with small perturbations of the local shor
range order .

In t1~ third section this is app lied to problems of steady state plastic f b i
First , the experiments are reviewe d by me ans of an empirical deformation
mechanism map. Then , an attemp t is made to describe the basic processes ,
homogeneous and inhomogeneous flow~~~~om a unified point of view involving th
concentration and motion of individual ~1efect sites that produce local shear.
Again , this implie s a certain limitation in scope , since significant developmen
concerning transient flow , anelasticity, internal friction and embrittlement
have not been included.

NTIS
1)DC

Ju~i .~ 
—

~

BY

L L .
Unclas sified

SECURITY CLASSIFICATION OF THIS PAGE(ITh.n Data Entanid)



~~-~~Office of Naval Research
/~
, ~•

_
\~ ~~~~. —

Cont r~ ct N0 00l4-77- C-OOO2 NR-039- 136

/
I ( .

STRUCTURE AND FLOW OF fI.MOR PH OUS ALLOYS

By

~~ 
;;;

~~~ paepen ,~

/ 7 Technical ReP
~

rt.,~to. ~ 
.,

This document has been approve d for public rele ase
and sale ; its distribution is unlimited. Reproduction in
whole or in part is permitted by the U. S. Government.

I( 0~/ Augu1#a~& 9 78 / - , 

.

The research reported in this doc ument was made possible through
s upport extended the Division of Applied Sciences , Harvard University,
by the Office of Naval Research, under Contract N000 14-77-C-0002.

Division of Applied Sciences

Harvard University . Cambridge , Massachusetts

J / 1’ ~~ ,
_

~



I. INTRODUCTION

This paper , if it is to stay within reasonable limits , cannot

possibly be as general as the title indicates. Therefore , r ather than

try ing to cover all the recent developments in the study of s t ructure  and

flow , an attempt will be made to provide a link between the two subjects :

the emphasis will be on those st ructural  aspects that are important for

flow and on a description of the flow process th at is as consistent as

possible with the s t ructural  findings.

In a f i rs t  section , recent development s in the study of the s truc ture

of amorphous alloys are reviewed. The discussion is limited to the

transition metal-metalloid g lasses , mainly because they are the oldest

and best studied group. Significant progress  has also been made in the

study of metal-metal and rare ear th- transi t ion metal alloys , but these

developm~ nts , although quite important , have not been included. It is

shown how the new scattering technique s have confirmed ear l ier  ideas

about the high degree of short range orde r in the metal-metalloid glasses.

In amorphous systems as well as in crystals , atomic t ranspor t  is

governed by s t ructural  imperfections. As discussed in the second section ,

defects in amorphous metals are probabl y more diffuse than in crystals

and can therefore  best be described as individual site s with small per-

turbations of the local short range order.

In the third section this is applied to problems of steady state

plastic flow. First , the experiments are reviewe d by means of an

empirical  deformation mechanism map. Then , an attempt is made to

describe the basic processes , homogeneous and inhomogeneous flow,
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from a unified point of view involving the concentration and motion of

individual defect sites that produce local shear.  Again , this implies a

certain limitation in scope , since significant developments concerning

transient flow, anelasticity, internal fr ict ion and embrittlernent have not

been included.

~~~~~~~~~~~~~ —~~~~~~—-, .--~~~~~~ -~~
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II. THE STRUCTURE OF TRANSITION METAL-METALLOID
ALLOY GLASSES

1. Back ground

Three ye ars ago , around the time of the previous c onference , the

status of our knowledge about the s t ructure of amorp hous metals had

been thoroug hly reviewed by Carg ill. 1, 2 Up to that time , information

about the atomic scale s t ruc ture  of metal-metalloid alloy glasses derived

to some extent from density measurements and indirectly from observ-

ations of crystallization and glass transit ion , but mainly from single

waveleng th X - r a y  scattering experiments , which yield radial distr ibution

functions that are dominated by the metal-metal pairs because of the

large r concentration and scattering factors of the metal atoms.

