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a 
free energy and entropy nonlinearity in TC equations

b constant in solution for aC

Btime time adjustment factor representing difference between
actual and apparent starting points of creep

.	 C' constant in power law equation

Co constant in TC recovery equation

C l linear creep compliance in TC equations

C 
I 

I modified linear creep compliance

C s constant representing steady state creep rate

Cend parameter in modified recovery equation representing
the nonrecoverable portion of creep

Lo linear elastiz compliance

BD(^) linear creep compliance function

90'91'92
free energy nonlinearities	 in TC equations

.4 Heavyside function

n exponent in power law equation

P constant in solution for aQ

R gas constant

RSS residual sum of the squares

r exponent in exponential 	 law equation

SC serial	 correlation

.	 T temperature

T 
homologous temperature

TC thermodynamic constitutive

t
o

time at beginning of creep test

to time at removal of load or beginning of recovery

S(T) Dirac delta function
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C	 strain

s0 	elastic strain

cr	 recovery strain from data

a
s
	 steady state creep rate

Ac l 	strain drop upon removal of load at end of creep test

A	 reduced time

A r 	reduced time from data

a	 stress

a0	 constant stress

T	 arbltrery time
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ABSTRACT

The applicability of a thermodynamic constitutive theory of defor-

mation to the prediction of primary creep and creep strain relaxation be-

havior in metals is examined. 	 Constitutive equations derived from the

theory are subjected to a parametric analysis in order to determine the

influence of several parameters on the curve forms generated by the equa-

tions.	 A computer program is developed whichenables the solution of a

generalized constitutive equation using experimental data as input.

Several metals were tested to form a data base of primary creep and re- f	 d

laxation behavior.	 The extent to which these materials conformed to the
Ij

constitutive equation showed wide variability, with the alloy T1-6A1-4V !	 n

exhibiting the most consistent results. 	 Ac-.ardingly, most of the anal-

ysis is concentrated upon data from that alloy, although creep and relax-

ation data from all the materials tested are presented. 	 Experimental

methods are outlined as well as some variations in methods of analysis. '3

Various theoretical and practical implications of the work are discussed. 1
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INTRODUCTION

' A major problem encountered in predicting primary creep behavior in

metals and alloys has been the lack of generality of the available con-

stitutive equations.	 A particular equation is typically applicable to

gust a few metals, or restricted to narrow ranges of temperature, applied

" stress, and deformation.	 In addition, most of the constitutive equations

are completely empirical, and so have no real basis in the microscopic -

mechanisms that might be rate controlling during primary creep.

Preliminary investigation of the scope of the problem quickly de-

monstrated that a new approach was needed. 	 One possible avenue of in-

" vestigation was a thermodynamic constitutive (TC) theory of deformation [1,2

3,4] based upon the application of nonequilibrlum thermodynamics to de-

formation processes In solids. 	 The TC theory had been successful 	 in de-'
1

scribing creep and strain relaxation behavior In several nonmetallic

systems 15], and application of the methods of the theory to a few metals

showed that It might be generally useful 	 In metallic systems as well 	 i61.

A further encouraging aspect was that certain fundamental parts of the

TC theory could be rationalized within the framework of dislocation dy-

namics [6,7] even though the development of the theory was essentially
a

phenomenological. 	 Based upon this evidence, the central objective of

the work reported herein was to determine if the TC theory, or a suitable

modification, could be used as a basis for a generalized constitutive

equation that would be descriptive of primary creep and creep-strain re-
t

taxation behavior in several 	 important metals and alloys.

In Figure 1, schematic creep and creep-strain relaxation curves are 1

shown.	 The initial load	 Is applied at time to , and Is removed at time i

to for a relaxation test. 	 During creep, the load is constant, as Is the

temperature.	 The purpose of the analytical and experimental efforts of

this project was to develop an equation (or equations) that would accu-

rately predict the characterist€cs shown in Figure l 	 in a variety of

metals. I

This report is divided into three principal 	 sections.	 The first

section	 is analytical	 In nature, and provides a theoretical background

for the work.	 Also provided are the details of a parametric analysis

of the equation forms, solution methods, and the applicable computer

1
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Figure 1. Schematic creep curves for a material subject to
constant stress at time t o and unloaded at time ta.
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programs that were developed. in the second section, the testing proce-

dures are outlined, and the results of primary creep and relaxation tests

for several metals are given.

Since TI-6A1-4V gave the most consistent results with respect to

the constitutive equations developed, a detailed analysis of the data

for this alloy Is carried out. in particular, the Influence of temper-

ature and stress level an the parameters of the constitutive equation is

examined la detail.

The final section of this report Is a discussion of the results and

analysis, particularly with regard to possible microscopic mechanisms

that might be operable during creep. Conclusions relating to the appli-

cability of the TC theory to primary creep prediction are also advanced.
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THE CONSTITUTIVE EQUATIONS	 .

Descriptive Equations

Three general empirical equations have been used to describe pri-

mary creep. They are the power law equation, the exponential equation 	 i

h
i

and the logarithmic creep equation.

The power law or parabolic equation has the form

e m e
0
 + Const. to 	(1)

where a is the initial elastic strain and n varies between .03 and 1.
0

The power law has been found [51 to fit a wide variety of experimental

creep curves in moth metals and nonmetals.

The exponential equation is of the form

e a co + st(I _ e-r^)	 (2)

where et is the total primary strain. The exponential equation is widely

used and fits a variety of creep curves.

The logarithmic relation is

S M e0 + a In ( 1 + vt) .	 (3)

The logarithmic relation will generally not fit above .3 Th.

When secondary creep exists, an additional term is sometimes added

to these equations. With this addition the power law equation would be

e - e0 + Const to + e s	 (4)

where es is the secondary creep rate.

Creep and recovery can be broadly viewed as a combination of elastic

and viscous flow. This allows the application of the phenomenological

theory and mathematics of viscoelasticity to creep and recovery.

Creep strain can be represented as a generalized function

e # F (c
o
 , t)	 (5)

where o is a constant stress and is applied at t n 0. If strain is a
0

linear function of stress the equation can be modified to

e . F(t)ao = F(0)a0 + [F(t) - F(0) 1ao 	 (G)

where F(0)a0 is the initial elastic strain. An arbitrary stress input

can be defined by

r

4
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t	 .a

r.

is

r^

r^

oW afa^ H(t - T) Q(T) dt l'}

where r is a dummy time representing past time and H (t) is the Heavyside

unit function. Since the function H(t - T) is always unity In the range

of integration, the strain can be written

(8)c - F(0)co 	
_

A 
F(t - T) o(T) dt

m

This is the Boltzman superposition Integral and is a basic equation for

linear viscoelasticity. It provides a good fit to some creep data but

generally is difficult to fit to recovery data.

As mned, each equation form has some merit. However, for mast

metals subjected to stresses and temperatures where creep can operate,

the power law equation (or a modification thereof) has been found to have

the widest range of applicability. in addition, this particular equation

form can be related to dislocation velocities and densities in crystal-

line materials because of the influences of these parameters on strain

rate (creep rate) at constant stress and temperature. Accordingly, the

development of a generalized constitutive equation that would describe

primary creep behavior was based upon merging the well-established power

law equation with the TC theory. Of equal validity, however, would be

using any of the other equation forms because there is no restriction in

this regard in the TC theory. Doing this would simply result In consti-

tutive equations with a smaller range of applicability. Accordingly,

the derivation In the following section uses only the power - law form,

which Is retained (with some modification) throughout the body of this

work.
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Derivation of the Constitutive Equation

Tne derivation of the Thermodynamic Constitutive (TC) theory begins

with an equation for entropy production derived by Schapery in (11

dS
dt T (Ql aq ) dt ' 0	 (9)

i

where 5 Is entropy, t is time, F Is the Helmholtz free energy, qi

represents i generalized coordinates (such as strain), and Q  represents

i generalized forces (such as stress) conjugate to q 1 . F is a function

of q i and temperature and the incremental amount of work done is defined

as

awl - Qi dq 1
	 (10)

The coordinates are further divided Into two groups of hidden and

observed. hidden coordinates are defined by the condition that the?r

conjugate forces are always zero. ridden coordinates may be considered

to represent the action of lattice distortions, grain boundary sliding,

twinning, etc.

Schapery in (21 uses equation (9) to derive a general equation

relating forces, coordinates and temperature

dq

ag + aD b ij d^ 
= 

Qi

where a  is a factor which contains all nonlinearity arising from

entropy production and, as a consequence of nnsager I s principie,bij

is a positive symmetric, constant, semidefinite matrix.

When equation (11) is combined with an expression for the Helmholtz

free energy the following equation is derived

r.	 n	 dq.	 aAF e,Z1 a' J qJ 
+,Z1 bij. dpi - 

Q '
	 agl

•

where a ij is a function of free energy and p is a reduced time defined

by

0 1)

(12)

z

f 1

^t

b



t
dG R 	dQl	 t

E9r da Ada _m

Q
d(;1)

AD( - ,' ) dzG dr (17)

e^w
	 b

i

t

P
 '^

t at 	(13)
E

0

For uniaxial loading there is only one generalized force, Ql,

and one coordinate, q l , and stress is equal to

d

o : Q 1
 
de

l

	 (14)

The following equation may then be found from (12):

dpF	 dq	 t	 dq
a	

de 
+ 

del	
E( P - P') dil dT	 (15)

0

E(P) is the strain reduced time, r is an arbitrary time and

,P	
rt dtJ 

dE
0

This is the equation for constant strain rate creep.	 (lb)

Schapery in [3] and [41 uses the Gibbs free energy and a derivation

similar to that above to derive an equation for uniaxial loading with

strain as a function of stress. This is

where G  is the Gibbs free energy of the hidden coordinates and Q 1 is

the nonlinearity in the stress related to second order changes in the

Gibbs free energy with respect to hidden coordinates and observed forces

and is a function of stress and temperature. D(*) is the linear

viscoelastic creep compliance and a  is a nonlinearity factor arising

from second order changes in the free energy with respect to hidden

coordinates and is a function of stress and temperature. The reduced

times, ^ and 01, are defined as

 a G

"

a Gf t
 dt and iy' a	 dt	 ( i 8)

o aD 	 o a 

7
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where a 0 is a factor containing all nonlinearity arising from entropy

production.

Equation (17) can be rewritten Into a form of the basic equation

used by Schapery and Lou in [81 as

t	 dg2c
= go 0oQ ^ g 1 ^ GL1( ^r - ,^' ) dt dT	 (19)

0

The reduced times are now

j t at and ip` i ] T at	 (20)
J	 Cr0	 0

and the four independent nonlinear material parameters are

dG
R
	--

go =	 00oda	
{21)

dQl
91 = dQl
	

(2z)

Q
92 = as	 (23)

G

a
a = G
	

(24)o a
D

do is the linear elastic compliance and is equal to the inverse of the

modulas of elasticity.

