
! I AC-ASS 1*1 ,sAAV*Rb Win cMttioit NAU DIV cc ENSIN ntis AND —ETC F/s is/zr 1Ass ItLAX ATION W4AVIC * cc VAPc~-cOoSiTa *cn$soi* 5t14.—CTccuI
DCC 75 0 flatsiS N010S* 7fr”C”4010

(McLAS$IFIED .1. IEND
AD
404 1 P 4 T E

F I L M E [ ~U - I



t~ ~; 2 8

_______ ~ ~~~2 

II~ 2

I Ii ~ j J~20

S _____________

(II~f ‘ ~~~~~~ IIIt!i~. ~
M~ ~~~~ P1 ~LlJ N 1~

4 % ,



riii
—

Off i ce  of Naval ~c~ica ’ch

Cont rac t  NOOO !4-76-~ -OC23 “~~ NR032-544

©

• FINAL REPORT

1) CREEP AXD RELAXATI ON 3EHAVIO~ uF VAP O R — D E P O Sf l E ~ A~ @~ PHOUS

SELEN IUM FILES : 2) FLOW BFHAVI OR OF GLASSY NETALS

David Turahull

V
I—--—— - _____—.---_____

Reproduction in whole or in part is
pert i t t~ d b i  t~t c 5 G o ’ er ’trne 1t

>-
,

December 19?6

C—)

LU Di’:i r~rt of En c~~~ ’~~r 1r  ?p ~ 1i~ d P~r’~~i
U 1{.?.rv~~rd U n i v e r s i L v .  ~a ~ r i~~j~c ~~~~~~~~~~~~~~~:~ ~~~~~~~~

-
~--

c~f’

~ ? ‘—~~~~~ ~~~~~~~ 
•~~ .

~~~~~: 2 T _~_~
__: 

~~~T 
_ _ -

~~~~~~~ 

—
~~~~



Uncl:i~,~
, I ~~~ 1

SECu ’~l T Y C L A I~~~~ 
- .

F~EPOPT DJC j
~~~~ ’ : ~~

IP~~~~~~T ~~~~~~ ~~~ ~~~~~~~~~~~ ~~3. - PU ..IP ,L~~ ’ S  ~~A ~ A _ C 3  ~~v - ~
‘L’echnical  Rcpor t  ~~~~ 

2

~~~~~~ PO k I

CR J~EP AND REL\~: ‘T~ ~N y L\VJC ~ ~F ~‘J~~R-- / Final
DLPO S1TED A~IORP[~OU~ ~~~~~~~~~ ~ LLM S; 2 )  FLOW ( 7 / 1 / 7 5  9f 3 1 ~f 7~ 

_____

M~iIAVIOR OF GLASSY M1:TALS , T7~ R F O P M N G QR ~~. ~~~~~~~~~~~~~~~~~

- —~ 
~~~~ ~~~~~~~~~~~

IC’ David,ht~rn bu11 ( 

____—

~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~. P E R I~ORM~~~G O4~~ A ’ . Z ~~~ ~~ ~~~ V E  A . .~ !~~~~~~ 55 R’.~~’ ’ iA\l ~~. ~~‘• ~~~~~
-. ~~~~~~~

~~~~~~~~~~~~~~~~~~ ~~~~~~~- ;

Department of Engi ne~~riri g ~ App l.iad Phys~~cs 
~
, /

Harvard Univers it y  ~~~~~ • 
1 

/ ~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~I ’  COP~1~~~~LL ~~.3 QF~~, C E  •A U~~ ~~~~~~ A -1~~~ 12. PC~~ C P T  L~A ’

ONR — Dept.  of Navy Dece~ b 7 ~
Arlington, Virginia 2 2l7 U’ N U C. ’ P ’~~~

‘4. MO~. t T C R~~~ 3 A 3E~~ CV ~~~~~~~~~ AC ~~P~~S 3’1f a ’I1eg ~,~ : tr~ n~ C~ nr,~ IJln~ CIJ~c, , 1~~. S~~ C.~ P i T  V ~~~ A~~~ 
~~~~I’ ’

~~ Unclas~ if~~d

~~~

-

I~~. D c S T H I ~~~iT I C N  S~ A T E V E N T  ~~~ ~h,.c R~~p~~r ,

j~~rov~~~.., f .or pub 1~ a release: d i st r ibu tion  un limited .

