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STRESS RELAXATIO N IN COILED RIBBONS of
Fe40N140P14B6 and Fe29N149P14 B6S12

I

D. G. Ast and D. J. Krenitsky

Departme nt of Materials Science and Eng ineering
Cornell Universit y

Ithaca , New York 14853

ABSTRACT

The stress relaxation at elevated temperatures in coiled ribbons of Fe-Ni base metallic r
glasses is calc ulated for both power law creep and Eyring activated flow. The results are

compared with experimental data on the spring back of coiled ribbons after various anneals.

Good agreement is obtained for Eyring activated flow , but not for power law creep. Compari-

son with stress relaxation exper iments on strai ght sectio ns indicates that stress relaxation in

coiled ribbo ns is largel y due to transient creep.
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1.) Introduction

The tensile compliance of metallic glasses consists typically of thre e contributions: a)

an instantaneous elastic part , b) a t ransient or anelastic part and c) a steady state or p lastic
F

pa rt . 1 The transient part is largely, but not completel y recoverable. The non-recoverable

fraction of the transient compliance is on the order of 5% or less ,2 and and is ascribed to the

rela xation of the quenched glass towards a more stable structure. 2 This contribution therefore

decreases with the number of test cycles on a given speci men .2 - -

The relative magnitude of the three contributions to the tensile compliance varies with r
temperatu re. At hi gh te mperatures (Tg > T > Tg -20°C) the arielastic contribution becomes

ver y large , about 200 ti mes larger than the elastic contribution. In this narrow temperature

range , metallic glasses behave therefore almost like glassy polymers. Sufficiently below T5, the

anelastic contribution is of the order of the instantaneous elastic contributions , or fractions
p

thereof.

According to refe rence 2 the nature of the anelastic element at low temperatures

(T g~lI 0 ° < T < Tg~2 l0 °C) and low stresses is Maxwe ll ian , but at stresses higher than about

a qua rter of the y ield st ress a more complex behavior is observed. 2 Rece ntly a more detailed

anal ysis has shown that in Pd-Si glasses the recoverable (i .e. majority ) and nonrecoverab le

( minority) part of the transient component can be modeled with a Maxwell element in series

with a Voight element. 3

The steady state or plastic deformation is viscous only at hi gh te mperatures (T 5-30 <

T < T5) where it follows the Vogel-Fuicher equation. Below this range, the te m perature

depe ndence of the plastic flow is usuall y expressed by an Ar rhenius expression wi th  a tempera-

ture dependent activatio n energy. The activation energy decreases rap idly below T~-30°C a nd

reaches an approximately constant value in the reg io n where the viscosity is greate r than about

lO 15 Nm 2sec. In the reg ion T5-2 lO < T < Tg~ l 10 °C the meas ured activation energy for Pd-Si

based metallic glasses is 0.5 eV,2 and 0.1 to 1 eV in Ni- P or Co-P based meta l l ic glasses. 4

The stress dependence of the p lastic defo rmation is small and can , withi n the experi-
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Page 3

mental error , be satisfactorily desc ribed by both an Eyring model and by a power law. 2 The

Eyring model yields an activation volume v~ on the order of an atomic volume t2)~2 Alterna- V

tivel y , th e power law descr iptio n , ê — A&~, fits the data with n = l . 6  in Pd base glasses2 and 1

in Ni-P. 3 For temperatures closer than about 10°C to Tg. the stress dependence increases r
rapidl y and v may reach 100 f~)

Most of the reported mechanical data on amorphous alloys pertain to Pd-Si based

metallic glasses which ca n be prepared more easily than the Ni-Fe based variety. In view of ~ I
this situation we studied the relaxat ion behavior of Ni-Fe base metallic glasses i n considerable P

- detail. 5 This paper reports an analysis of the tran sient deformation which , as we will show ,

dominates the stress relief in practical annealing situations such as is encountered in the

annealing of wound transformer cores.

2.) Experimental

Two types of experimental data are available for an analysis of the stress relaxation

behavior of amor phous Fe40Ni 40P 14 B6 (Trade name Allied Metglas #2826). These are stress

relaxation data fro m tensile tests 5 and sp r ing back measurements on 2826 ribbons coiled into

rings prior to anneal. 6’7

A typical result of a stress relaxation test under tension is shown in Fig. 1, which

ill ustrates the relation between stress (vertical axis) and strain rate (horizontal axis) for four

diffe rent initial stress levels. It can be seen that the log 10 o vs log 10 e relation consists

phenomenologicall y of three pa rts , the borders bet ween which are indicated by arrows in Fig .