These studies had demonstrated conclusively the inadequacy of

microcrystal l ine s t ruc tu ra l  models and the importance of models based

on the dens e random packing (DRP) of hard spheres .  While the DRP of

single size sp heres  was clearly the appropriate model for pure  amorp hous

metals , its suitability for descr ib ing  the s t ruc tu re  of amorp hous alloys

was still a matte r of debate , mainly because of the lack of precise  in-

formation on the position of the metalloid.

Polk3 had suggested that the metal atoms form a DRP skeleton ,

with the metalloids occupying the large r holes in this s t ruc tu re .  However ,

since all these holes , as described by Bernal , are  actually too small to

accommodate the metalloids , Polk5 later modified his proposal by

appealing to the distortion of the idealized holes in the actual DRP and by

allowing, if necessary ,  some additional relaxation of the hole shape ,

resulting in a metal skeleton that is less densel y packed than the DRP.

- i
_ _ _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The qualitative implications of this model are that a metalloid atom

(i) is surrounded by only metal atoms and (ii) has a lower coordination

number than a metal atom. The same requirements were the basis of

the binary dense random packing s by Sadoc et al. , 
6 which had , howeve r ,

limited usefulness for  detailed comparison becaus e of the small size of

the clusters .

2. Recent Experimental Developments

The main experimental advances of the past few years are

scattering techniques which yield information about the position and

environment of the metalloid atoms. Sadoc and co-workers 7 used ne utron ,

polarized ne utron and X- ray  scattering to obtain the three partial radial

distribution functions for Co8 1P19. They used ne utron and X - r ay

scattering to obtain the Pd -Pd and Pd-Si partial radial distribution

functions in Pd 84Si 16 and to establish the absence of Si-Si nearest  neigh-

bors.  Waseda aM co-workers 8 made use of the large anomalous dis-

persion terms in the X-ray  scattering factor for wavelengths near the

absorp tion edge of the scattering element . They app lied this in the case

of Ni by using Cu Ko and Co Ko radiation. By combining these data with

regular measurements away from the absorption edge (Mo ICo), they

obtained the three partial radial distribution functions for Ni 80P20.
Haye s et al. used the extended X- ray  absorption fine s t ruc ture  (EXAFS)

of Ge to determine the nearest  neighbor environment of this metalloid in

Pd 78Ge 22. The nearest  neighbor s t ructural  data resulting from these

investigations are listed in Table 1. For comparison , the same dat a for

crystalline intermetallic compounds of similar compositions are also

listed. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~-. _ _
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The most important conclusion of these studies is the confirmation

of ear l ier  speculation that the degree of chemical short  r ange order  in

these systems is very high ; each metalloid is sur rounded  by metal

atoms only. Comparison with similar crystal l ine compounds , shows that

the metalloid coordination numbers and the average metal-metalloid

distance are similar. Besides f rom analogy with crystall ine order ing ,

the high degree of chemical order ing  in the glassy alloys had been antici-

pated on the basis of model building, ~ thermal behavior ’5 and compo-

sition dependence of some properties , 
16 and recently an attempt has been

made to explain it in terms of pseudo-potential theory.  17

The metalloid radius can be estimated by subtracting the metal

radius , which for a transition or noble metal is probabl y close to the

Goldschmidt r adius , from the average metal-metalloid nearest  neighbor

distance. The results are listed in Table 1 and i l lustrated on Figure 1.

• . 14 18 -As had been known for the crystalline materials , ‘ and had been anti-

cipated for the glasses , 
l~ 15 the observed metalloid radii are smalle r than

the metalloid Goldschmidt radii. The observed radius for P is close to

its tetrahedral covalent radius , as had been pointed out in Rundqvist’s

review l8 on the crystalline phosph i d o s .  The observed radii for  Si and

Ge in both crystals  and glasses , are appreciably smaller than their

respective covalent radii. This difference has also been noticed by

Run dqvist , 
18 but no explanation for it has been offered.  It must be con-

cluded that it is difficult to choose a priori  an appropriate  metalloid

radius on chemical grounds.  There is probabl y little si gnificance to the

P-radius  being close to the te t rahedra l  covalent one , since recent  NMR-

measurements2° on NiP alloys have shown that the binding is metallic in

nature.  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. 1: Metalloid radius vs. Goldschmidt  radius  for selected glassy
(dots) and crystalline (triangles) alloys. Data from Table 1;
data for crystalline Co2 P and Pd 3P from Ref. 18; Goldschmidt
radii from Ref. 10; covalent radii from Ref. 19. 
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There seems to be disagreement  between the experimental  deter-

minations of the spread in metal-metalloid neares t  neighbor distances.