When 90 = 9 1 = g2 = a  = 1 equation (19) reduces to the Boltzman

superposition integral in equation (8).

Solution for Constant Load

For a uniaxial stress input of a  at time T m 0, the following

relations are defined:

the Heavyside function with

H (T ° 0) _ 0, T < 0	 (25)

and

8
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the Dirac delta function

0) = d H T- 0	 m T = o
 (26)dT	 0T0

,. where

1 a(T)	 do =	 1 (27)

In equation (19) if 92 and aQ are assumed to be functions of stress

s only, then for the given step input at T = 0

t	 92 v 
° 

dH (T - 0)
e = goDoao + g l	AD(* -	 ')	 d= (28)

dT
0

or

E	 goDoao + g l gZ ao	 t AD (+^ -	 ^) 6 (T - 0) dT (29)
oVia+i

Since the Dirac delta function causes the integral to be zero everywhere

except at T = 0, D(V - ,y')	 is	 independent of the integral and is

defined only at T - 0,	 Thus

t	 T

^r	 r	 dt = -	 and	 fir'	 a	 dt	 0 (30)
a	 o	 a	 o

and

ttC	 g°D°ao + 9 1 9 2 ao AD (1 )^	 6 ( T ) dT (31)
a	 o

which, by equation (27) 	 is

E = goDoao + 9 1 gZ QD(a) co (32)
Cy

The equation for recovery can be similarly solved for an input of

l ao	 0<t<t,ora	 H(T)
a (t) (33)0 	 to < t 	 or 	 H(,r - ta}

at a(t) 1, 0 7 g0 , g l , g2 , and as are assumed to be equal to one.	 This

5 results in the equation for creep recovery,	 sr, beginning at time to



, 	 t

1	

f

IV

e r = 92co(AD(a
Q
 + t - ta ) - AD (t - ta)	 (34)

a

{	 4
The form of the creep compliance function, AD, is not derived by

Sch;jpery. In [5] he discussed the form of this function and indicates

the power law should apply for most materials where

eD(,y) = C l an	 (35)

where C 1 and n are constants.

Using the power law, equation (32) for creep can be written

t n	
(36)e *^ g D o +000 gl g2 C l (ac) ao 

I 

and equation (34) for recovery would be
a

e r	 g2 oo[C1 (aa + t - ta ) n - C l (t - ta ) n ]	 (37)
a

or with some rearrangement

E r	 92 ao (aa) n C 1 [ ( I + aQa) n - (aca ) n ]	 (38)
v

where I is a reduced time equal tot - t
A in	 t a	 (39)

a

and C l is the linear creep compliance.
4

Equations (36) and (38) are limited to small strains, where the true
r

strain and engineering strain are essentially equal. This condition is

easily fulfilled for primary creep in metals because the strain is gen-

erally much less than i%. Changes In stress, temperature, and micro-

structure are reflected by changes in the parameters.

Parametric Analysis

As previously stated, all of the nonlinearity parameters are de-

fined as being equal to one at zero stress.

10



The effect of 90 is in the initial elastic compliance of the

material, as illustrated in Figure GO-1*.	 increasing the value of g0

while holding all the other parameters constant shifts the creep curve

upwards.

The equation for the strain drop, Ac, when the load is removed to
begin recove~y is

t	 n

de - 90DOOO * g2C IaO (a' )	 (g1 - 1)	 (40)
I;

6where to is the time at which the load is removed.

The g l parameter represents a measure of the nonlinearity In the

creep compliance.	 As can be seen from equation (40) it affects

the strain drop upon removal of the load.	 Figure G1-2 indicates that

all of the extra creep resulting from the nonlinearity in g l	is

"recovered" in the elastic strain drop. 	 It has no effect on the

recovery curve.	 it cannot be much less than 1 as It will cause, an

increase in the strain drop as is indicated on line one of Figure G1-2.

When g l	is equal to l the strain drop is equal to the initial elastic

strain.	 Equation (22)	 indicates that g l can be viewed as a nonlinearity

in the applied load during creep.

inThe 92 parameter represents a viscoelastic nonlinearity	 the

creep compliance.	 It affects both creep and recovery and affects the

tstrain drop as a function of g i .	 The extra strain occurring during

creep is recovered later, as indicated on Figure G2-1,	 after unloading.

The material constant, D O ,	 is the linear elastic compliance of the

material.	 It is constant for any given temperature. 	 Its effect is

indicated on Figure CO-l.

The material constant C 1	is the linear viscoelastic compliance and

is constant for any given temperature.	 Its effect can be seen in

Figure C1-1.	 It increases the amount of creep and recovery and affects

the strain drop as a function of g 1 .	 It has no effect on the elastic

strain.

The. effect of ao can be seen in Figures ENT-1 and ENT-1L where

ENT refers to entropy and I_ refers to large deviations in a c .	 The

*These figures are located alphabetically at the end of Appendix A.

I1
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effect of ao on the creep curve is to decrease the amount of creep, thus

a decrease in ao will cause an increase in the creep. On the recovery

curve aQ increases the rate of recovery. As can be seen from equation

(36) ac acts as a time shift factor, so that a decrease in a o extends

the recovery curve so that there is less actual recovery for a given

time. On a log-log plot of strain vs. reduced time, X, the value of ac

is represented by a horizontal shift of the curve. As can be seen from

Figures ENT-21. and ENT-31. very small values of a ff can be used to simulate

recovery curves that do not return to zero.

The effect of the exponent, n, is indicated in Figure EXP-1. The

affect of n is on the initial rate of curvature, with lower values of n

increasing the rate of curvature. The maximum possible value of n is 1,

this represents a straight, zero slope line during recovery.

The effect of stress is indicated on Figure STS-1.

Figure SlM-1 contains a simulation of an actual series of creep

tests. This Is obtained by varying both a Q and stress. Note that this

appears to account for plastic deformation.

I
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SOLUTION OF THE CONSTITUTIVE EQUATIONS

The following sections demonstrate procedures that can be used to

solve the constitutive equations for values of the parameters using ex-

perimental data as input. In the example solutions, a single data set

is used. The test was on a Ti- 6A1 -4V titanium alloy at 440°C at a stress

level of 161 MPa. This particular test was In the lower ranges of both

stress and temperature used in the total creep study of the alloy. The

duration of the test was 357 minutes. Of this, the first 119 minutes of

the test were creep and the last 238 minutes were relaxation (strain re-

covery after load removal). A plot of the creep and recovery data is

given in Figure 2. The details of the experimental procedures used for

this test and others are presented in a later section.

Graphical Solution

Schapery and Lou in reference [8] solve the constitutive equations

using a curve shifting method. The equation for recovery is

e r = C O [(1 + Qa) n - (cQa) n ]	 (41)

where
t

C4 g2 C 1 (aa) n Qo
Q

The values of n, ac , and Co are solved first by plotting e  vs. A on

log-log paper as on Figure 3• This graph is then compared visually to

the "master curve" plot on Figure 4 for the equation

Er = [(1 + ^) n - (a) n ]	 (43)

where n is varied to produce the different curves. The experimental

data on Figure 3 is physically shifted both vertically and horizontally

over the master curves until the best possible match between it and one

of the master curves is found. The n of the master curve is then the n

of the data. In this case n was found to be 0.25. Due to the small re-

covery strains and the similarity in the master curves it is difficult

to find an accurate best fit. In this case the accuracy of n is esti-

mated to be 20%.

13
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b _

The a  parameter is determined from the amount of horizontal shift.

For this a a value is picked on the master curve and then the 
X  

value

over that point is read from the data curve. Then

X	 .100
aQ W 

r	
1	 _ .0588 .

In the same manner, for Co a value of strain, e, is picked on the

master curve and the value of strain, e r , occurring over that point

from the data curve is recorded. Then,

Co • er = .21 .2x0 lo- 3 „ .00105 .

Next the value of E0 , the initial elastic strain, and C' are

determined for the equation

C - e0 + C'tn	(44)

where

Co go o°a

and

—

1

(45)

(4b)

1	 1	 n

C' - glg2 Cl 
a

Selecting two data points

t 1	 9.143	 at	 el = 2.398b x 10-3	and

t2	 85.143	 at	 s2 = 2.8299 x 10- 3

	and solving for C' with n	 .25
J

_	 C1 - E2

C^
tl 

.2$ " 
t2 

*25

C' M .3321 x 10'-4

(47)



k

f

ea=el	 -C'	 xt1.
25

I

C
o
	1.821 x 10-3

1

oe l	is the total amount of creep, excluding the initial elastic

strain, that occurs during the creep test. 	 For a total creep time, t_,

of	 119.8 min.

AC 1 = C' x tan (48);

or

ACl	 0.001097

Next .;

AC

g l	 Co
(49) 0

g l	 1.o45
H

Next solve for g0 where

go = e o/aQx 00 (50)

where D0 is the reciprocal of E, the modulus of elasticity. 	 Thus
i

g= 0.001821 x 11.07 x 106/23400
0

90 = 0.86147 r

Next solve for the product of the creep compliance, C 1 , and 92

C'	
n

X a
Cg2	

u
1 (5l)g 1 x ff0

.	 21	 x	 10-4)(.0588) .25

s	 23400	 1.045

C l g2 	6.671: x 109

in a series of creep tee*.s at a given temperature g 2 would be

assumed to be 1 at the lowest stress, and thus C l g 2 would be

the linear viscoelastic creep compliance,	 Cl.

18
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Computer Solution

The solution of the recovery equation Ly the graphical 	 (curve-shlft-

Ing) method Is rather difficult and inexact for small	 strains, so that

the solution for the parameters of the creep equation is at best an ap-

proximation.	 A BMDP3R computer program was employed for the purpose of

overcoming these problems. 	 The program is a multivariable, nonlinear,

least squares regression program that Is maintained by the University of

Kansas Computation Center.	 Its application to this work is discussed In

detail	 in Appendix B.

The computer approach is useful because It Is much more accurate

than the curve shifting solution, providing repeatable and consistent
I P

solutions of the data.	 The precision of the values of the parameters

calculated from the program are typically well within 10%, whereas the

values from the curve shifting procedure are estimated to be within

5-20% of the best value. 	 As well as being faster for reducing the data

1441 of several test runs, the program also uses 20-40 data pints to solve

— for the parameters rather than the two used In the solution of c
0
 and C'

by the curve shifting method. 	 The program provides	 indications of theIto

quality of fit of the calculated curve to the data as well as the stan-

dard deviations of the parameters calculated, and it allows easy use and

evaluation of modifications or improvements to the TC theory.