I .  Part I commences immediately after termination of loading and is characterized by an

extreme sensitivity of the strain rate to stress. At 270 °C, this part is completed in about 60

sec. Part 2 is the transient or anelast ic deformation , which eventual l y merges into part 3, the

stead y state or p lastic deformation. The transition between part 2 and part 3 is gradual and at

270 °C occurs aroun d 5 Ii , give or take a factor of 2. Part 3, the stead y state deformation , is

very accurately described by a power law with a stress exponent of about 4. A detailed

in vesti gatio n reveals that  the stress exponent of a well annealed sample (T.IflOL .11,=300 °C)

p
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tested repeatedly at 270 °C changes slightl y with the number of load cycles rising from about

3.7 after the first loading to about 4.3 after the 6th loading. These changes are too small to

be detected t n Fig. I and are therefo re show n separatel y in Fig. 2 .

As the te mperature is lowered , the ti me to reach steady state deformation increases

very rapidl y so that fo r practical time intervals this section of the log a vs log I curve soon

becomes u nobservable.
i

Tests on ribbons coiled into rings prior to anneal are easil y carried out and a number

of investigators have used these tests as a qualitati ve means to check stress relief in wound p

ribbons. The most detailed measurements , by fa r, are those by Graha m , Egami , Williams a n d

Takei ,6 whose measurements are reproduced in Figs. 3, 4 a nd 5. Their specimens were coiled

into rings of 6.5 mm radius prior to anneal at various temperatures and times. After each

anneal , the equilibrium radius of curvature was measured. Stress relaxation was then p lotted

on a scale from I ,  corresponding to the initial stress , to 0, corresponding to complete stress

relaxatio n or zero spring back , These investi gators reported that  they tried unsuccessfully to

ded uce activation energ ies fro m the data , or to fit  the curves to conve ntional kinetic equations.

In the following section we will anal yze their data and show that they can be account-

ed fo r by an Ey ring type flow. r
3.) Analysis

The task at hand is to evaluate the time dependent stress distribution in the ribbon , as

progressive relaxation changes the initial l inear elastic stress distributi on introduced by coiling $

at the ti me t=0. Out of the many models proposed for relaxation , two flow laws were 
, I

i nvestigated in detail in this anal ysis. The respective laws were an Eyri ng activated state

model:

I~ cxp (- .~l l /k ’l ’)2si n h ( v o /k l ’ ) ( I  ) L -
and a power law of the form:

= 
~ 

exp (-~ H/k’ r)(~/~,,Pt (
~

)

li the stress dist ributi on n ( z ,t ) is k nown , the stress dist ribution at the time t+~~t. is given by

—a -

. ‘

~ 
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a(z ,ti- At ) = a(z ,t ) - F.I(z ,t ) .At  (3)

where E is the elastic modulus (Youngs modulus ) . For At -
~~ 0, one obtains , with flo w laws

( l ) a nd (2): j

— = - 2Er 0 exp (AH/kT ) sinh (v ~o/kT) (4)
Ot

and

— = - E10(a/a 0)1’ exp (-~ H/kT) ( 5 )

The boundary condition is that for t=0 the stress distribution is linear , i.e.

o(z ,0) = (2z/d )a 0

whe re z is the coordinate perpendicular to the p lane of the ribbon sta rting at the neutral axis ,

d the thickness of the ribbon and a~ the elastic surface stress at t=0. The general solution of

equation (4) is given by:

a kT l .+- f ( z ) f ( t )
— = In (6)

v a
() 

l - f ( z ) f ( t )  p

where

f ( t ) = exp ( - 2E~0 exp (-AH /kT )v /kT)

and
cxp(a(z,0)v~/kT)- I

f( z ) =
exp (a (z ,0)v */kT+l

Wit h the help of hyperbolic functions Eq. (6) ca n be written more concisely as:

= (kT/v ~o~) 2 a r th C th ( a ( z ,0)/ 2kT ) exp (~2Et ()exp(~AH/kT ) v */kT) ] (7)

The solution for power law creep is simpler and given by:

(o / a~) = I I - 
EI 11exp (- .~H/kT ) ( n -  I )t 

~ 
(~ )

o~ a( z,0) ‘~

These eq uations have been evaluated with the aid of a PDP 12 computer and Fi gs. 6 and 7

show calc ulated stress distributions in coiled ribbons at various times for the two flow laws.

The values chosen for the flow parameters , v = 400 ( A )~ and n = I3 are typ ical for what

one obtai n s f rom a n a n al ysis of experi mental data. ‘rhe ge neral behavior in Figs.. 6 a nd 7 is

q uite similar except at low stresses where the power law gives a much slower stress relief with 
I
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time. This behavior generates , as we will see, a ‘ tail ” in the time dependent moment which is

characteristic for power law creep.