Using the EXAFS technique , Hayes et al. 
‘?‘measure an R. M. S. full width

of less than 0. zA , similar to what is observed in crystals . This is

substantially less than what is measured with the other scattering

- 21technique s , even if the appropriate corrections are app lied to the

listed FWHM. Until this question is resolved , it remains difficult to

draw s t ruc tura l  conclusions from this type of observations .

The average metal-metal nearest neighbor distances in both glasses

and crystals are slightly larger than the metal Goldschmidt diar.-iete r , as

shown in Table 1 and on Figure 2. (Some earlier data from composite

radial distribution functions have been added, since they are dominated

by the metal-metal pa i r s . )  Figure 2 shows how the ratio of this distance

to the metal Goldschrnidt diamete r increases with increasing metalloid

- 1, 23 - . -content. As has been pointed out before , this reflects the distortion

caused by inserting the metalloids in the pure metal skeleton. It is

interesting to note that this distortion is roughly twice as large for

crystals than for glasses of the same composition. This higher degree

of distortion could pos sibly be the result of the additional constraints

imposed on the metal skeleton by the crystal  symmetry requirements .

In order to have a density slightly higher than the glasses, the distance

increase in the crystals is accompanied by an increase in coordination

number.

Recently, Turnbull 24 has analyzed the densities of glassy and

crystalline transition metal-metalloid alloys for a large variety of compo-

sitions. As illustrated by Figure 3 for the phosphides , he fo’irr~ that the

metalloid parti al gram-atomic volume was equal , within ± 10%
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e r r o r  limits , to the gram-a tomic  volume of the pure metal ,~e (which

was taken to be equal to “T Me ’ the part ial  g ram-a tomic  volume of the

metal in the alloy). This scaling relation indicates that the size of the

metalloid in these alloys is not an intr insic  property  of the element , but

is primarily determined by a character is t ic  spacing in the metal host

s t ruc ture .  Howeve r , when the observed metalloid r adi us and the metal

Goldschmidt radius are compared (see Fig. 1) , the data are scattered and

no scaling is apparent. It is possible that a more appropriate choice of

size parameters might improve this.

3. Recent Model Studies

As discussed above , Polk’s5 reason for modif ying his original

proposal 3 was that the idealized shape s of the holes that make up

Bernal ’s4 DRP are  too small to accommodate the metalloids. At the

time, this was based on analogy with the crystalline metalloid environment.

It is ~~ nf i rmed by the measurements  of the metal-metalloid distance in the

g lasses , as shown by the ‘intersti t ial  size ratio ’ in Table 1. Thi s r atio ,

defined as the metal-metalloid distance ove r the metal Goldschmidt dia-

mete r , is no smalle r than 0. 87 , compared to a center- to-  verte,o over

edge length ratio of 0. 82 for  the largest  ide alized hole .

The possibility remained , however , that , since the actual holes in

the DRP are dis tor ted (in the sense that their edge lengths can differ by

20% ) , they could accommodate larger inters t i t ia l  spheres  than the
25idealized holes. In the lig ht of thi s possibility, F )st has recently

investigated the hole s t ruc tu re  of Finney ’s26 mechanically built and

Bennett ’s 27 computer-bui l t  DRP. He observed that , with spheres  within

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~_~~ 
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a fixed cutoff distance being nearest neighbors , these DRP structures