In the solution of the TC theory the computer Is used first to solve

for n, a
.
, and Co from the recovery data, and then to solve for s. and

C' from the creep data using the n previously calculated from the recov-

ery data.	 Using the BMDP3R program and the recovery data, the variables

in the recovery equation are found to be

n - 0.23686	 + 0.017

a	 - 0.05259	 + 0.00668

Co - 1.0535 x 10-3	 + 0.0254 x 10-3

Then using n - 0.23686 and the creep data the computer solves for

19



t

1

•	 E
O 
+ 1.70717 x 10-3

C' - 0.39222 x 10-3

Then using the same procedure as before for the curve shifting

method

ACl	 .39222 x 10-3(119.8).23696

de l a .nr._ ^2

g l - .0012221.001 05

g  M 1.1601

go 0 .001707 x 11.07 x 106!23400

go = .80761

C ^ .000	 25^.0	 b96
1 92 	 23 00) 1.{601

C 1 92	
7.210 x 10_

9
 .

The computer provides a very good fit, with a serial correlation (SC)

of .31, to the recovery data. The maximum difference between calculated

and actual recovery data is 1.3%. However, using the n thus calculated

from the recovery data, it provided only a poor fit to the creep data,

with a serial correlation of .91 and a maximum difference between

calculated and actual curves of 4.2%. The poor fit of the creep data

Is a result of both a less than optimum value of n and a slightly

erratic creep curve.

The Cend Modification

The constitutive equation for recovery goes to zero at long times.

However, most of the recovery tests run and the literature seem to

indicate that not all of the creep will be recovered after the load is

removed. Specifically, some permanent, or plastic, deformation has

occurred during the creep test and this will resuit in a recovery curve

that will approach a minimum value during recovery equal to the amount

of plastic deformation that occurred during creep.
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To reflect this it was proposed that the recovery equation be

modified as follows

e  = Co((1 + aoa) n - (aa ) n ] + Cend	 (52)

where Cend is a parameter that contains all of the nonrecoverable portion

of the creep. When this equation was set up on the computer it was

found to provide a much better fit to the data than equation (41). This

results both from the more realistic formulation of the equation and

from simply adding the extra degree of freedom provided by Cend.

Equation (52) is able to fit a broaderrange of data. It was found

that the equation would fit the data within a certain range even if one

of the parameters in the equation, such as n, was fixed. In other words,

if the value of one of the parameters in the equation was already solved,

within a certain range, the computer would adjust the remaining three

parameters to attain a good fit to the data. This allowed a new method

to be used to solve the creep and recovery data. f= irst the creep data,

rather than the recovery data, is solved to determine Ea , C' and n. This

provides a good'fit to the data since the computer is able to solve for

an optimum value of n. The value of n calculated is then used in the

solution of the modified recovery equation.

Sample Calculation with Cend

Using the BMDP3R program to solve the creep data for equation (44)

e	 - 2.1642 x 10-3	+	 0.0157 x 10-3
o --

C'	 a 0.0632 x 10+3	 +	 0.00707 x 10-3

n - 0.5329	 +	 0.0202

Using the n calculated above and the SMDP3R program to solve the

recovery data for equation	 (52)

' Co - 0.72368 x 10-3

a= 0.76123
0

Cend - 0.18625

T	 21
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Then, as before

Ael - .
0632 x 10'3(119.80).5329

Ael 
M .80970 x 163

gl a .80970 x 10-3 !.72368 x ]0-3

g l	 1.1189 "-

g0 = 2.1642 x 10-3 x 11.07 x 106/2340o

g0 M 1.0238
S	 ']

(0.0632 x	 lo-3)(0-76123)-5329
6 1 92	 '%23400)(1.1189)

C192	 2.0873 x 10_9

Table 1	 is a comparison of ail of the calculated values.

-'-Note that the values calculated from the three methods are

somewhat different.	 The values calculated from the computer using the

outlined method compare fairly well with those calculated by curve

shifting and are certainly within the limits of error of the curve j

-	 shifting results.	 g0 and 
g 	

are both close to 1, This	 is to be expected j

since this	 is a low stress test and these parameters basically reflect

nonlinearities	 in the elastic responses of the material. 	 In higher

stress creep tests in metals these would be expected to increase .,

slightly with stress.

In the constitutive equation a Q is an	 indication of how fast the
recovery curve approaches zero, the slower it approaches zero the lower is

aa .	 aQ in the constitutive equation would be close to 1 at very low

stress where all of the creep, 	 if any,	 is quickly recoverable; as the

stress increased it would approach zero. 	 In the equation with Cend

much of the function of ao has been taken over by Cend and hence a o is

much closer to 1.	 Since Cend reflects the amount of plastic creep taking

place, a 	 now reflects how rapidly the recovery curve approaches the value

of plastic strain. 	 Cend will	 increase with	 increasing stress, 	 however

it	 is not clear •wr,at effect	 increasing stress will	 have on aa.
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Table 1. Comparison of Results for the Different Solution Methods

Parameter	 Calculation Method

Graphical
rlIrvt.— ShIft 	 Cmmnllerr	 Cenci

n V .4:0 U. 4-10VO v s	 .1
s

1.821	 x 10-3 1.7072 x 10-3 2.1642 x 10-3
sO

CO 1.05 x 10-3 1.053 x 10-3 0.7236 x 10-3

C' 0.3321
-3

x 10 0.3932 x
-3

10 0.0632 x
-3

10

90 0.86147 x.80761 1.0238

9 1
1.045 1.1601 1.1189

C192
6.671	 x 10

-9
7.210 x 10-9 2. 0873 x 10-9

aQ 0.0588 0.0526 0.7612
a

Cend - - 0.36498 x 10-3

SC-Creep - .91255 .36498

Max % error - Creep 2.8 4.2 1.2

SC-Recovery - .31042 .16953

Max % error - recovery 1.8 1.3 1.4
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Figures 5 and 6 indicate the fit of the calculated curves to the

data. Notice that the Cend equation fits the data much better than the

other equations.	 The SC iii Table 3 stands for serial correlation;

this is an indication of the quality of fit of the calculated values to

the data values. Anything below about .4 is a very good fit, between

.4 and .6 is good, between .6 and .75 is fair and above .75 is poor.

Note that the Cend equation indicated a very good fit to both creep and

recovery.
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EXPERIMENTAL PROCEDURE

Materials_ and Specimen Preparation

The materials selected for study in this work were: 	 commercially

pure 1100 aluminum, titanium, and Armco EMI	 iron: along with 2024-T4 alu-

minum alloy and Ti-W-W titanium alloy.	 All of these materials were

obtained from commercial vendors.

Round specimens were used for creep testing. 	 in all cases the gage

lengths were two inches and the gage diameters 0.375 inches. 	 Tolerance

on the diameters was +0.001	 inches.

The commercially pure metals were annealed so as to achieve a uni-

form grain size, and to remove the surface effects of machining. 	 All

heat treatments were done in a dynamic atmosphere of helium in order to

reduce contamination effects.

vb The titanium alloy was heat treated at 815°C for one hour and slowly

cooled.	 The aluminum alloy was heat treated at 340°C for 10 minutes and

slowly cooled.	 For each of the alloys, the treatments noted were ade-

quate to anneal out the surface cold work.	 The chemical compositions of

the titanium and aluminum alloys are as follows:

._ C	 Fe	 N	 Al	 Va	 H	 0	 Ti

Ti-6Al-4V	 0.01	 0.04	 mog	 6.45	 4.25	 0.005	 0.184	 Balance

Cu	 Mn	 Mg	 Al	 Impurities

2024-T4	 4.4	 0.5	 1.5	 Balance	 Negligible Quanties

Testing Procedures*

a

r

z

The basic procedure for all the tests consisted of subjecting a

specimen to a predetermined constant load at a constant temperature. The

load was transmitted through a lever arm (20:1 or 3:1 ratio) to the spec-

imen by a mechanical linkage. An extensometer was fastened to the gage

length of the specimen. Gage length deflection was transmitted through

the extensometer to a linear variable differential transformer (LVDT).

The signal from the LVDT was transmitted to a signal conditioner and

finally to a recorder. A suppression circuit was designed such that full-

* Details of the components used In the creep test system are given In
Appendix D.
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scale travel of the pen could be suppressed a total of ten times, effec-

tively expanding the useful scale of the chart by a factor of ten.

The LVDT transducer was calibrated through the use of a series of

standard gage blocks with dimensions known to a tolerance of 10.00008 in.

Through these known gage block displacements, a calibration curve for the

LVDT system was constructed.

For the elevated temperature tests, the specimen-extensometer assem-

bly was placed inside a temperature controlled electric furnace (most

such tests were conducted in the range 1850C to 115000. To assure that

the specimen was at the desired temperature, a thermocouple was attached

to the gage leng O thus allowing a temperature measurement independent

of that given by the furnace thermocouple. Temperature at the gage length

was monitered on a digital display through a conditioner channel.

Since thermal transients are present In any high-temperature test,

the system was allowed to stabilize at the desired temperature before

any load was applied. Corrections were made for thermal expansions of

the specimen and extensometer.

Application of the load was accomplished by transferring a predeter-

mined amount of lead shot from a holding container to a loading container.

The flow of shot from one container to another was an excellent method

of loading because it allowed the load to be applied at a known rate that

was easily reproducible from test to test. Further, since the loading

rate could be so effectively controlled, impact effects were eliminated.

By simply reversing the transfer process, controlled and reproducible

unloading rates were accomplished for the relaxation tests. The trans-

fer of the lead shot between containers was accomplished by gravity feed

through openings of known area. Calibrations of the flow characteristics

of the lead shot through these openings were carried out.

Temperature and Stress Ranges

The ranges of stress and temperature for creep tests on a particular

material were predicated on obtaining significant amounts of primary creep

during loading and reasonable amounts of time-dependent relaxation (not

Instantaneous) during unloading. These requirements necessitated consid-

erable amounts of preliminary testing on each material. Generally, stress

levels no greater than 0.6 of the yield stress, and temperatures signif-

4 I
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icantly below the hot working range of the material were finally selected
85 the upper limits. Specific stresses and temperatures fok- a particular
material are given In the results section of this report.