The stress distributions (7) and (8) can be used to calculate the time dependent F
mome’,ts which are directly relat ed to the observed radii of curvature:

d/2 d/2
M (t ) / M (t 0) = f  a (z ,t)zdz/ f  a (z ,0)zdz (9)

This integration was carried out numericall y on a PDP 12 computer , except fo r the

case n=4 which can be integrated easil y i n closed for m, yieldi ng:

M (t ) /M (t 0) = (3/2~~)I ( I +~ ) 2/ 3 _ l  3

( 10)

with:  t~~ = [3Et 0exp(-A H/kT ) ] • [ E / o~~]

00 is given by the geometry. The other parameters i.e. ~~~~, A l-I , and v~ or , al ternat ively n ,
p

which enter Eq. (9) were varied in an attempt to match the experimental data. In the initial

stage of para meter f i t t ing ,  we fou nd it convenient to approximate the actual stress distribution

with two linear sections (see Fig. 8). The moment is then simp ly give n by: L -

M (t ) /M 0 = ( I  .5.a(d/2 ,t )  - (0 .5.a(d .t) 3) ( I I )

where a(d/ 2 ,t) is given by Eq. (7) and (8) respectively. The approximat ion is fairly accurate

eve n for moderate stress dependence (n=4 , see Figs. 9 and 10) and becomes quite accurate at

highe r stress dependences (n= 13) where the deviation s between the actual and the approxi-

mate stress dependence become small.

4.) Results

Comparisons between the results of the calculations and the exper imenta l  data are

show n in Figs. 9- 14 .

It was fou nd that the stress relief in coiled ribbons could not he described with a

powe r type flow law. Figs. 9 and 10 show the best fit obtained for n=4 ; i.e. the flow law

which describes the steady state or p lasti~ defor mation part of the stress relaxation curve of

Fig. 1. The calculated curves fal l  faster with the time than experimentally observed , i ndicating

_ _  _ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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that stress relaxation in coiled ribbons is not caused by plastic flow. Treating n as an adjusta-

ble parameter did not improve the f i t .  A typical result is shown in Fig. I I .  The choice of

n= 13 generates a good fit for the 150 °C anneal ing data , but fails to represent the slope of the

experimental data at other annealing temperatures. In addition one finds that the shif t  of the

annealing curves with temperature can not be described with a sing le activation energy.

The results obtained with an Eyring type h yperbolic flow law are depicted in Figs.

12-14 , which show both the results obtained with 2826 (composition Fe40Ni 40P 14 B6) and wi th

2826 B (composition Fe29Ni 49P 14 B6Si 2 ) .

Figure 12 shows that  the long term (0. 1 < t < 1000 h) anneal ing of coiled 282(,B

ribbons can be matched successfully wi th  such a flow law. The parameters en te r ing  the

calculation were = 9 . lOt8h * AH =2 .4 6  eV (56.ôKca l/mo l) ;  and v~ = 400 (A ) .~ The

accuracy with which these parameters can he determ ined is about 10% in the case of ~11and

5% or better in the case of .~I-1 and v~ . Besides a good overall matching,  the calculated curves

reproduce previously unnot iced trends in the exper imenta l  data such as a slig ht negat ive 
- -

curvature of the anneal ing curves at lower anneal ing empera tures.  The sl ight  deviation in the

position (but not the slope) of (li e 250 ° isotherm is probably a real effect and wil l  he dis-

cussed later.

The predictions for the short term annealing behavior of 28268 , using the same set of

parameters , is shown in Fi g. 13. The good agreement between theory and exper iment

in dicate s that  the same process that  controls the long term annea l ing  behavior also controls the r
short ter m annealing behavior down to 7 m m ., i.e. the shortest annea l ing  t imes studied.

Next , we pre sent the results obtained on 2826. Fi gure 14 shows tha t  very good f i t s

can he obtained for T= l 5 0  and 200 °C. hut  tha t  for T=22 5 and 1=250 °C deviations set in at

longer anneal ing times. ‘there are not enough exper imenta l  data to f ix  the onset ol these

deviat ions reliably for 1=225 °C. At 250 °C, the deviat ions set in somewhere between 5.6 h NH

(the last data po int f i t ted  by the theore t ica l  predict ion )  and 45 h (ti le first  data point  to show

an unambiguous  dev ia t ion ) .  The dire ction of the deviat ions are towards larger t imes ;  i .e.

I

- - - -  . - -—--  - - -- _ _
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Page 8

annealing proceeds slower than predicted. ‘rhe values entered for 2826 were

A l- 1=2.4 14 eV (55 .6kca l) ; and v *=360 (A) .~
5.) Discussion

The deviations observed in 2826 annealed for long times at hi gh temperatures ar’~

easily understood with  the aid of Fi g. I which shows that  af ter  several hours t ime , t rans ient

creep is replaced by stead y state creep (the exact t ime at which this transition occurs is stress

dependent and for this reason the two sets of data can not be compared directl y).  Extrapo la-

tio n of the transient creep equation to low stress levels results in an overestimate of the creep

rate which accounts for the observed deviations. It would he desirable to have more accurate

stress relaxation data on coiled ribbons at hig h temperatures and long annea l ing  t imes to

confirm this interpretation by a direct anal ysis of the experimental  data along the lines of Eq.