/~~~~~~~~~~~T~~

_

J)~~~~~
r j

~~~~~~~
f

/ 
‘

‘

~~~~~~~~~~~ 

_
/
~~/ _ _  _ _

IP. ~ t ST RIBL ~~ IO ’4 S t  ~~~~ M T ( th . ,d~L. tz . le t  ~~~~~~~~~~~~~~ 1 7 m ~~T~~T . 
—

• J ; r .  ~~~~~~~~i ’ ~~ /~~~ ~~

‘
-

‘ 

~~~~~~~~~~~~~~~~~~~~ ~
‘
\\

____ 
/ \‘~~. •

~~~~~~~ ~-<~~ .
j i

—--- - -
~~~~~~ - —-- ~~-‘— - •

~_____________________________ 1 - ~~~ L.- - - — —
18. SUPPL EM~~M T A q Y NO E S

t9 .  K E Y  W O 1 ~~S - Conrin ~~s on ~~~~~~~~ ~~~ r~øc.. ia~-v ~~ i j~~er, ti~~~ 1~-.- Llo ~~

Photoeryst illizatlon , A~norphous S~micor.ducters, Glass” Met~i1s, Cr~~~
Behavior.

_ _ _ _  __ • --—-- _______-  _
~~
. __j

-
~~~ 

20 A l~~ST ~~~,,1CT  (Cc. -~lIn~. ~~ ~~~~~~~~~~ ~
. ,  IF re~~. ~~ ary a-~ i sdI,-(:Iv v l ’I OC~ flUr.’ O.,)

It has beet-i s~’o’.
. -a rha~ a—Se ffl!...s dc- v’:~i t c ~ f~~ci  the ~~t ’~o~ ~r .te

tenpera tu re  ~ ‘i~~s~ ! t ’~r~~~ ~:~n~n anr.ealcd ~it  Cr j~~i~~t h~~1c~ ’ th~ fr c~ ~ss t~ - ’ .:~c~
heo’m~e i:idistin~ ’~i -

~~‘~~ ~~~, ~n los; ar id  t r a t . 3 : .’r~- ’.t ic:1 i~~- :t ~iv ior .  f r cr~ ‘
~~ 

—

quenched spec i r c n s .  P olil irLi t 1 r ‘. i hic rar.~~ .
(a) sharp ly i nc ro~~s-~~

- 
~~

.
~L-:  ‘- ~‘i r o a -h  t t~ ~~~~i i c c . r~~t.. ~~~~ ov~~i1

while not cf1~ ct ~r t} ’ :  ! ~~~ r U  ~ C; CC~L 1I ! L ~~~~~ . (b) ~~~~~ j - ~’L ’ . :
• number density •‘€ crv~ t ~~ zL , ’o  ~~t~~1v ~m c L c-a ’~~- i  ~• i L l~ ~~~

-•-— -“-- • —-•—- •— ---- • ~-•-•- - .- ——-,----—-~~ -.---~~ 
.•

DD , ~ A:’;J ~473 ~~~~~~ 
.
~~

S ’ •
. 

~ 4 
~~~~~~~~~~~~~ 

,_ •

~~~~~~~~~~~~~~~~~~~ 
- . ~~~~~~~~~~ ~~~~~~ .• c .~~~

/~~
‘, 1/ 

• - -~ ~~~~~~~~~~~~~~~ -



Unclassified 
________

_ _ ~~ i” ( I ’~V C L A ~~~
, _ C A T ~ ~ 

0 r  ~ HI~ • • ~h..n f ) & .~~t ’r n - ~~l)

measurable homogeneous nucleatioa , (c) generally increases the rates of
growth of crystals within the films.