A
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TEST RESULTS AND ANALYSIS

Commercially Pure Titanium, Aluminum, and iron

The commercially pure metals did not give test results which exhib-

ited consistent and uniform trends when subj ec;ed to analyses for deter-

minations of the parameters in the basic constitutive equation. Accord-

ingly, detailed data reductions were not done on these materials. The

raw strain- time data for creep and relaxation are given on pages 31

through 64. In many cases, most especially the Armco EMI iron, there

was great difficulty in obtaining significant time-dependent relaxation

at stress levels where primary creep was not obliterated by the rapid
	

6

onset of secondary (or even tertiary) creep. Becouse of these difficul-

ties, and the attendant time constraints of the p;'oject, work on these

materials was de- emphasized. A few parameter determinations were done

on the 1100 aluminum and the titanium. The results of these determina-

tions are given in Tables 2 and 3. There were not sufficient recovery

data on the iron to allow a meaningful analysis on that material.

index of Strain-Time Data for Commercially Pure Metals

Titanium Aluminum

Temp Stress Temp Stress
(oC) (MPa) Page- (oC). (MPa) Page

Rm. Temp 227 31 Rm. Temp 13.9 44

Rm. Temp 234 32 Rm. Temp 17.4 45

Rm. Temp 248 33 Rm. Temp 20.7 46

Rm. Temp 262 34 Rm. Temp 22.4 47

Rm. Temp 276 35 Rm. Temp 24.1 48

306 69 36 Rm. Temp 24.1 49
306 83 37 185 8.3 50
306 110 38 185 11.0 51

306 110 39 185 13.8 52
422 44 40 185 16.5 53
422 44 41 231 7.4 54
422 55 42 231 9.3 55
422 66 43 231 9.3 56

231 12.1 57,

Iran
231 12.1 58
231 14.5 59

Temp Stress

(oC) (MPa) Page {

Rm. Temp 110 60

Rm. Temp 53.8 62
Rm. Temp 53.8 63

318 48.3 61 a
318 36.2 64
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TEST T-1
C.P. TITANIUM
ROOM TEMPERATURE
227 MPA	 (33.000 PSI)

CREEP RECOVERYr
TIME	 (MIN) STRAIN TIME	 (MIN) STRAIN

LM

0. 0.0021110 0. 0.0000491
0.05 0.0021311 0.15 0.0000453
0.15 0.0021445 0.65 O.UU00446
0.25 0.0021615 1.65 0.0000442
0.65 0.0021720 3.65 0.00OU431
1.65 0.0021943 5.65 0.00OU427
2.65 0.002 2076 9.65 0.0000 42 7
3.65 0.0022180 13.65 0.0000424
4.65 0.0022277 17.65 0.0000424

,.» 5.65 0.0022351 22.00 0.0000424
6.65 0.0022403 26.00 0.0000424

' 7.65 0.0022463 30.00 0.0000424
8.65 0.0022522 34.00 0.0000424
9.65 0.0022582 38.01 0.00OU424

F* 10.65 0.0022634 41.99 0.0000424

^s mm 11.65 0.0022667 45.98 0.0000424
1 2.65 0.0022701 49.96 0.0000424
13.65 0.0022716 53.94 0.0000424
14.65 0.0022734 57.93 0.0000424
15.65 0.0022760 61.91 0.0000424
16.65 0.0022801 65.90 0.00OU424
18.65 0.0022872 69.88 0.0000424
20.65 0.0022931 73.87 0.00OU424
22.65 0.0022998 77.65 0.0000424
24.65 0.0023054 82.14 0.0000424
26.65 0.0023102 86.13 0.000J424
28.65 0.0023147 90.11 0.0000424

^. 30.65 0.0023199 94.10 0.0000424

-L
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REZOVERY
STRAIN

TIME
	 (MIN) STRAIN a

0,.0019730 0. 0.0000861
0.0020035 0.05 0.0000698;
0.0020116 0.12 0.0000694
0.0020295 1.10 0.0000687
0.0020391 3.10 0.0000676 d

0.0020458 5.10 0.0000668
0.0020510 9.10 0.0000665
0.0020562 13.10 0.0000663
0.0020599 17.10 0.0000661 f
0.0020651 21.90 0.0000657
0.0020681 25.10 0.00OU654
0.0020718 29.10 0.0000654
0.0020740 33.10 0.0000 653
0.0020785 36.10 0.0000650
0.0020822 39.10 0.00OU646
0.0020852 42.10 0.0000639
0.0020889 45.10 0.0000635
0.0020918 48.10 0.0000631
0.0020955 51.10 0.000U627
0.0020993 54.10 0.0000627
0.0021022 57.10 0.0'000627
0.0021052 63.00 0.00OU62 7
0.0021082 69.00 0.0000627
0.0021126 75.00 0.00OU627
0.0021178 81.00 0.0000627 a
0.0021230 87.00 0.0001627
0.0021282 93.00 0.0000627
0.0021319

r	 h..,
1

a	
^ 1

TEST T-2
C.P. TITANIUM
ROOM TEMPERATURE
234.4 MPA ( 34.-000 PSI)	

s

CREEP
TIME ( AIN)

0.
0.23
0.43
1 .417
2.40
3.40
4.40
5.40
6.40
7.40
8.40
9.40

10.40
11.40
12.40
1 3.40
14.40
15.40
16.40
1 7.40
18.40
19.40
2G.40
22.40
24.40
26.40
28.40
30.40
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TEST T-3
G.P. TITANIUM
ROOM TEMPERATURE
248.2 MPA	 ( 36.000	 PSI) 

CREEP RECOVERY
zp

TIME	 (MIN) STRAIN TIME	 (MIN) STRAIN
ra

0. 0.002 8106 0. 0.0009841
' 0.03 0.0028479 0.50 0.0009751
'.: 1.00 0.0029717 1.00 0.0009722

2.00 0.0030149 2.00 0.0009699
3.00 0.0030425 4.00 0.0009677
4.00 0.0030671 6.00 0.0009658
5.00 0.0030872 10.00 0.0009640
6.00 0.0031051 14.00 0.0009628

i 7.00 0.0031200 18.00 0.0009621
8.00 0.0031342 22.00 0.0009614
9.00 0.0031491 26.00 0.0009610

10.00 0.0031618 30.00 0.0009602
s, 11.00 0.0031745 34.00 0.0009599

12.00 0.0031864 38.00 O.00U9595
13.00 0.0031991 42.00 0.0009591

+ 14.00 0.0032095 46.00 0.0009587
15.00 J.0032207 50.00 0.0009584
16.00 0.0032319 54.00 0.0009 580
17.00 0.0032423 58.00 0.0009576
18.00 0.0032520 62.00 0.0009573
19.00 0.0032617 66.00 O.00U9565
20.00 0.0032699 70.00 0.0009565

. 22.00 0.0032885 74.UO 0.V109563
24.00 0.0033057 78.00 0.0009563
26.00 0.0033221 82.00 0.0009561
28.00 0.0033381 86.00 0.0009561
30.00 0.003 3541 90.00 O.O009 558

94.00 0.0009558

6
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CREEP
TIME (MIN)

0.

0.05
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
13.00
14.00
1 5.00
16.00
17.00
18.00
19.00
2 C.00
22.00
24.00
26.00
28.00
30.00
31.00

d

TEST T-4
C.P. TITANIUM
ROOM TEMPERATURE
262.0 MPA	 (38.000	 PSI)

RECOVERY
STRAIN TIME	 (MIN) STRAIN

0.0030104 0. 0.00UU572
O.OU30156 1,00 0.000U513
0.0030587 2.00 0.0000491
0.0030825 4.00 0.0000468
0.0031011 8.00 0.0000453
0.0031160 12.00 0.0000439
0.0031308 16.00 0.00OU435
0.0031420 20.00 0.0000431
0.0031539 24.00 0.0000427
0.0031628 28.00 0„0000427
0.0031754 32.00 0.0000427
0.0031836 36.00 0.0000427
0.0031925 40.00 0.0000427
0.0032022 44.00 0.0000424
0.0032113 48.00 0.0000424
0.0032200 52.00 0.0000424
0.0032297 56.00 0.0000424
0.0032379 60.00 O.0000424
0.0032475 64.00 0.0000422
0.0032550 68.00 0.0000421
0.0032631 72.00 0.0000416
0.0032713 76.00 0.0000401
0.0032884 80.00 0.0000394
0.003 305 5 84.00 0.0000 387
0.0033226 88.00 0.0000367
0.0033397 92.00 0.0000385
0.0033560 96.00 0.0001334
0.0033627 100,00 0.0000379

lk
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TEST T-5
C.P. TITANIUM

ROOA TEMPERATURE
275.8 MPA ( 40.0300 PSI)

STRAI N

0.0028810
0.0029280
0.0030050
0.0031520
0.0032350
0.0032870
0.0033450
0.0033930
0.0034270
0.0034760
0.0034990
0.0035320
0.0035660
0.0035920
0.0036220
0.0036520
0.0036760
0.0036970
0.0037260
0.0037740
0.0038180
0.0038610
0.0039060
0.003 9460
0.0039760
0.0040100

35
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RECOVERY,

TIME	 (MIN) STRAIN

0. 0.001471U
0.50 0.0014590
1.00 0.0014540
2.00 0.0014510
4.00 0.00 1448 0
6.00 0.0014460
8.00 0.0014450

10.00 03.0014440
14.00 0.0014380
18.00 0.0014370
22.00 0.0014370
26.00 0.0014360
30.00 0.0014360
34.00 O.OU14360
38.00 0.0014360
42.00 0.0014330
46.00 0.0014330
50.00 0.0014330
60.00 0.0014330
70.00 0.0014330
80.00 0.,0014330
90, 1 0 0.0014330

CREEP
TIME 01IN)

0.
0.05
0.10
1.10
2.10
3.10
4.10
5.10
6.10
7.10
8.10
9.10

1 0.10
11.10
12.10
13.10
14.10
15.10
16.10
18.10
20.10
22.10
24.10
26.10
28.10
3G.10
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TEST T-6
C.P. TITANIUM
306 DEG.	 CECCIUS
69.0 ."IPA	 008000	 PSI)

RECOVERY
STRAIN TIME	 (MIN)

0.0007841 0.
0.000 792 5 1.00
0.0008001 2.00
0.0008123 3.00
0.0008183 4.00
0.0008267 5.00
0.0008343 6.00
0.000 8389 7.00
0.0008450 8.00
0.0008450 "0.00
0.0008450 12.00
0.0008452 16.00
0.0078457 20.00
0.000 845 5 30.00
0.0008455 39.99
0.0008457 50.02
0.0008457 59.80
0.0008457 70.20
00008457 80.08
0.0008457 89.96
0.0008457 99.84
0.0008457 110.24
0.0008457 120.12
0.0008457 130.00
0.0008457 139.88
0.0008457 149.76
0.0008457 160.16
0.0008457 170.04

CREEP
TIME (MIN)