(7).
p

The results on both plastic or steady state and the transient or anelastic creep in Fe-Ni

based metallic glasses are somewhat surprising. In the plastic range , the very hi gh precision of

the stress relaxation data allows an exper imental  discr iminat ion between a power law descrip-

tion and a hyperbolic flow model. Such an analysis shows that  a power law with  n 4 fi ts  the

experimental data wi thin  the small experimental  errors whereas a hyperbolic fit  results in small P

but systematic deviations just outside the experimental  scatter. (If  one nevertheless ana l v i e s

such a fi t  one finds v~ for steady state creep on the order of an atomic volume which agrees

with the observation on Pd-Si based glasses). The stress exponent  of 4 , is unusua l  in view

of the results on both Pd-Si based glasses (n= 1.6) and Ni-P (n= I ) .  it also does not agree

wi th  the prediction of the free volume theory which predicts n= 1 . 8 Dislocation models , of

course, can easily account  for th e observed steady s ta te  creep exponent .  - -

In the t rans ient  or anelastic deformation , considerable rearrangem ent  must  he involved
r -

on on a tomic scale , as indicated by the large activation volume (~ 20 : I lumic  volumes) .  The

good matching of the calcu lated ~nd exper imenta l  slopes at all temperatures  indicate  tha t  v~

does not depend on temperature in the temperature range invest i gated.

~~~~~~~~E ’
~~~~ ~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
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The activation energy for transient creep of 2.4 eV appears hig h compared to the

reported activation energy for steady state creep in Fe-Ni base alloys (Q=0.35 eV in N i -P ) .

but matches , as is to be expected , those measured for internal  friction (2.2-2.6 eV). The

deviation between calculation and experiment observed at 250 °C in 2826B (but not in 2826)

could indicate a shif t  to hi gher activation energies as T approaches Tg . Such shi f t s  are

commonly observed in pol ymers if T > Tg~30 °C~ It is conceivable that  the large s t ruc tura l

instabil i ty of metallic glasses , relative to polymers , g ives rise to such effects at temperatures

which are in the order of Tg_ l 00 °C. To settle this quest ion conclusivel y, data at hi gher

annealing temperatures are needed . At the moment , the only act ivat ion energy available for

the high temperature behavior of 2826 is the activation energy of crystal l ization (3.9 eV9 at

400°C). L
The activation energy for transient creep of 2826B is about .05 eV hig her than that  of

2826 , a di f ference which is like l y wi th in  experimental error. The trend , however , follows the

observation on the act ivati on energies for crystal l izat ion which increases wi th  the number  of

atomic species in the alloy. 9

By replotting the transient portion of Fig. I in a suitable coordinate system , one can
N

show i n an independent way that the anelastic relaxation follows roug hly  a hyperbol ic  f low law

with a v~ of about 400 (A ) . 3

‘1 ne m a x i m u m , in i t i a l  stress levels in the coile d ribbons invest i gated here are only

about 1/3 of the ini t ial  stress levels in the tensile relaxation specimen of Fig. I so that  a direct

compa rison of the relaxation beha vior can not be carried out.

This is i l lus t ra ted  by the preexpone ntial factor in the t ransient  creep equat ion which

depends on the in i t i a l  load ing in the specimen. The reasons for this  can be seen from Fig. I

which shows re laxa t ion  of 2826 in a tensile a r rangement  at four  d i f f e ren t  load levels. The

t rans ien ts  are qui te  s imi la r , i.e. re laxat ion  follows the same basic flow law . However , the

stress re laxat ion at a lower load level does not fa l l  on the extens ion of stress r e l axa t ion  ~