It has been shown that the plastic deformation behavior of glassy C:c-t~ is
can be represented satisfactorily by a deformation map of the type prc-~ ente~
by Ashby and Frost for various crystalline materials. The available
evidence Indicates that the temperature dependenco of the isocr~n f i~~t i r io~~sl
creep rate below the glass temperature is relat~v’~ly much smaller for
metallic alloy than for non—taetailic glasses.
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Dav id Tur nbull
Division of Eng inee r ing and Applied Physics

Ha rvard U n i v e r s i t y
Cambr idge , Mass. 02138

1. Creep and Relaxation Behavior of Vapor—Deposited Amorphous Selenium Films .

• R.B. Stephens of our laboratory (paper in preparat ion)  developed a hi gh

precision techn ique for measuring the creep rates of thin films . With this

technique he investigated the dependence of the creep rates  of a— Se f i lms , when

relaxing toward configurational equilibrium and when in their fu l l y re 1axr~d s t at e s ,

• on time , temperature and photoillumination. The following conclusions e~er~

from this study .

a) The shear viscosities of the fully relaxed vapor-deposited films

are practically identical with those of bulk melt—quenched specimens , measured

(by Jerickel , Kolloid Zeit 84, 266 (1933) and by Cukierman and Uhlnann , J. ~~ ‘::—

Cryst. Solids 12, 199 (1973)] , by quite different methods , over the entirc

10 12
viscosity range, 10 to 10 poise, of measurement overlap. Stephens measure—

14
ments extended beyond the overlap range to the viscosity 3 x 10 poise.

• b) From the relaxation studies , the temperature dependence of the

isoconfigurational flow of the films in various , partly relaxed states was

determined. The activation energy , ~~ opposing this flow was about 50 kcal/

gtn.atont, roughly independent of the degree of relaxation. This value is, rouehly,

only 40% of the apparent activation energy, E ‘
~
. 130 kcal/gm.atom , for flow

in the fully relaxed state.

c) Illumination wi th light in the visible range had no measurable effect

on the creep rates of the fully relaxed specimens but it sharply increased the

relaxation rates toward configurational equilibrium.
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d) The far infrared spectrum of fully relaxed films is virtually indis-

tinguishable from that of melt—quenched specimens.

e) Thus , despite the rather large energy barrier thought to oppose

ring—chain interconversion in a—Se. films of a—Se relax quite rapidly in

the glass transition range to configurational states which appear to be

the same as those of bulk melt—quenched specimens.

2. Flow Behavior of Classy Metals.

• Our analysis indicates that , just as for a—Se , the rate constant for

homogeneous creep of any glassy metal is composed of an isoconfigurational

mobility factor and a configurational excitation factor determined by the

actual average configuration (e.g., as characterized by the free volume or

configurational entropy). Further the available data on the homogeneous

creep rates o glassy metals, at temperatures near to and far below the glass

temperature , yield activation energies, ~~ for isoconfigurational flow which ,

in contrast with the results on a—Se , are only a small fraction ,~~~~-, of the

apparent activation energy f or flow in the fully relaxed states. An important

consequence of this behavior is that high flow rates can persist in localized

regions where high amounts of configurational disorder are retained or imposed
8

by some external force to temperatures far  below the glass temperature.

Spaepen showed (ONR Technical Report No. 7, “A Microscopic Mechanism for

Steady State Inhomogeneous Flow in Metallic Classes”) that the available

deformation data on glassy metals can be satisfactorily represented by a

deformation map of the type presented by Ashby and Frost for various crystall ne

materials. This map dep icts creep rates and the prevailing deformation mechanism

with variances of the reduced temperatures and flow stresses. The position of

the boundary line between the homogeneous and inhomogeneous flow regions on the

deformation map was consistent wi th calculations of it based on the concepts

outlined above and the free volume model for flow.
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Papers Published or in Press

1. Frans Spaepen and R.B. M~ y er , “The Surface Tension in a Structural
Model for the Solid—Liquid Interface ”, Scripta ~kt. 10, 257 (1976).

2. R.B. Stephens, “Relaxation Effects in Glassy Selenium”, J. Non—Cryst.
Solids 20, 75 (1976). Also ONR Technical Rept . #3, N000l4—67—A—0298--
0036, NR—032—544 (February 1975).