0.
0.50
1.00
2.00
3.00
4.00
5.07
6.00
8.00

1 C.00
12.00
14.00
1 46.007
18.00
2 C.00
22.00
24.00
26.00
28.00
3C.00
32.00
34.00
36.00
4G.00
42.00
44.00
48.00
52.00

STRAIN

O.00OU761
0.00OU723
0.0000716'
0.000069.5
0..000U678
O.00OU670
0.0000655
0.00UJ647
0.0000 64 7
0.0000624.
0.0000617
0.0000 61 2
0.0000612
0.0000612
0.000061 2
0.0000612
0.00GU612
0.0000612
0.0000612
0.0000612
0.0000612
0.0000612
0.0000612
0.00DU61 2
0.0000612
0.0000612
0.0000612
0.0000612
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TEST T-7
C.P.	 TITANIUM
306 DEG. CELCIUS
82.7	 MPA (12,000	 PSI)

CREEP RECOVERY
TIME	 (MIN) STRAIN TIME	 (MIN) STRAIN

0. 0.0009259 0. 0.00U0796
0.05 0.0009346 1.00 0.0000723
0.10 0.0009476 2.00 0.0000723
1.10 0.0009766 3.00 0.00OU709
2.10 0.0009954 4.00 G.OGUUi09
3.10 0.0010090 6.00 0.0000709
4.10 0.001 021 0 8. UO 0.0000 70 9
5.10 0.001 031 0 10.00 0.00OU709
6.100 0.0010340 20.00 0.0000709
8.10 0.0010520 30.00 0.0000709

1G.00 0.001 0550 40.01 0.00OU709
12.00 0.0010560 50.00 0.0000709
14.00 0.0010590 59.99 0.0007709
16.00 0.0010610 69.98 0.0000709
18.00 0.009 0640 79.92 0.0000709
20.00 0.0010660 90.18 O.OUf0709
22.00 0.001 0660 99.90 0.0000 709
24.00 0.0010660 110.16 O.00U0709
26.00 0.0010680 119.83 0.00U07U9
28.00 0.001 0690 130.14 0.01000 709
30.00 0.001 0740 139.86 0.0000709
32.00 0.0010750 150.12 0.0000709
34.00 0.0010750 159.84 0.00OU709
38.00 0.0010770 170.10 0.0000709
42.00 0.001 0770 179.82 0.0000 709
46.00 0.0010780
50.00 0.0010780
54.00 0.0010780
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CREEP
TIME (MIN)

0.
0.05
0.10
0.15
0.25
0.35
0.85
1.85
2.85
3.85
4.85
5.85
6.85
8.85

10.85
14.85
18.85
22.65
26.85
30.85
34.85
38.85
42.85
46.85
50.85
52.00

TEST T-8
C.P.	 TITANIUM
306 DEG. CELCIUS .
110.3	 MPA (16,000	 PSI)

RECOVERY
STRAIN TIME	 (MIN) STRAIN

0.001 231 0 0. 0.0020940
0.0016460 0.05 0.0020820
0.001 7590 0.10 0.0020800
0.0018320 0.20 0.0020790
0.0019280 0.33 0.0020790
0.001 9380 1.33 0.002U780
0.0021020 2.30 0.0020 780
0.0022220 3.33 0.002U770
0.0023020 5.33 0.0020770
0.0023580 7.30 0.0020770
0.0023950 10.00 0.0020770
0.0024240 20.00 0.0020770
0..0024480 30.00 0.0020770
0.0324830 39.99 0.0020770
0.0025110 50.02 0.0020770
0.0025440 59.80 0.0020770
0.0025651 70.20 0.0020770
0.0025810 80.08 0.002!7770
0.0025940 89.96 0.0020770
0.0026020 99.84 0.0020770
0.002 6070 110.24 0.0020770
0.0026100 120.12 0.0020770
0.0026130 130.00 0.0020770
0.0026180 139.88 0.0020770
0.0026240 149.76 0.0020770
0.0026260 160.16 0.0020770

170.04 0.0020770
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TEST T-9
C.P. TITANIUM
306 DEG. C EL C IUS

11 0.3 MPA 0 6 ,COC PS I)

CREEP	 - - RECOVERY

TIME (MIN)	 STRAIN	 TI;1E (IM IN)	 STRAIN

3;	 (, C. 0.0011052 O. 0.0018992
C.25 0.4013204 0.50

_
0.00 1& 916	 ---- -__..

0.50 0.0013960 1.00 0.0018904
0.75 0.0014832 1.50 0.0018888

i 1.00 0.0016238 2.50 0.0018876 ^s
t 2.00 0.0017448 3.50^ 0.001&856

_

k	 F- 3.00 0.0018120 4.00 0.0002852
4.00 0.0018556 5.00 0.0011 852
6.00 0.0019252 6.00 0.0018852
8.00 0.0019776 7.00 0.0016352

a. 1.00 0.0020300 3.00 0.0G13852
n 15.00 0.0021288 10.00 0.0018348

2C.00 0.0022148 12.00 0.001844
2 5. 00 0.0022844 14.00 O.0018344

_ T

3C.00 0.0023352 16.00 O.0018_344
.- 35.00 0.0023672 13.00 0.0018844 ---

4C.00 0.0023876 20.00 0.OG19 844
{	 "° 45.00 0.0024000 22.00 0.0016840 ^-

"" 50.00-- -	 0.0024080 24.00 O.OG 18836
' 55.00 0.0024172 26.00 0.0016836

60.00 0.0024228 23 . 00 0.0018836
2 65.00 0.0024288 30.010 O.0018820

7C.00 0.0024348 32.00 0.0018816
75.00 0.0024376 34.00 0.0018816

o 80.00 0.0024420t
85.00 0.0024472
90.00 0.0024496

^.. 95.00 0.0024516
-- 1 CC.-00- - -- 0.0024 576 r

k	 -

k
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TEST T-11
C.P. TITANIUM
422 DEG.	 CELCIUS
44.1 sMPA	 (6.400	 PSI)

CREEP RECOVERY
TIME	 (MIN) STRAIN TIME	 (MIN) STRAIN

0. 0.0004784 0. 0.0002721
C.02 0.0004835 2.00 0.0002502
0.05 0.0004905 4.00 0.0002380
0.10 0.0004941 6.00 0.0002290
1.00 0.0005303 8.00 0.0002259
2.00 0.0005472 12.00 0.0002181
4.00 0.0005785 16.00 0.0002135
6.00 0.0005437 20.00 0.0002120
8.00 0.0005935 24.00 0.0002111

1c.00 0.0006004 28.00 0.0002095
12.00 0.0006044 32.00 0.0002093
14.00 0.0006044 36.00 0.0002093
16.00 0.0006069 40.00 0.0002093
18.00 0.0006131 50.00 0.0002092
2C.0a 0.0006148 60.00 0.0002092
22.00 0.0006172 70.00 0.00021092
26.00 0.0006208 80.00 0.0002086
30.00 0.0006244 90.00 0.0002083
34.00 0.0006291 100.00 0.0002077
38.00 0.0006342 110.00 0.0002064
42.00 04 000 6393 120.00 0.0001 94 5
46.00 0.0006462 130.00 0.0001945
50.00 0.0006486 140.00 0.0001924
54.00 0.0006551 150.00 0.0001 922
58.00 0.0006607 160.00 0.0001 917
62,.00 0.0006646 170„00 0.0001917
64.00 0.0006684 180.00 0.0001899

184.00 0.0001899

da

a.
41
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TEST T-12
'.P. TI,ANIUM
422 DEG.	 CELCIUS
55.2 MPA	 (8.000 PSI)

CREEP RECOVERY
TIME	 (MIN) STRAIN TIME	 (MIN) STRAIN

0. 0.0006832 0. 0.0001 708
0.02 0.0006873 0.05 0.0001670
0.05 0.0006894 0.10 0.0001667
0.10 0.00 06914 0.15 0.0001664
1.00 0.0007150 1.00 U.0001449
2.00 0.0007265 2.00 0.0001334
4.00 0.0007503 3.00 0.0001319
6.00 0.0007636 4.00 0.0001252
8.00 0.0007759 8.00 0.0001169

?0.00 0.0007830 12.00 0.0001165
12.00 0.0007877 16.00 0.0001163
14.00 0.0077904 20.00 0.0001 160
16.00 0.0007907 30.00 0.0001095
18.00 0.0007924 40.00 0.0001025
20.00 0.0007963 50.00 0.0000963
24.00 0.0008045 60.00 0.0000931
28.00 0.0008104 70.00 0.00i]U886
32.00 0.0008207 80.00 0.0000827
36.00 0.0008328 90.00 0.0000819
40.00 0.0008440 100.00 0.0000804
44.00 0.0008493 110.00 0.000801
48.00 0.0008510 120.00 0.0000739
52.00 0.0008543 130.00 0.0000686
56.00 0.0008596 140.00 0.0000651
60.00 0.0008657 150.00 0.00UU651
64.00 0.0008690 160.00 0.00OU651
68.00 0.0008690 170.00 0.0000651

180.00 0.0000651
205.00 0.0000651

42



TEST T•-13
C.P.
422

TITANIUM
DEG.	 CELCIUS

66.2 MPA • (9.600 PSI)
CREEP RECOVERY

TIME	 (MIN) STRAIN TIME	 (MIN) STRAIN

0. 0.0010130 0. 0.0005U34
0.02 0.0010200 0.05 0.OU04899
0.05 0.0010250 0.10 0.0004890
0.08 0.0010290 0.13 0.0004882
1000 0.0010370 2.10 0.0004319
2.00 0.0011240 4.10 0.0004116

! 3.00 0.0011480 6.10 0.0003973
6.00 0.0011910 8.10 0.0003867
8.00 0.0012140 12.10 0.0003756

k. 10.00 0.0012300 16.10 0.0003687
12.00 0.0012480 20.10 O.UO03607
14.00 0.001 2580 24.10 0.0003518
16.00 0.0012700 28.10 0.0003514
18.00 0.001 2840 30.00 0.0003506

't 20.00 0.0012890 40.00 0.0003396
22.00 0.0012970 50.00 0.0003316
24.00 0.0013080 60.00 0.0003300
26.00 0.0013160 70.00 0.0003243.„.:Y 28.00 0.0013250 80.00 0.0003202

4- 30.00 0.0013330 96.'10 0.0003172
34.00 0.001 344 0 100.00 0.0003074

y 38.00 0.0013610 110.00 0.0003071
42.00 0.0013680 120.00 0.0003070
46.00 0.001 3810 130.00 0.0003068
50.00 0.0013850 140.00 0.0002981
54.00 0.0013920 150.00 0.0002969
58.00 0.0014070 160.00 0.0002925

170.00 0.0002916
180.00 0.0002904

43
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TEST A 1	
- - ------- - -- .