in i t ia ted  at a higher stress level. Ra ther  the t ransla t ion at d i f f e r e n t  load levels occurs along a

~~~~ ,~~~~~~—7-’.-~~
w. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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Page 10

line which approximatel y parallels the steady state creep curve. The preexponent ia l  factor ~ ,,

therefore changes with stress in an appr oximately power l ike fashion , with a stress exponent  of

4 if a is normalized relative to a~ .

6.) Summary

The stress relaxat ion process in coiled ribbons of Fe-Ni based metal l ic  glasses has been

anal yzed.

It is found that  the stress relaxa tion is almost ent i re ly due to t ransient , non steadv state .

deformation which to llows a hyperboli c flow law. The act iv at i on energ ies are 2. 41 eV for P

2826 and 2.46 eV for 2826B. The act ivat ion volumes are 360 (~~ ) 3 in 2826 and 400 (A )~ in

2826B.

Stead y state creep is only reached af ter  very long anneals  at hi gh temperatures  and at

stress levels of I0% or less of the in i t i a l  stress level.
w
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Figure Captions

Fig. I Log10 of stress vs. log 10 of strai n rate as measured in a tensi le test stress relaxa -

ti on experiment. Results are shown for four different initial load levels. Test

te mperature is 270 °C. The specimen was preannealed at 300°C to stabilize the r

structure.

Fig. 2 Stress exponent and preexponential factor as measured in repeated tensile test

st ress relaxation experiments on one specimen. Test temperature is 270 °C.

Fig. 3 Short term annealing behavior of 2826B measured from the spring back of coiled r
ribbons. Data from Ref. 6.

Fi g. 4 Long term annealing behavior of 2826B measured from the spring back of coiled

ribbons. Data from Ref. 6.

Fig. 5 Long term annealing behavior of 2826 measured from the spring back of coiled

ri bbons. Data from Ref. 6.

Fig. 6 Calculated time dependent stress distribution in the ribbon, measured from the

neutral axis. The calculation assumes that  transient creep follows a hyperbolic

flow law with v *=400 (A)~.

Fig. 7. Calculated time dependent stress distr ibut ion in the ribbon measured from the r
neutral axis. The calculation assumes that transient creep follows a power law

with n= 13.

Fig. 8 Approxi m ation used for the closed solution of Eq. I l  for M( t ) / M (0 ) .

Fig. 9 Stress relief in coiled ribbons , assuming a power law with  n=4 for t ransient  creep.

Solid lines are calculated , using the approximation indicated in Fig. 8. Dashed

lines connect exper imental  results.

Fig. 10 Stress rel ief in coiled ribbons . assuming a power law with n=4  for t ransient  creep.

Solid lines are calculated numericall y. Dashed lines connect experimental results.
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Fig. I I  Stress relief in coiled ribbons , assuming a power law with n= 13 for transient

creep. Solid lines are calculated numerica lly. Dashed lines connect experimental

results. F
Fig. 12 Stress relief in coiled ribbons , assuming a hyperbolic flow law with v = 400 P

( A )~~ , A H=2 .46 eV , 
~~= 9.10 18 for transient creep. Long term behavior. Solid

li nes are calculated numerically. Dashed lines connect experimen tal results.
0

Fig. 13 St ress r elief i n coiled ribbons , assuming a hyperbolic flow law with v * = 400 (A ),

AH =2.4 6 eV , 
~~ 

=9 . l0 ’~ for transient creep. Short term behavior. Solid lines

are calculated numeri cal ly.  Dashed lines connect experimental  re sults.

Fig. 14 Stress relief in coiled ribbons , assuming a hyperbolic flow law with  s’ 360

(A),~ ~ H=2.4 l  eV , r =  6, 10 19 fo r transient creep. Long term behavior. Solid

lines are calculated numericall y. Dashed lines connect experimental results.

p

I

I
_ _ _ _ _  

I 
‘ - .~~~~~~~~~ . -- - . .. - - - - -~~~~~~~ ----- ‘-- .-~~~~~~~~~-..- -~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _  

- -

5.4 - - 3.24

/
/ 0 0 5

/ ~~~ °

-

V ~~~~~ 
V V V V 2

I

~~ ,V

5.2 - 

/ I
5.1 - A - 2.94~~

~~ 

84

Log Strain Rate ( sec’1)
FIGURE 1

-s .-- . 
- - - ~~~~

.
‘ -

.
~~~~~~~ -

—- ..~-- ~~~~~~~.



—.-.- —w--- ’. -
- 

--- :~~ -,--,- -. 
- 

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

.

~~~~~~~~

5.4 - / - 3.24

/ AA~~~
A A  A 6

/ 0

/

/ ~ ° 4

5,3 - - 3.14
V V V 2

,~ ~;~V

I’

/  

304 N
E

5.1 - A - 2.94 ’

/ 

~~

B4

Log Strain Rate (se c~ )

F I G U R E  1

_ _ _  -- ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 
-
~~ 

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



. -~~~ --

~ 

:o i

/

. T~ 27OO C

1 2 3 4 5 6
~ Of Experiment On Specimen

I O~ ° - /
- 

0 0

0 -

U) 
H

i~~
25 

I I

1 2 3 4 5 6
Of Experiment On Spec imen

i.
F I G U R E  2

L -- 
~~~

— -
~~~~

—
~~~~~~ - - —- •- - _ _ _ _  - -  ____ . .  _ _ _ _ _  _ _ _

~~~~~~~~~ ‘ ~~~ 
‘
~~~~~~ ~~~~~~

---- -- - .
~~ 

- 
~~~~~~~~~ ‘~~2’. .~~



-- - . .— —...— ~~.- - .~~—,.-‘—,--.-—---- -.--- - .

R0 /R (t ,T)
cx~ (0 0

I

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

In

Cl,

5 N)
cx
N)

— N) N) N) — —
0 - u,  N) 00 0 0” 0

0 0 0 0

II, I I

FIGURE 3