cannot be completely describe d as stacking of the five Bernal pol yhedra , 
28

but a number of new shape s with four -  and f ive-edged faces have to be

included , especially to describe the larger  holes. While c onfirming the

predominantl y tetrahedral  character  of the DRP s t ruc ture , he has

obt ained statistics for  the large holes which are quite different f rom

1 4 . .  • . 45Bernal s. A similar observation has been made by Whittaker

For this reason, Frost
25 has made an independent calculation of

the exact number and size of all the interstitials in the DRP , without

reference to the hole structure. This was done by considering the inter-

stitial spheres in all sets of four DRP spheres  (since the cente r of the

largest interstitial sphere is always equidistant between four DRP sphere

centers) and eliminating the ones that overlap with a DRP sphere or a

larger interstitial. The results are shown in Figure 4. The main con-

clusion of this study is that , althoug h the holes are distorted in the DRP ,

they are not appreciably larger than the idealized ones: the largest

center to center distance is 0. 86 and in order to accommodate 25 inter-

stitials per 100 DRP spheres the interstitial site ratio must be smaller

than 0. 74. A study of the interstitials in the Bennett DRP led to similar

conclusions. Fitting the metalloids of Table 1 in a DRP skeleton, there-

fore , requires  some relaxation of the s t ruc ture .  The remaining question

is whethe r this relax ation involves only local adj ustments aroun d the

metalloid , or whether it requires  a reconstruction of the entire model.

Some insight on this question can probably be obta ined f rom the

recent development in constructing dense random packings of binary

mixtures of different  size spheres .  Using the solution of the Percus-Yevi ck

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _
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equation, Weeks
29 

has calculated the partial pair correlation functions for a

number of binary hard sphere mixtures with various compositions and sphere

size ratios. This approach however fails to take into account the chemical

interaction between the two kinds of atoms . This makes it inappropriate to

describe the s t ruc tu re  of metal-metalloid glasses , as demonstrated by its

prediction of a large number of metalloid-metalloid nearest  neighbors .

The hi gh degree of chemical order ing was an explicit element of the

computer-built binary hard sphere DRP’s of Sadoc et al. 
6 This approach has

recently been refined by Boudreaux and Gregor
30’ 

31 who have built much

larger models and have paid special attention to the problems of isotropy

and composition control. Relaxing the structure in a Lennard-Jones potential

improved the isotropy, the density uniformity and the appearance of the sp lit

second peak in the radial distribution function. For a 20% metalloid alloy
31

they obtained coordination numbers (see Table 1~ and a structure factor that

compare very well with experiment. For a complete evaluation, their partial

radial distribution functions should be compared in detail with the experi-

mental ones. Considering the earl ier  discussions of atomic sizes , this pro-

babl y requires a careful  choice of the sphere size ratio and the potential

parameters.

In conclusion, it can be said that the qualitative aspects of the Polk

model 3’ ~ (metalloid surrounded by metal atoms only, short  metal-metalloid

distance , metalloid coordination number smaller than that of the metal) are

borne out by the recent scattering studies, but that some relaxation of the

metal skeleton is necessary .  The idea of a metal skeleton , however , besides

being quite elegant . remains an attractive one in the light of Turnbull ’ s

scaling relation. 24 It would therefore  be interesting to check whether the

hole s t ructure  formed b~ the metal atoms in the binary DRP ’ s can be related

simply to that of the sing le atom DRP.



type of TSRO and this tends to keep defects localized. In an amorphous

s t ruc ture , this requirement is relaxed and therefore  a variety of TSRO

types can be accommodated. Because of this flexibility, it seems th at

localized point , line and planar defects are not likely to occur as such

in amorphous systems, but probably become diffuse by breaking up in

small perturbations of the TSRO over an extended region . This has

indeed been observed for artificially created “vacancies ” in two- , 43

and three-dimensional
44 

amorphous model systems.

Based on positron-annihilation47 studies of cold rolled metallic

glasses, the same can probabl y be expected for a line defect. The

analogue of a localized crystalline dislocation created instantaneously

in an amorphous model system would probably be unstable. Not only

would its core become very diffuse , but the displacements and c limb

resulting from its interaction with local stress fields and partial

vacancies would lead to a dislocation line that is contorted on an atomic

scale. Since under the influence of an external stress these segments

will move in an uncorrelated way, the resulting deformation process

should be thoug ht of as one governed by the motion of individual defect

sites rather than by g lide of a dislocation line .

The most fruitful way to describe structural defects in amorphous

systems, therefore , is as individual sites where the ‘ideal’ or p r e f e r r ed

local SRO is perturbed.  In general they include both deviations from

the ideal CSRO (i. e . ,  wrong nearest neighbors) or ideal TSRO (e. g . ,

the last configuration in Fig. 5, which has probabl y a higher energy

than the first one). The presence of non-ideal SR.0 facilitates structural

rearrangements at these sites , since it lowers the energy difference

L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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between the initial and activated state of the rearrangement process.