1100 ALUMI NWI
ROOM TEMPERA EIRE --

13.9 M PA	 (20-20	 PSI)

CR EEP RECOVERY

TINE	 (MIN) STRAIN TI?1E	 (,I IN) STRAIN i

C L 	-- 0. 0CQ1893 0. 9.QG00218
-C.05 n.0001 92 5 0.05 0.00nC'1 34

_ 0 1. 15 O.0001940 0.1 5 0.00001 28 _+
1. 1 5 0.00019 54 1 .15 0. QCOC1 1 7

-2.15 O.0001966 2.1 5 ).OGCCO93
3.15 O.0001972 ---	 3.15 0.0000090
4.15 O.00O1981 4.15 0.0000085
5.15 n.0CC1981 5,15 0.0000076
E. 15 O.0001 982 6.15 0.X30000 73
7.15 0.0001982 8.00 0.000007.5
8.15 0.000193.2 -- -	 10.00 0.0000073
5.15 O.QC01982 12.00 0.000CJ73 -

r'	 _- 10.15 0.0001982 14.00 0.9 000073
11.15 O.00O1982-- 13.00 0.0000073
12.00 0.0001982 2?	 QQ O .00QC073
13.00 O.00Q1932 26.00 0.00000 73
14.L!) O.OG01982 3 3.G0 0.0 000 073 All

15,00 0.00G1982 55.00 0.0600073 -
1E.Q0 0. 0001982 41.00 -_ 3.0600073
17.00 0.00019$2 45.G0 0.0000073

- 18.00 O. O L01932 50.00 0.0000073
15.00 O.00-01982 55.00 0.0C'00073ri 2 0.00 f7.00C'1982 60.00 0.0000073

V
W

AS

-	 d
E:

zt

fi

S

4 I	 -	 ---- -	 - - - - -
E



.	 op	 '	 `A

^^^ TEST
----------------------------'------------------

A-2
'------- --'	 -	 / i

1100
O00 v,

AL U .'IINUAi__.__-_---__---_______-_-_
TEMP[RATJPE

^^ VIA | |

0
. / '

C 	 E E P RECOVERY ^

- ---- -_---------'----_---------------_-
[.O5 0.00O2904 0^05 0.0000291

^ 1°OO O.00U2g43	 1°OO
_--10 °1C, c{!U-z1}^^-_-_---__----	 -

0.O00O2 83

^' ^

2-00 0 .-QW}LI 2.1-A-__----____-------
^

3.00 O.00O2^`43
---__'----_'

4.00
'---_-	 ----_-_-_.---------_--__-'--__-_--_--_'

0°0600286 v

5 ° 00 O.00O2948 15.00 0,0000288
_D~OC^22-U.-______Z9." no.___'_^r

^ ^ OO~.	 -- n OQO^95O. ----'-- ^5	 OD°--	 -- ^U	 O^^O^^^~ \
|-Q, 13KU 2011.--'

1[.00 O°OC'02956 35°00 0.0000288
^ -4^,20-__ on_

/ 18.00 0.0003958 45 .OG O°0000388^v
DILB.OrLI2996 5,3_-

O	 O[^U^^58~ 95	 CO° O	 0 GDO28G~
,

65.00° O	 OU^DJ^8~ }-

75°00 O°UC00238

99.00 0.0000263

/
-_-

`-`
^. ------- |

i

T'^

~̂~

.̂.
a

'/ --_-__--_-

s7^---------
^

^ ^
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TEST A-3'
110  ALU.9I NV t4

Rn,,, !,: rf:.7PERATUFE

20, "PA	 ( 30,00	 PSI)

CREEP RECOVERY
TINE	 (,SIN) STRAIN TIRE	 (MI N ) STRAIN

^T 0. 0.0002895 0. O.00O0979 u
C.03 0.0[:02979 0.02 0.OG00970 ^ ` -
C.50 0.!0003090 0.05 0-.0000961
1.00 0.0003107 1.00 0.0000952 --- :a1.50 0. 0 ['031 2 2 2.00 0.0 0 }0949
2.00 0.0(,-U 3128 6.00 O.0000946
4.00 O. i)CC3149 10. 0 0 0 .0000943
6.00 C'.00,03167

_
14.00 0.0000943

- -	 P.00 O.00O3176 1 8 	 CI O 0.000+0940
1 C.OG 0.CC'03188 22.CC 0.0000901 -T
12.00 0.0(03194	 __ 24.00 0.000089_9
14.00 O.OG03200 30.00 0.0000399
16 00 0 -.000321 2 _ 34.(0 0. 0000899
0.18 0.0003218 38.00	 ^y0.0000899

2C.00- - 0.0003224 4 2 r f?0 0.0000899
22.00 0.0003227 46.00 ^0.()cno899
24.00 0.0603230 50.00 O.00O0 399
26.00 O.00O3231 54.CO 0.000x_.899 
28.00 O.0 0O3 2 36 53.eQ 0. 0 00089 9

u 3C.DO 0.0003236 62.00-O.00O0899
------ 6 6.00 0 .0(0(' 899- -- -	 -

70.00 O.00O089 9 a

W 74.nC 0.0000899
W 73.00 O. GCO0899	

___
-^	 {

Ea 32.00 0.0010893T^ 86.C-C}
0.0000898 -

• 90.0 C, 0.000089 7 i
`  r

Z6

l^

a 

fi

8

L

9

5

bJ
	 ---46------- ----- _-

E
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TEST A-4
_	 _	 1 1 0 AL Al NUM	 -

ROOMI TE PPE RA T`JFE

f

^-	 CREEP ---	 RECOVERY

I i ME	 IN).	 _..__,.$_.7. R f.1 N 	 T I .1 .E _(N	 S T R A I N	 -- ._-----

r-	 n- QfLLQ 9_3-	 0	 _ _.!L 0 I Q 2 7 31
C .05	 O. 0004273	 0.05	 O.00O2; 05
c . 1 Q ^. K4-3-0-L----^_-0. 60

--- _ 
0 ^U C 0 2_67 6 	 .- --- -- -

1.10 O.0004403	 7.30 0.7002668
^. 2.1-_	 nifnf Q.- 4 2 2

3.1D 0.0004436	 5.tfo O.00O2658
0 C04446	 9. M, --- f) 00 2 65 5 	 ---

6.10 0.PC-C'4460	 14.00 O.QG02652
.-1 -t-0-
1 c.10

^. 000447 2-	 1$. C
O. OG04483	 2.2.00

0.00 N 651

C.00 02650
1-,	 10 n.n fi 44aa	 6__0r 0_00O2650
14.10 0.00C 449 5	 30.00 0.0002648
1 6.1 f 0_-1CiO_4. 5.,0 2 0 ,. n n o P 6 4 7	 ----
18.10 O.0004509	 38.00 O.00O2647

10 n-01 rl 0 4510	 4 2 -00 -^1-.ul.0^646
22.10 O.OL04512	 46.00 O.00O2645
^4 Fi_ n - 000451	 5Q.Or 0_x+4 0? h43
26.10 0.0401-523	 54.00 0.0002642
2F. in DACQ4524	 51-Co
30.10 0.0004526	 62.GC O.00,^02639

z 32-10 O -O.CZ 5-28 	 .56_00 - r D-M2638	 - --
34.10 0.00('4529	 70.00 0.0002638
3 6.1 n Q- OULA53 0 	 an WO O f1 Q0 	 3b	 ^_
38.10 O.0004533	 .70.00 0.0002634

o _4L- n -ac o 4,5 'S 5-I--,OZ- 0,0 0Q 263 4 	- 	 --
42.10 O.0004533	 , 13.0'0 0.0002634

120.00 0 . cuozeL ^4
130.00 0.0CC2634

(I

t
t.

z^

s

y

1 _5

f ^I
r^
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TEST A-5
1104 ALUMINUM
ROOM TEMPERATURE
24.1 MPA ( 3500 PSI)

I

CREEP RECOVERY
TIME	 01IN) STRAIN TIME	 (MIN) STRAIN

0. 0.0002940 0. 0.0001060
0.02 0.0002960 1.00 0.0001057
1.00 0.0003060 2.00 0.0001057
2.00 0.0003080 3.00 0.0001050
3.00 0.0003100 4.00 0„0001040
4.00 0.0003120 5.00 0.0001040
5.00 0.0003140 6.00 0.0001040
6.00 0„0003150 7.00 0.0001040
7.00 0.0003160 8.00 0.0000970
8.00 0.0003170 10.00 0.0000970
9.00 0.0003170 12.00 0.0000970

10.00 0.0003180 14.00 0.0000970
12.00 0.7003190 16.00 0.0000970
14.00 0.0003200 18.00 0.0000970
16.00 0.0003200
18.00 0.000 321 0
20.00 0.0003220
22.00 0.000 3220
24.00 0.0003230
26.00 0.0003230
28.00 0.0003230
30.00 0.0003240

48
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TEST A-6
1100 ALUMINUM
ROOM TEMPERATURE
24.1 'IPA ( 3500 PSI)

CREEP
TIME	 (MIN) STRAIN

0. 0.0004096
0.50 0.0004310
1.00 0.0004330
2.00 0.0004350
3.00 0.0004370
4.00 0.0004380
5.00 0.0004390
6.00 0,0004390
7.00 0.0004400
8.00 0.0004400
9.00 0,0004410

1c.00 0.0004410
12.00 0.0004420
14.00 0.0004420
16.00 0.0004430
18.00 0.0004430
2 C.00 0.0004440
22.00 0.0004440
24.00 0.0004440
26.00 0.0004440
28.00 0.0004450
30.00 0.0004450
32.00 0.0004450
36.00 0.0004450
38.00 0.0004460
40.00 0.0004460

RECOVERY
TIME	 (MIN) STRAI14

0. 0.0002710
0.03 0.0002680
0,50 0.0002660
1.00 0.00u2660
2.00 0.0002650
3.00 0.0002 65 0
4.00 0.0002650
5.00 0.0002650
9.00 0.0002650

0.0002653
17.00 0.0002650
21.00 0.0002650
25.00 0.0002650
35.00 0.0002640
45.00 0.0002 64 0
55.00 0.0002 64 0
65.00 0.0002640
75.00 0.0002640
85.00 0.0002641
95,00 0.0002630

105.00 0.0002630
115.00 0.0002630
125.00 0.0002637
135.00 0.0002630
145.00 0.0002630