~~~~~~~~~~~~~~~~~ 1 — ~~~-- ~~~~~~~~---- ~~



- :~ ‘~ TTT’~ -.__-__-~~ ~~~
- 

~~~~~~~

R0 /R O ,T)

0 — N) 4~~ °‘ °~‘ ~~ ~~ (0~~~~~~~~~~~~~

— T

S

S .

S
S .

CJl •
0

S
—4-

-

-
~(1)

S

• .5

S

S
o co

S — N-)o~
)

(51 0 0

0 0 
C)

0o 1 1 
_
~ I I I ____ 1_____.___

- .—— — . --

~~ F J ( ; U R E 4



--- -_— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

R0 /R (t ,T) 
—

N) (~j  -~~ (51 (Y Cx) (0 0
I 1/  / 1/ I p I

/ 1/ / /ft / 1  /
/ I’ 

-

,

•1. I/ ~~‘Z 1
/ -0
/ ~~

/
g
’

1 1/ /
I

3 

1 I 1 1 I I
r l r , I$RF ~

_ _  ~~~~~~



_ _ _ _  ~.~1~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _

_ _ _ _  

_ _ _ _ _ 0

0
‘C 0

‘ -C 0 0 0
-~ 0 0 0 0-. -C 0 0 2 0 2

NJ

Ii

0

F I G U R E  6

-~~
, ._..: 

~~~~~~~~~ ~~~~~ J~~~~~~~~~~~~~
_-

~~
:--— -:

~~.. 
‘

. ... 1’•’ •- ~~~~



- .  ..-
~~ ;

_ __ —  _______0
‘C

V — ‘C

o - 2 2 2
•i II $1 II ii
— 4- 4- 4- 4- 4-

U

- “7
0~~~~~

N.J

\ L

I

0 U~) 0 H0

____ F I G U R E  7

~~~~~~~~~~ 
T~~~~~~~~~~~~~~~~~~~~~~~~~~~

• 

~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~T’ ~~~~ 
‘--
~~~~t- —

~~~~



____ 
-~~~ —

~
-
~

--—-- :~~~~~~ T-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

A,
’

r

A

J 
,, t~~~~t u 

I

F I G U R E  8 1
..

- ~
.
—- - - 0 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ -



— 
~~~~~ 

_ _ _

M(t ,T ) / M 0 
—

N) (~j  (Ji cr, -
~~‘ 

(0 0
I I I .~~

,
,,

,,
“ I I I I .

.

~

9ö / :
/ /• / • .7

7 • /_

/ :
0 1./ I.  . / :/ .  : /

: 
‘ :

-

•
01 . .
0 . .

.

• .

. a
- .

. 
.

. 
.
‘

0 
.
. 

.
.
. 

—

0 a NJ
N) 

‘ 0)
8

0 . 0

§ I I I
1 I (~I l R l ~ 9

- 

- .
~~~~~~~ 

-- ,..— - 
~~~~~~~~~



~
‘
~~~~~~~~~~~~~ -‘ -~~~~~----- .-  -

~~~~~~~

.---- —-

~~ r~~_~ -~~~~~~~

--

~~

--

~~~~~~~~~~

----

~~~~~

M(t ,T ) / M 0 — 
-

o0 N) ~ ~~~~ Ln o CX) ( D o
I I :  I : 

,!
~#I

#
~
#I
~

f

.
.
.
~
’ I  I I :-

-

‘ 5  
‘ 

• 
:

01 . .
.

0 . .

• .

‘ a
- 

. . 
. NJ

0 -  . 
.
‘ co -

N) N)

8 :~~~0 0 - 0

S 
I I I I I I I

F I G U R E  10 

~~~~~ 
-

-
~~~

- 
~~~~~~ITTT 

~~~~~
.. 

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



.-- .—---
~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -
~~~~~~ .—-  - 

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

... .

M(t ,T ) / M 0 
—

o~ N) c~ ~~~~~~~~~~
0’ C~ 

w 0
I 

,
.
~ I 

~~ ~/
‘ ( 1 J.

~0• / /  /‘

1°! rn
‘.5 1’ I / I.

I,

a,
0 

.
.
. 

: 1 . 7  1”7.
•1 ... I I . ../ I...

“ I I . . !  I..

‘ N )  ,
( l , .  - ‘ 0 1  . -0 : 0  .

‘ .

‘
.

5 
.
.
.

S

0 . I : —
0 I . 

NJ
N) 

~~
~~~ 0 .~~~~~~~~~~

O l o  :~~~~~0 . 0
(_)

o 
________________________0 I 1 I I I I I0 - ---

FT~’I
~RE 1 1

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

.~~~~‘. 
‘

~~~~~

‘ ‘

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

,.



M ( t ,T )/M 0
0 — N) ()J ~~ 01 0) ( 0 0

I I I I / I I / l  1/
/ I

•1

/ u11’l S I
/ / / 1

I ~~ ~
i
~/ 7

/
/ -

.411 / / / /

-

~ 

I

/~ ~/ / / -

// / /
Cl) /1/ /

/ f / /
/1 /5~7. I

/ 1 I

o~- I
0 N) 

/ 
cc

r: I (; uRI : 12

,. -.-
~~~~~ 

—-——-- -— —— - - . ..—-- -~. - 
~1-4,,,.. ,,L - _~~ .. — . — - ‘ - ~~~ - — . 