The various atomic transport  processes (diffusion , volume relaxation ,

flow) are therefore  governed by the concentration and mobility of these

defects.
43

It has been suggested that the large differences that have been

observed
46 between the time constants of some of the atomic transport

processes can be explained by distinguising between different types of

defects depending on the type of rearrangement they allow (nearest-

neig hbor change -. diffusion; long range s t ress  field -. volume relaxation;

local shear -~~ flow).

~ 

~~.. . ~~~~~~~~~~~~~~~~~~~~
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IV . STEADY STATE PLASTIC FLOW

I. Survey of the Experiments

A convenient way of summarizing the flow data for a material is

by means of an empirical deformation mechanism map:48 
eac h point

on the map represents an experiment at constant stress (T) and

temperature (T), and contours are drawn connecting points of the same

steady strain rate ( ‘ ) .  Figure 6 is an example for Pd-based glasses.

Data obtained from compression37 39 and creep tests32 ’ 35 , or

measurements of the ultimate tensile strength (the three highest points

of Ref. 33) are probabl y close to the steady state values. For all the

other tests the f rac tu re  stress , which in most of these cases coincides

with the y ield s tr ess , has been plotted. It is probabl y too low , since

steady state flow has been forestalled by f rac ture .  If more-  - and more

consistent- - data , or complete constitutive equations were available , the

resulting deformation mechanism map would probabl y resemble the

schematic one of Fig. 7. It is included here to i l lustrate the basic

modes of deformation: homogeneous and inhomogeneous flow.

(a) Homogeneous Flow

In this type of flow each volume element of the specimen contri .-

butes to the strain. In a u.nia.xial tensile test , f r ac tu re  occurs at large

strains and after extensive necking. This flow mechanism operates at

low stress levels at all temperatures  and is , except near the boundary

of the inhomogeneous flow region , almost always a Newtonian viscous

( i. e. , “ ~ i’). For this reason the shape of the s train rate contours 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _-..~~
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reflects that of the viscosity- -temperature curve. Three , somewhat

arbitrarily defined, regions can be distinguished:

(1) T > T1 (liquidus temperature). Only one set of viscometric

measurements on a g lass forming melt (Au 77Si13 6Ge 9 4) has been

reported.  50 The viscosity is similar to that of other hig h temperature

liquids: ~ 
l0~~ poise , (‘fluid’) and changes only slowly with

temperature as indicated by the horizontal strain r ate contours in Fig . 7.

(ii) T Tg (g lass transition tempe r ature).  The viscosity is by

definition ~-~ o ’~ poise in this reg ion and hence the system could be

called “viscous ’’ . A number of creep-type viscosity measurements

have been reported on Au-based5’ and Pd-based32 ’ 52 g lasses. Since

in this temperature range the rate of thermal t ransformations seems

to scale with the viscosity, it is possible to evaluate the viscosity

from a set of calorim etrically obtaine d crystallization and glass

transition data. 52 In all cases the data could be represented in this

temperature range by a Fulcher-Vogel type equation: ,~ = A exp[B/ (T-T 0)].

The strain r ate contour s on Figs. 6 and 7 rise very steeply with

temperature, i. e. , the viscosity has a large apparent activation energy.

(iii) T < Tg~ The system has a viscosity r~ > 10~~ poise and can

therefore be called “solid. ‘‘ Creep measurements in this reg ion are

complicated by continuous structural  relaxation of the system towards

higher viscosities. For this reason , the early measurements54 ’ ~~

on Ni 75P25, Co 75P25 and Pd 805i20 should be treated with caution.

For example , rerunning the measurements on Co 75 P25 gave a higher

viscosity, which indicated that s tructural  changes had taken place. The

low activation energy observed for Pd 80Si20 (0. 6 eV) might also .
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increase up annealing, as indicated by the diffusion measurements on

a similar system. 
46 In orde r to per form a t ruly iso-configurational

creep test it is necessary to anneal the specimen for a long time at a

temperature higher than that of the test, as demonstrated by Hadnagy

et al. in their load relaxation studies of a Fe40 Ni40 P14B6 g lass.