49
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TEST A-7
	

f

1100 ALUMINUM
185 DEG. CELCIUS
8.3 MPA (1200 PSI)

CREEP RECOVERY
TIME	 (MIN) STRAIN TIME	 (MIN) STRAIN

0. 0.0001910 0. 0.0000380
0.05 0.0002020 0.05 0.0000380
0.10 0.0002060 0.15 0.0000370
0.20 0.0002110 1.10 0.000J340
0.70 0.0002190 2.10 0.0007340
1.20 0.0002230 3.10 0.0000340
2.10 0.0002250 4.10 0.0000340
3.10 0.0002260 5.10 0.0000340
4.10 0.0002260 6.10 0.000034U
5.10 0.0002260 7.10 0.0000340
6.10 0.0002260 8.00 0.0000340
8.10 0.0002260 10.00 0.0000340

10.10 0.0002260 12.00 0.0000340
12.10 0.0002260 14.00 0.0000340
14.00 0.0002260 20.00 0.0000340
16.00 0.0002260
18.00 0.0002260

.	 ,,

50
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TEST A-3
1100 ALU'II Nif-1_	 ---^-_._._.__
785 DF^;.^CELCIhS	

-	 -	 ------- 

1 1 . (} E7A A ( 160,3 PSI)

CR EEP RECOVEPY

TIME	 ( MI N) STRAIN T11 E 	 ( MIN) STRAIN,_

0.0001 8 93 0. ,).00 0 1 037
C.45 0.0001986

-
11.05 0.0001008

_ 1.45 0.00O20 4 5 0.1 0 9.GC'OC 996 ---
2.45 11.00C-2100 1.00	 - O.0000947
3.45 0.0CC21 55 2.00 0.0000691 -_^-
4.45 O.nGO2173 3.co O.OU00862
5.45 C. ^ OO2205 4 . 00 O.00()0353 __- 	 __--
6.45 0.u0012240 5.00 03.0000624
2.45 0 .000 2298 5..00 0.0 0008 18

1..45 0.00O2342 8.Cn
---^	 __f.. _-.-

0.0cOCd01
12.45 0.0002391 10.00 OACOP 7 75
14.45 0.0002420 12.on 0.0000775
16.45 O.CO024 71 16. 0 0 0. 00007_57_
12.45 fl .0002502 20.00 0. ocG071 6
2C. 45	 _ 0.0002511 24.CC 0 .O01-3 7 0 6

	^--- -22.45 0.0002537 28.00 DAC(00708
24.45 n.0 002554 3 2 .no 0.0 0 00090
26.45 0.0002578

--
36.00

_ _-
O.0000676

28.45 0.00C2598 4 0 .00	
--

1]. 0 C906 7 5	 ^T
30.45 0.11602627 50.00 0.0000674-
32.45 Q.7CO264 2 6 7.00	 _ 0. 000 0 674

IM 34.45 0.0002682 76.00 ^C.0000674
36.45 0.0002709 79.99 0.0000674 _	

T32.45 O.00O2738 39.99 0.0000674
0 4C. 45 C.0OC2746	 _ ^9.9d_ O.n00[^674 ^

42.45 17.0002813 110. 0 2 a.ac00674
43.45 0.00O251 5 120.01	

-
C. COOC674	 ^

133.5O 0.00OC674
1 40.00 0.0000674

t

I	 --
zi

`---
t

6	 __w

_-A

8



TEST A-9

7 3 5 DEG.  C Vii. C [ US~----

---._ ..---	 A (2_(10-_PSI }	 ---- --- ----

CREEP ____------	 ---_	 --` RECOVERY
T I.tf-( A_Lq	5 F RA 	 ..._ ^.-	 T[ M F(1 I 11 }	 S T RA IN ^	

---- -_

_ 0 - 0 . 12C. --_ _^,	 _ _._^ _O r adz 9
C.05 0.0003062 1.03 0.0001200

1.00 0.00034 36 1.00 n. 0001163
_ --2. ► 1 0.O CT-3 5 2 - -	 .0 _ _	 o LE)_n n	 1 3 4 . _ _	 -__	 __	 _ _ .	 ^,

3.00 0.0003546 3.00 0.0001128

5.00 0.00O3592 6.00  0.00+01 1 2 7
^6=n0 ^ ^CM► CG 35 18 g _G0 'C^a 1 2

E. 00 O.OrO3674 10.00 0.00011 27
n- CVO 36 79 X4_00 11001 1 19-._._i3- _ 	 _	 _-

12.00 O.00O3734 18.00 0.0001119
1 4 	Qn n -nr,011S.5 22-00 0

1 6.00 0.0003%72 26.010 0. ^01011 19
1-son n-Qni:3i24 3a^n4	 - .-0.0-L Q-1 	 ---	 -.
2C.00 C.00O3362 34.00 0.0601119
P2 -On n-OC,13.365 3.3-00 0-Iul 0 1119	 -	 -
24.00 O.00O3865 42_.00 0.0001119	 41^ 1

z
U

2E.00 O.00O3879 50.00 0.70'01119

 -
3.01_ nn n^1Cr.^^ -- - r1.^0^- .- 01' .21i^	 _
x 2.^0 D.n003891 70.00 0.00101 1 1 Q

W 3 c:. t1 _	 4 3 3 91 _?s1^i'^_ ^. OS_1 1 i 9
3 6.00 0.01003891 ? 0 .00 0.00011 19

a ^ E	 on

-	 -4C.^kl0 O.00O3391 110.00 0.17001119
1 20.t^n Li,nQ21_l 19
130.00 0.0001119

z ►
►►

6

B

L

9

S

4

f
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r

135 DEG. CELCIUS
16.5 `1Pn ( 7-40 3 F'SI }

-	 - CREEP	 RECOVERY

TIME (MIN)	 STRAIN	 TPIE 01 IN)	 STRAIN

C. MCO34 76 0. o. no02 54 8
C.02 0.0003568

_
3.C5 O. 00O2 5 19

C.05 0.0003613  1 .00	 _ 0.0002475	 - _-- _---
1.00 O.00O3925 2.00 O.H02428
2.00 O.0004062 3.CL  O.CCO2422
3.00 O.0004178

_
4.CO O.0002379

4.00 O.0004257 _  5.00 O.OG02376
E.00 O.0004368 7.00 0.0002348
P,on 0.00 C'44 36 3.00 ^	 0.000234L

1c.00 O.00C4509 10.00 O.O(;02312
12.00 0.000462.0 14.00 O.00O2310
14.00 O.0004593 18.00 O.00O2309
1E„OO 0,0004642 22.00  0.0(;02309	 ^-- _--
18.00 O.0004687 26.00 0.0002308

zrs0n	 _ C,0004761 - 30.G© 0.0OQ 2 284 	 -_-
24.00 O.000 4 335 40.00 n.00O2281

2E I 00	 _ n .0004699 50.00 O.00O2251
32.00 0.0004994 60.00 0.00O2251

" ?6.00 0_._0005+057 79.00	
---

0.0_002251
40.00 O.00,05131 30.00 0.0002251
44.00  0.00-05190 9. CO 0.0002251
4 P.00 O .0005227

-__	 -
1 ?0.00 O.00O22 51

52.00 -- 0.00052 39 1 10.00 O.OG42 2 51_	 -
56.00 !1.0005264 120.00 0.0002251

a (I C. O.OG05273 1 3O.0r _ 0.0002251_
14 Q	 CI O O.00O22 51
1 6 13.CO 0.9CO2 2 51
180.00 O.00O2251

. -- 4

z^

s	 -

9

Qf`4

f3. _



TEST A-11
1100 ALUMINUM
231 DEG. CELCIUS
7.4 MPA (1080 PSI)

CREEP
TIME	 (MIN) STRAIN

0. 0.0001200
0.10 0.0001270
0.60 0.0001380
1.10 0.0001440
2.10 0.0001480
3.10 0.0001510
4.10 0.0001530
5.10 O.00U1530
6.10 0.0001530
7.10 0.0001540
8.10 0.000158U
9.10 0.0001590

i C.10 0.0001610
12.10 0.00016311
14.00 0.0001670
16_00 0.0001720
18.00 0.0001750
2C.00 0.0001820
22.00 0.0001820
24.00 0.0001820
28.00 0.0001820

RECOVERY
TIME	 (MIN) STRAIN

0. 0.0000710
0.05 0.00UQ700
0.10 0.000069}
1.10 0.0000690
2.10 0.000069U
3.00 0.0000690
4.00 0.0000690
6.00 0.0000690
8.00 0.0000690

10.00 0.0000690
12.00 0.0000690
14.00 0.0000690
16.00 0.000069U
18.00 0.0000690

1	 e7

54
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TEST A-12
__-_--___----ll-nU	 --_--____--_---'---_--__-____-___-_--' - --'-_

'	 231 DEG. CELClUS

- 1-	 ---------------------^^-- ------- 	 '
C R E E P	 RPCOVERY

^	 ^~._-^^~~~~^.-.^^

/	 ---'----'|	 -
!	 [.O3	 O.DC01279	 0.10	 0.0005059
| 'C.10	 1 4a4fti5	 0,0004995

C.75	 O.0001462	 0.17	 0.9004 9 7O
.	

-__-_{L.{U]J1iL.11 7_-_-_'-_--_-	 4 9-------___-_--'-- `^
^	 C.50	 U.0001574	 2.16	 0°0004254	 ?

	

-----'_-	 .
`	 3°50	 0.0003169	 4.16	 0°OCO3997
^	 -  	 -----__'_--	 ^
^ \	 4°50	 0^0002842	 10.16	 0°0003652	 ` 1

JO.112{i2-79^ 
!	 6.50	 0.00O2964	 30.16	 0.0003239

-'
14.50	 0.0003959	 50.16	 ,	 0°0003088

^

	

--------- -	 `
23 ° 50	 0.0004648	 79.16	 0,0002969

^

3[.50	 (1°0005169	 90.00	 0^0003958
' +	 B^^_________---_

'	 4[.50	 9.0005751	 129.00	 0°0002958
5_	 ~Ii[[b6-](l8_-_----__l^'].	 ___-------__---' _

5[ ° 50	 0.0006231	 160.00	 0.0003958
O.J]LGiA	 --_--_

`	 6[.5O	 O.0006665	 200-00	 p~OC,02958
_--__{L°^^D^^^5 8

`	 7[~50	 O°O[07021	 240.00	 0.0002958
.J0IU071 722 5 I __-_-__---_-0- OUZ958_

8[ ° 50	 0.00073 89
^	 ~	 5A2--__-

^x

^	 .	
_---_^_-'---'_----_---^

y

V.
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TEST A-13
1 10 ALUl}I dU,l
231 DEG. C C L C I 1, S

_ ._9.3 MPA (1350 PSI)	 --__--	 ---_ -

CR EEP
	

RECOVERY
TIME	 (MIN) STRAIN - TIME	 4 I ST RA IN

c. 0.0002073 0. O.0006790 .
C.02 O.00C2164

_
7.05 0.0006623

-	
C.05 0,0002255 0.10_ - ^ n.L1006530
C. 10 0.0002395 0.15 0.00064 51

x.15 0.0602497 0 .25 0.0006346
C.30 0.0002760 1. 2.5 0.0005870

--	
0.80 Q.00O3358 3.25 0.0005446
1.80 0.00O3831 5..25 0.00052 57
3.30 0.0004424 1x}.25 O.QG05035  '?
5.80 O.00:C4833 15.25 0.0004848 -	 -
8.80 O.00O5257 27.25 O.0004763