- -b .. ~~~~~ 
— ‘ ~~ - . . ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— ~- -.-. ~~~~~~~~~ —-.- ... ~~~~~~~~~~~~~ .~~ . —.1



_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

M (t ,T)/M 0
N) ()J C) ‘-.J a, (0 

-~~~
0 I I ~~~~~~~~~ ~~-

I - ,,,
// /

,
0 

10 / I

N) - / / I I -

N) 

I

I

— .1 1 ~ _ _ _ _

FIGURE 13

_______________ - a’- ~~. — a ~~~a

~~~~II.I— I,, ~~~~ 
,L . - — -. •v .  ‘-‘ - 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~ . -~~~~~ ..LL ~



M(t )T)/ MQ
N) UJ ~~~~~01 C) -

~~ W ( 0 0

I I I / / I / I / / I //I  I / I /

/ 1  / 1 1  ii I I
,.! / 1  L ’ 1~’1/ Ii

5/./ / 1  1/ 1•
/ /  j /
Ii / /

// -0

/ / T

I /

/ / / 5

- 4- -  7 1/ /
0 / N )  /

— I O i  / —
‘
I

I 0 ‘i(1) I I p

/ 1/ /
ii / /

•
~ 1i  1

J i l
l 

/

N) N) IN) 0
-~~~~ 01 0

0 0 0

0 I _ I I I I I I
0 F1f ~l 1PT’  1 1

L
’II~—i 

- —a—----. j— -~ - ________________

_ _ _  ~~X



~‘- 
- .

~~~~.- 
-- .

. ‘ ‘

~~~~~~~~ 

“ .- -. ----‘-‘- -- .--- 

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

- ~~,I . ’  .-~
.-

BASIC DISTRIBUTIO

Technical and Summary Reports April 1978

Or ganiza tion Cop ies Or gan i zation Copi es

Defense Documentation Center Naval Air Propulsion Test Center
Ca u eron Stat ion Trenton , NJ 08628
Al exandr ia , VA 22314 12 ATTN : Library 1

Off ice of Naval Rese arch Naval Cons truct i on Batal l ion
Department of the N avy Civil Engineer ing Laboratory
800 N. Quincy Street Port Huenem~, CA 93043 . P
Arlin gton , VA 22217 ATTN : Materials  Di v i sion 1

ATTN: Code 471 1 Naval Elec tronics Laboratory
Code 102 1 San Diecio, CA 92152
Code 470 1 ATTN: El ectron Materials

- Sciences Division
Command i ng Officer
Office of Nava l Research Naval Missile Center
Branc h Off ice Mater ials Consul tant
Build i ng 114 , Sc-ction D Code 3312-1

4 666 Summer Street Point Nugu, CA 92041 1
Boston , ItA 02210 1

Commandin g Officer
Co~v1and i ng Officer Naval Surface Weapons Center
Office of Naval Research White Oak Laboratory
Branch Office Silver Spring, MD 20910

‘1 536 South Clark Street ATTN : Library 1
Chica go , IL 60605 1

Dav id W . Taylor Naval Ship
Ofhce of Nava l Research 

. Researc h and Develo pmen t Cen ter
• OneHa ll id ie Plaza Suite 601 ‘ Materials Department P

San Francisco , CA 94102 
1 

Annapolis , MD 21402 1
I~1 Naval Un dersea Cen ter

Nava l Research Laboratory San Die go, CA 921 32
Washin gton , DC 203 7 5 ATTN : Libra ry  1

ATTN : Codes 6000 1 Naval Underwater System Center
6100 -1 Newport , RI 02840
6300 1 AIIM: Library 1
6400 1
2627 1 Naval We ap ons Cen ter

China Lake , CA 93555
Nava l A ir Development Center ATTN: Library 1
Code 302
t1arminst2r , PA 1R 964 Nava l Postp’~~’!’te Sc~’e~1
ATTN: Mr. F. S. ~‘:il1i ~~s 1 ~c~~ c r ey ,  C~ ~~

‘ I;4i)

ATTN: Mecnanical Engineering
Departmen t 1

‘F  
_ _ _ _ _  _ _ _  

___________ 
_ _ _ _ _ _  

1
I 

~~~~~~~~~~~~~ — ._. - ,. .. .
~~~~~ — —

~~~~-r ~~— .— . -
~~~ — ——= ‘— ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~ r j ” .  .~~. —  .— .

~~~~ aI ~~~~~~~~~~~~~~~~~ ~~~~ 1T~~~~ ~~~~~~~~~ ~i -—



BASIC DISTRIBUTION LIST (cori t’d)

Or~ar~ization Copies Q~~anizat ion Copies

Naval A ir Systems Command NASA Headquarters ~
. •~

Washington , DC 20360 W~shing ton , DC 20546
ATIN: Codes 52031 ATTN : Code -RRM 1

52032
NA SA P

Naval Sea System Command Lewis Research Center
Wash i ngton , DC 20362 21000 Brookpurk Road
AIIM : Code 035 1 C1’~ve 1and , OH 44135 

__ r
AT 1N: Libr ary 1

Naval Facilities Engineer ing
Comma nd N,~tj o~ial ~ui’c .’” i  of Standards

~ A1exandri~ , VA 22331 Wa~;hington , DC 20234 .