3. M. Marcus and D. Turnbull, “On the Correlation between Glass Forming
Tendency and Liquidus Temperature in Metallic Alloys” , Mats. S d .  and
Eng. 23, 211 (1976). [Paper presented at Second International Conference
on Rapidl y Quenched Metals (M.I.T.)].

4. Frans Spaepen, “A Microscopic Mechanism for Steady State Inhornogeneous
Flow in Metallic Glasses’s , ONR Technical Report No. 7, N00014—67—A—0298—
0036, NR—032—544 (August 1976).

• 5. G. Gross, R.B. Stephens and D. Turnbull, “On the Crystallization of
Amorphous Selenium Films : Thermal and Photo Effects”,J. A ppi. Phys.
48 , 1139 (1977).

6. F. Spaepen and D. Turnbull, “Formation of Metallic Classes”, invited
paper in Second International Conference on Rapidl y Quenched Metals ,
Nov. 1975 , M . I . T . ;  in press , Confe rence Proceedings.

7. F. Speepert and D. Turnbull , “Transport and Transformation Behavior
in Netallic Classes”, invited oaper at A .S.M . Seminar on Amorpho us
Metals, Sept-.. 1976, Niagara Falls, N . Y .  To appear as ONR Technical
Report No. 1, N00014—76—C—0020, NR—032—544, and in press , Conference
Proceedings.

8. D. Turnbull, “Formation and Transformation Behavior of Amorphous
Solids”, in Physics of Structurally Disordered Solids (edited by
S.S. Mitra), pp. 1—7, Plenum Press (1976).

Technical Report and Paper in Preparation.

1. R.B. Stephens, “The Viscosity and Structural Relaxation Rate of
Amorphous Selenium” , submitted to J. App i. Phys.
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David Turnbull : Invited Talks 1976

l. New York Academy of Sciences Workshop on the Glass Transition and
Nature of the Classy State , “Relation of Crystallization Behavior
to Structure in Amorphous Systems”, Dec. 1973.

2. Northeastern University Chemistry Department Colloquium , “The Glass
Transition in Monatomic Systems”, 1/19/76.

3. Ohio State Meta l lurgy and Ceramics Seminar , “Models for the Crystal—
Melt Interfacial Tension and implications to Sol id i f ica t ion” , 5/28176.

4. In ternat ional  Magnetism Conference , P i t t sburgh : “Formation and
Stability of Amorphous Ferromaguetic Alloys”, 6/18—76.

5. La Jolla Materials (ARPA) Council: “Metallic Glasses: Genesis and
Structure”, 7/19/76.

6. Gordon Conference on Physical Metallurgy , “Thermodynamic and Kinetic
Factors in Glass Formation”, 7/12/76.

7. Second International Symposium on Amorphous Ferrornagnet ism, R.P.I.,
Troy, N.Y., “Atomic Transport and Transformation Behavior of Glassy
Metals”, 8/27/76.

8. A.S.M. Seminar on Metallic Glasses, Niagara Falls, N.Y.: “Atomic
Transport and Transformation Behavior of Glassy Metals~’, 9/18/76.

9. Corning Glass Research Lahoratory Colloquium : “Formation , S t ruc ture
and Properties of Glassy Metals”, 10/22/76.

Frans Spaepen: Invited Talks 1976

1. Gordon Research Conference on Physical Metallurgy: “Models for Flow
and Fracture of Amorphous Metals”, 7/14/76.

2. Colloquium on “Li q uid Metals and the Solid—Li quid Inte r face ” ,
Carry—Le—Rouet , France: “Configurational and Entropic Aspects of
the Solid—Liquid Interface”, 11/18/76.

3. 10th Meta ls Conference  — “Physical Prope r ties of Amorphous Metals”,
Utrectit , the Netherlands: “Flow and Fracture of Glassy Metals”, 11/23/76.
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Other Contracts

1. “Study of the Mechanisms for “Fast Diffusion in Metals”.
National Science Foundation.

2. Share of Materials Research Laboratory,
National Science Foundation.

3. Adviser (no student or post—doctoral report) on “Preparation and
Characterization of Improved Superconducting Materials”.
National Science Foundation.
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