They found that the plastic flow component of the relaxation had a strain

rate sensitivity exponent (m = ~ ln ~~ in T) of about 4. This is

larger than wh at had been measured earl ier 35 ’ ~~ (m c~~ 
1) , but similar

to Megusar et al. ’s recent observations56 on Pd80Si20 (4< m < 10) .

(b) Inhomogeneous Flow

This type of flow, in which the strain is localized in a few very

thin shear bands , operate s at high stress levels. (See Fig. 7) In this

region , the strain rate contours are very close together , i . e. , the

strain rate is very stress sensitive (the exponent m is large) .  The

flow stress is almost temperature independent , except for an upturn at

low temperatures especially in Fe- and Ni-based glasses. 
61,62 Recent

direct observations of the shear bands have shown that they are ‘-50 A
thick

57 
and form very rapidly

58 (< 6. 7 msecl prior to fracture.

Although the specimen’s total plastic strain is quite small (< 0. 2%),

the local plastic strain in the shear bands is very large. This causes

the local cross section of the specimen to decrease until the stress

concentration is large enough to induce fracture along the shear plane

by the Taylor instability mechanism, ~~~ 60 which produces a vein-like

pattern on the f racture  surface.

It seems clear from a numbe r of considerations that this inhomo-

geneous flow phenomenon must involve a structural change which
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produces a local softening (i. e. , lowering of the viscosity) in the shear

band: (i) such a change would obviously confine all shear to the band;

(ii) the shear bands occur , depending on the specimen geometry, at

different angles with the tensile axis but are never normal to it; since

f r ac tu re  occurs along the shear ban d rather than normal to the tensile

axis indic ates that the band has been weakened; (iii) differential

- 63 64 . . . 65
etching ‘ and small changes in the diffraction pattern have been

observed.

2. Microscopic Models

(a) Defect-Free Flow: The Ideal Shear Strength

The ideal shear strength (T
~d
) is the stress at which the

structure becomes unstable: it shears off over its whole cross-section

at once. The simple Frenkel calculation, 
66 which assumes a sinusoidal

shape for the potential curve , yields T id = i.i./211 (ii: shear modulus).

It is probably more appropriate for amorphous solids, which are

mechanically isotropic, then for crystals, where subsidiary minima

in the potential curve corresponding to the easiest glide directions tend

to give a lower value for Tid.

(b) Defect Cont rolled Flow

(i) The General Flow Equation. As discussed in the previous

section, atomic transport processes are governed by the concentration

and motion of the appropriate type of defect. In the case of plastic flow

this defect is a site of volume v0, which upon rearrangement produces

a local shear strain ‘ye. It is easy to show that the macroscopic strain

rate can , quite generally, be expressed as: 



-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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= nv0 y0
k
0 

(1)

where n is the concentration of defect sites and k0 
the frequency of

rearrangement at a site. Chemical rate theory
67

’ 
68 

gives an exprehsion

fo r k0 of the form :

I e~G ’\  I T ’Yo”bo\
= 

~D
exPk- -j~1r) 

sinh 

~ 
kT ) (2)

The hyperbolic sine is the stress-dependent driving factor and ~G’ is

the activation free energy for rearrangement, which, in general,

contains chemical and strain energy contributions . is the frequency

of atomic vibration (
~~
- Debye frequency).

Expressions of the type of eq. (1) have been used for a long time

to describe flow68 and are general enough to include the case of dis-

location glide in crystals. For example , in a simple cubic lattice

(lattice parameter a) , n = p/i (p: dislocation density; i: average

2 /
dislocation leng th) , v0 = a i, ‘

~~ 
= b/ a (b: Burgers  vector) ,  k0 = v~ a

(v: dislocation velocity). Equation ( 1) then become s ~ = pbv , the

Orowan equation. Based on the macroscopic analogy between the

surface steps produced by the shear bands in amorphous metals and

the slip bands formed during plastic deformation of crystals , a number

of workers69 71 have invoked the presence of localized dislocation lines

to explain inhomogeneous flow. Subsequent investigations , however ,

have failed to produce evidence for their existence and it will be shown

later on that the formation she ar bands can be explained as a macro-

scopic instability effect , without recourse  to dislocation lines. The

present approach , based on local shear produced by individual defect

L~ .~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ .. 
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site s , is more consistent with the structural observations and provide s

a more unified view of the deformation process since it applies to both

homogeneous and inhon-iogene ous flow.