ATTN: Code 03 1 ATTN : 1.ietallurcjy Division 1
Inorganic Materials Div . 1

Scientific Advisor
Commandan t of the Mar ine Corps Di r e ctor Ap p l ied Phys ics La bora tory
Washin gton , DC 20380 UniversIty of Washington

• ATTh: Code AX 1 101 3 Northeast Forthieth Street
Sea ttle , WA 98105 1

Naval Ship Engineering Center
Department of the N avy Defense Metals and Ceramics p

Washington, DC 20360 Information Center
AIIM: Code 6101 1 B~tte11e McmDrl al Institute

505 ~(ln g Avenue
A~iny Research Office 

Columbus , OH 43201 1
P.O. Box 12211
Triangle Park , NC 27709 M etals an d Cerami cs D i v i s ion
ATTN: Metallurgy & Ceramics Program 1 Oak Ridge National Laboratory

P.O. Box X
Arniy Materials and Mechanics Oak Ridge , TN 37380 1

Research Cen ter
Watertown , MA 02172 Los Alamos Scientific Laboratory
A’fl’N: Research Programs Office 1 P.O. Box 1663

Los Alamos , NM 87544
Air Force Office of Scientific ATIN : Report Librarian 1

Research
Bld g. 410 Argonne National Laboratory
Boll i ng Air Force Base Meta l l u r gy Div is ion
Wash ington , DC 20332 P.O. Box 229
AIIM: Chemical Science Directorate 1 Lernont, II 60439 1

Electron ics & Solid State ‘r -

Sc iences Di rec tora te 1 Broo k haven Na ti ona l La bora tory
Te chn ica l Info r m ation D i v i s i on

Air Force Materials Laboratory Upton , Lon g Is land
Wright-Patterson AFB New York 11973
Dayton, OH 45433 1 ATTN : Research Library 1

Li brary 0ffic~ ~ U:,’1~ 1 Researc h 
p

Buil d In g 50, Rm 134 - . B r a r c ~Lawrence Radiation Laboratory 1030 East Green Street
Berkeley , CA 1 Pasadena , CA 91106 1

I  

~-2-

~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~~~ -~~~-

-__,—.

-- —____



- 
-

~

—-. .—— -- .— ~~~~~~~~~~~~~ ~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-. - - --

SUPPLEMENTARY DJSTN~iiU0N LIST

Technical and Su~ .~;ry Reports November 1978

Professor G. S. Ansell Dr. R. B. Diegle
Rensselaer Polytechnic Institute Battelle
Department of Metallur gical 505 King Avenue

Engineer ing Columbus , OH 43201
Troy , NY 12181

Professor B. C, Giessen
Professor Di eter G , Ast Northeastern University
Cornell University Department of Chemistry
Department of Ilaterials Science Boston , MA 021 15

and Enginee ring 
a

Ithaca , flY 14853 Professor U, J, Gran t p
t4ass ach i~setts Institute of Technology

Dr. E. 11. Breinan Department of Materia ls Science
United Tecb~~1ogies Corporation and Engineering
United Technologies Research Center Cambridge , MA 02100
East Har tford , CT 06103

Dr. F. E. Lub orsky
Professor H. D. Brody General Electric Company
Universit y of Pittsburgh - 

P. 0. Box 8 F’
School of Engineering Corporate R&D r
Pittsburgh , PA 14213 Schenectad y , NY 12301

Dr. R. W . Cahn Dr. J. Perel
University of Sussex Phrasor Technolo gy
School of Engineering and 1536 Highland Avenue

Applied Science Duarte , CA 91010
Brighton BN1 9QT .

ENGLAND Professor 0. D. Sherby
Stanford Univ~rsity

Ur. E. A. Clark tiaterials Science Division
Solid State Divis ion Stanford , CA 94300
Naval Surface Weapons Centef’
Whi te Oak Laboratory . Professor D. Turn bull
Silver Spring, MD 20910 Harvard University

Division of Engineering and
Dr. S. 11. Copley Applied Physics ‘ I

Univers i t y  of Sou ther n Cal i forn ia  Cambrid ge , MA 02138
Los Ange les , CA 90007

Professor R. Mehra bi an
Professor M. Cohen University of Illinois
Massachusetts Institute of Technology Department of tiechanical and 

.
. ~~!

Department of f leta llurgy Industrial Engineering
Cambri dge , MA 021 39 Urb ana , IL 61801

Professor P. R. Strutt
University of Connecticut
S~:~-.:rJl c~ :~- Department o~ ~.a1lur~y
Storrs , CT 06268

_____________________ ______________

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

- 

-
~~~~~~~~~

--
~~~~~~

-- -