(ii) Homogeneous Flow, T> T
1 (‘Fluid’). An adequate character-

ization of tIe viscosity of liquids at high temperatures has been

available for a long time. 67, 72 
The mechanism involves switching of

individual atom s (v
0 ~ atomic volume Q, y

0 ~ 
1). The number of

defect sites is of the same order of magnitude as the number of atoms

and therefore changes little with temperature. For the low stress

levels of fluid flow: sinh(’ry0
v0/kT) ~~~m Ty0

v0/kT, i. e.: the flow is

Newtonian. The activation free energy t~G’ is very small, probably

because at these high defect concentrations the structure is flexible

enough to make the elastic energy involved in switching negligible. For

this reason the temperature dependence of the viscosity is small.

(iii) Homogeneous Flow, T ~ Tg (‘Viscous ’). In this region

the change of ‘ with temperature is dominated by the defect concen-

tration n. The SRO in the system increases rap idly with decreasing

temperature, and this causes a corresponding decrease of the defect

concentration.

73In the free volume theory, developed by Turnbull and Cohen

for monatomic systems , a defect site is defined as a local density

fluctuation which creates a hole large enough to allow a neighboring

atom to jump into it (1. e. , v0 ~ Q , ~~ ~ 1). The defect concentration

is then

n (!) exp 
(
~~~ t v*) (3) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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where ‘y’ is a geometrical overlap factor of orde r unity , v* the

minimum hole size (
~

- ion core volume for metals) and v1 the average

f ree  volume per atom (defined as the difference between the actual

atomic volume (C) ) and that of a reference system with ideal SRO

the reference system for hard spheres is the DR.P). At constant

pressure , the averag e f ree  volume can be expressed as vf =

where a is an average coefficient of thermal expansion and T
0 the

equilibrium temperature  of the reference system. Combined with

eq. (3) , which is the dominating term in eq. ( 1) , this leads to a Fuicher-

Vogel type expression for the viscosity.

Since a is not a constant , however , and me as urements of it are

rarely available , theoretical calculations of the thermal expansion are

useful. This has been done by R arnachandrarao et al. , who used the

hole theory of liquids to derive an expression for vf which varie s

exponenti ally with inverse temperature . This allowed them to fit the

viscosity data for a member of g lassforming melts over the entire

temperature r ange T1 - Tg~ something which cannot be done with a

single Ftilcher-Vogel expression.

An alternative approach to the calculation of the defect concen-

tration is the configurational entropy model of Adam and Gibbs , in

which a defect site is defined as a subsystem with a configurational

entropy exceeding some critical value S~~. Chen 76 
has applied this

model to the flow of glassy metals. It appears 7 that unde r certain

conditions the two models should reduce to the same form. The con-

figurational entropy approach , howeve r , is more phenomenological in

nature and does not seem to provide as much insight into the atomistic

details of the local shear mechanism as the free volume model does.

-

~

.
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Since the f ree  volume model imp lie s v0 ‘y0 C) one would

expect th at at the experimental stress levels sinh(T v0 ~0/kT) ~ Tv 0y0/kT

and that the flow would be Newtonian. Chen and Goldstein ’s meas ure-

ments
32 

on Pd 77 5Cu6Si 16 ~ 
glasses confirm this for high viscosities

12 13 . . . . 11 12 -(10 - 10 poise) , but at lower viscosities (10 - 10 poise) they

report non- Newtonian behavior , corresponding to a value of v0 y0 as

high as 100 C). This result seems somewhat inconsistent in view of the

Newtonian behavior at both lower and higher viscosities, and it remains

as yet unexplained.

(iv) Homogeneous Flow, T < Tg ( ‘Solid’). In orde r to perform

me aningful measurements in this region it is necessary to stabilize the

structure by annealing. Since such a system is frozen in one particular

configuration, one might at f i rs t  expect that according to the free volume

model the defect concentration would remain constant at the level defined

by the fictive tempe r ature. Howeve r , it should be realized that even in a

f rozen- in  configuration , V
f 

still decreases with decreasing temperature

because of the non-configurational (i. e . ,  uniform) part of the thermal

expansion. At the same time v* increases because of the increasing

effective hard core diameter of the metal ion (defined 78 as the distance

at which the repulsive potential energy is kT above the minimum).

Equation (3) shows that these two effects result in a continued decrease

in defect concentration with decreasing tempe r ature. Combined with a

contribution from AG ’ , which in this model is mainly chemical in

origin , this would predict a fairly large observed activation energy for

the iso-configurational viscosity. Such data are not available yet , but

the large activation energy observed in diffusion measurements46 on

annealed specimens points in the same direction. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Recently, Argon
79 

has proposed a somewhat different approach

to this type of flow. In the three volume description the defect con-

centration is small (n < 10~~~~/o), but the rearrangement at e ach site

is relatively easy (t~G’ contains only a chemical contribution). In

Argon ’s model , the defect sites are larger (v0 50 C)) but the local

shear strain is smaller (‘y.~ ~ 0. 1); the defect concentration is larger

(ii v0 ~ 1) but the rearrangements are more difficult (AG ’  contains

an elastic strain energy and a shear resistance term) . The qualitative

results from the two models are therefore likely to be similar.

The models diffe r quantitatively in their predictions of the strain

r ate sensitivity exponent. From eq. ( 1) and (2) follows:

~ in ~ / T  ~0 v0\  f T Y 0 v0 \m = 
~~~ 

.
~ 

= k kT / coth 
~ 

kT / (4)

Observations have been made for stresses around r 5 x lO 8Nrn 2

and T 500K. Argon ’s model (y .,~ v0 5) predicts m ~ 5, in

accordance with the observations. The free volume mode l ( ‘y 0 v0 ~ 1)

predicts m = 1, and needs therefore some generalization which allows

the rearrangement of more atoms per defect site .

(v) Inhomogeneous Flow. As discussed above , formation of the

shear bands involve s a structur al change that leads to a lowering of the

viscosity in the band. In the free volume model, the viscosity is

governed by the defect concentration, and hence a decrease in viscosity

must correspond to an increase in the average free volume vf .

Following a gene r al suggestion by Polk and Turnbull , 50 Spaepen49 has

shown that at high stress levels the free volume in the band is increased

as a result of a dynamic equilibrium between stress-driven creation of

L ~~~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~.
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free volume (atoms pushing their neighbors aside) and its annihilation

by diffusional rearrangements (the system tries to relax back to its

ori ginal state).  The resulting expression for the defect concent r ation

does not depend on the original structure , but is a strong function of

the stress and the diffusion r ate :

Sv * I / T Q \  -l
ln ~~ = - ZkTn D I cosh - 1 (5)

where S = 2ii(1 +~~)/3(l - v) and nD 
the number of jum ps necessary to

annihilate an amount of free volume equal to v* ( l <n D < 10).

The model can predict the boundary line between the homogeneous

and inhomogeneous flow reg ions (see Fig. 8) in terms of reasonable

physical parameters. Since the defect concent r ation n is the dominant

term in eq. ( 1 )  and a strong function of the stress , the model predicts a

very large strain rate sens itivity coefficient m , in accordance with

observations . An estimate of m can easily be made by differentiating

eq. (5) as a function of lflT . Insertion of typical value s (S= 5. lZx 1010

Nm 2
, ~ = 6xl0

8Nm 2
, C) = 1. 4x  10 29m3

, V*/fl
D

= 0. 26C), T = 300K)

yields m = 85.

Argon 79 has recently applied this idea to a model involving

“small disloc ation loop-like ’’ defect site s (v 0 ~~20 C ) , ‘
~~ 

= 1). In his

model the free volum e affects the viscosity by lowering the shear

resistance term in aG ’ . It predicts the homogeneous-inhornogeneous

transition, but the idea of a “small dislocation loop ” should not , for

topological reasons , be taken to literally. More importantly, however ,

his analysis shows rigorously that loc alization of the shear in bands is

a direct result of the softening caused by the dynamic excess of free volun~~.

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- .~~~~~~
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