11.80 0.0005651 25.25 0.0004696 ---
1 5. a0_ 0. ^^061 21 30.25 0.00134600
18.Ro 0.00106422 40.25 0.0004541

_-

21.60 0.0006682 50.25  0.0004538
24.80 0.0006936 60.25 0.0004526

--

27,80	 -  O.Q007155 70.25 Q.0004524
3C.80 0.9007415 8.0.00

^^
0.0004524

-

tj	 33.80 0.0007634 90.00 0.0004524 '
36.80 0.0007856 100.010 O.0004524

W

z	 39.80	 - O.QCC8033 11).00_ O.OG04524
2	 42.80 0.0008270 120.00 0.0C'34524

45	 80 0.0008457 130.00 0.0004524
y	 48.80 0.0008629 140.00 0.0004524

51.80 0.0008790 150.00 _O,.0004524
54„80 fi.0008951 160.CO Q.0004524
57.80 0,.00C4068 1_70.00 Q.0004524

1613.00 0.00C4524

ol

6

C

4

E
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TEST A-14
1100 ALU14I NUM
231 DEG.	 CELCIUS
12.1 MPA	 (1750 	 PSI )

CREEP RECOVERY
TIME	 (MIN) STRAIN TIME	 (MIN) SPRAIN

r^
0. 0.0001249 0. 0.00''1559
0.02 0.0001272 0.02 0.001	 j545
0.05 0.0001288 0.05 0.00uu541
0.10 0.0001296 1.00 0.0000521
1.10 0.0001357 2.00 0.0000520
2.10 0.0001411 4.00 0.0000520
3.10 0.0001427 6.00 0.0000520
4.10 0.0001453 800 0.0003520
5.10 0.0001464 10.00 0.0000520
6.10 0.0001432 14.00 0.0000520
8.10 0.0001546 18.00 0.0000520

10.10 0.0001561 22.00 0.0000520
12.10 0.0001590 26.00 0.0000520
14.10 0.0001618 30.00 0.0007520
16.10 0.0001651 34.00 0.0000507
20.10 0.0001718 40.00 0.0000507
24.10 0.0001789 50.00 0.0000494

tip 28.10 0.0001830 60.00 0.0003494
32.10 0.0001876 70.00 0.0003494
36.10 0.0001905 80.00 0.0000494
40.10 0.0071948 90.00 0.0000494
44.10 0.0001990 99.98 0.0000494
48.10 0.0002007 109.98 0.0000494
52.10 0.0002044 119.98 0.0000494
56.,10 0.0002079 129.98 0.0000494
60.10 0.0002106 139.97 0.00011494
62.10 0.0002114 159.97 0.00OU494

180.03 0.0007494
186.30 0.0000494

a ,

Y .
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TEST A-15
11 00 ALUMINUM
231 DEG. CELCIUS
12.1 MPA (1750 PSI)

CREEP
TIME (MIN)

0.
0.03
0.05
0.07
1.00
2.00
3.00
4.00
5.00
6.00
8.00

10.00
12.00
16.00
20.00
24.00
28.00
32.00
36.00
40.00
44.00
48.00
52.00
56.00
60.00
64.00

RECOVERY
STRAIN TIME	 (MIN) STRAIN

0.0002021 0. 0.0000877
0.0002057 0.05 0.0000856
0.0002062 0.10 0.000084,1
0.0002068 1.10 0.0000838
0.00021?2 2.10 0.0000802
0.0002126 3.10 0.0000785
0.00021 46 4.10 0.0000773
0.0002162 6.10 0.0000756
0.000 21 64 8.10 0.0000 743
0.0002164 10.10 0.0000736
0.000 2184 14.10 0.0000 731
0.0002198 20.10 0.00OU730
0.0002199 25.00 0.0000730
0.0002199 30.00 0.0000715
0.0002217 40.00 0.0000713
0.0002226 50.00 0.000071J
0.0002248 60.00 0.0000710
0.000 231 8 70.00 0,0003684 
0,.0002355 80.00 0.0000676
0.0002370 90.00 0.0003661
0.0002400 100.00 0.0000654
0.0002436 110.00 0.0000654
0.0002462 120.00 0.0000654
0.0002496 130.00 0.0000654
0.0002543 150.00 0.0000654
0.00025?9 160.00 0.0000654

170.00 0.0000654
180.00 0.0000654
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a
c
I

1
1
1
1
1
1
1
1
1

TEST A-16
1100 ALUMINUM
231 DEG. CELCIUS
14.5 MPA (2100 PSI)

CREEP
TIME (MIN)

0.
0.05
7.00
2.00
3.00
4.00
5.00
6.00
8.00

1 0.00
12.00
14.00
16.00
18.00
20.00
22.00
24.00
26.00
28.00
30.00
34.00
38.00
42.00
46.00
50.00
54.00
58.00
62.00

a

RECOVERY
STRAIN TIME	 (MIN) STRAIN

0.0001627 0. 0.0002478
0.0001694 0.02 0.0002426
0.0002002 0.05 0.0002420
0.0002206 0.10 0.0002417
0.0002327 1.10 0.0002404
0.0002416 2.10 0.0002392
0. 000 2502 3.10 0.0002 385
0.000273 4.10 0.0002381
0.0002727 5.10 O.OUO2380
0.000 284 3 6.10 0.0002 380
0.0002928 10.00 0.0002380
0.0003005 14.UO 0.0002380
0.0003076 18.00 0.0002377
0.0003173 -0.0a 0.0002 377
0.0003235 30.00 0.0002377
0.0003303 40.00 0.0002377
0.0003392 50.00 O.00U2377
0.0003475 60.UO 0.0002377
0.0003538 70.00 0.0002377
0.0003578 80.00 0.0002377
0.0003700 90.00 O.00U2377
0.0003819 100.00 0.0002377
0.0003859 110.00 0.0002377
0.0003936 120.00 0.0002377
0.0004022 130.00 0.0002377
0.0004111 140.00 0.0002377
0.0004147 160.00 0.0002377,
0.0004177 18L.00 0.0002377

200.00 0.0002377
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CREEP
TIME	 (MIN) STRAIN

0. 0.0016980
0.05 0.0017450
0.10 0.001 7720
0.15 0.001 791 0
0.65 0.0018490
1.15 0.0018750
2.15 0.0019000
3.15 0.0019190
4.10 0.0019220
5.10 0.0019300
6,10 0.0019370
7.10 0.0019420
8.10 0.001 947 0
9.10 0.0019510

10.10 0.001 9550
11.10 0.00196•'0
12.10 0.001 9650
13.10 0.001 9670
14.10 0.0019670
15.10 0.001 9690
16.10 0.0019720
17.10 0.0019720
18.00 0.001 9740
20.00 0.001 9800
21.00 0.001 9800
22.00 0.0019820
23.00 0.001 9830

0	 1

RECOVERY
TIME (MIN)	 STRAIN

0.
5.00

10.00
15.00
20.00
30.00

0.0002 54 8
0.00025413
0.0002548
0.0002548
0.0002548
0.0002548

t
	

1

TEST I-1
ARMCO IRON
ROOM TEMPERATURE
110.3 MPA 06.000 PSI)

i
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TEST	 I-2
AR14CO	 IRON,'.
318	 DEG. CELCIUS
48.3 MPA (7000	 PSI)

CREEP RECOVERY
TIME	 (MIN) STRAIN TIME	 (MIN) STRAIN

0. 0.0003730 0. 0.0002460
0.50 0.0003800 1.00 0.0002390
1.00 0.0003810 2.00 0.0002340
2.00 0.0003850 4.00 0.0002340
3.00 0.000386U 6.00 0.0002290
4.00 0.0003860 8.00 0.0402230
5.00 0.0003870 10:00 0.0002230
6.00 0.0003870 18.00 0.0002230
8.00 0.0003930 22.00 0.0002200

10.00 0.0003930 26.00 0.0002190
12.00 0.0073960 30.00 0.0002180
14.00 0.0003960 38.00 0.0002180
16,00 0.0003970 46.00 0.0002170
18.00 0.0003980 50.00 0.0002170
20.00 0.0003980 58.00 0.0002150

_ 24.00
28.00

0.0004000
0.0004040

64.00
80.00

0.0002140
0.0002140

32.00 0.0004050 100.00 0.0002140
36.00 0.0004060 120.00 0.0002140
40.00 0.0004080 140.00 0,0002130
44.00 0.0004090 164.00 0.0002140
46.00 0.0004130 180.00 0.0002140
48.00 0.0004170
5G.00 0.0004210
52.00 0.0004250

53.00 0.0004250

r	

^ •

t
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TEST I--3
ARMCO IRON
ROOM TEMPERATURE
53.8 4PA (7800 PSI)

CREEP
TIME 041N)

0.
0.05
1.05
2.05
3.05
7.05

11.00
1 5.00
19.00
23.00
27.00
31.00
35.00
39.00
43.00
47.00
51.00
55.00
59.00
63.00

RECOVERY
TIML	 (MIN) STRAIN

0. 0.00OU105
0.02 0.0000050
0.05 0.0000030
0.10 0.0000018
1.00 0.
2.00 0.
4.00 0.
6.00 0.
8.00 0.

10.00 0.
15.00 0.
20.00 0.
25.00 0.

. 30.00 0.
35.00 0.
40.00 0.

STRAIN

0.0002760
0.0002810
0.0002820
0.0002820
0.3002830
0.0002840
0.0002850
0.0002850
0.0002850
0.0002650
0.,0002850
0.0002850
0.0002850
0.0002850
0.0002850
0.0002850
0.0002860
0.0002860
0.0002860
0.0002860
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TEST f-4
A4MCO IRON
RQ0,•t TE;• PE RA T 1HE
53. 3 M4 A ( 78,3 k7 PS 13

r

CREEP
IIrf [	 (MIN) STRAIN

C. 0.00049?0
C.05 0.0005150
C.10 O.00O5240
C.20 n.00O5310
C.70 O.f 005480
1.20 0.0605570
2.20 O.00C5660
4.20 C.00O5760
6.20 0.00O5830
8.20 O.C'CO5900

1 C.20 O.CCIC5920
12.20 O.00O5960
16.20 0.0006010
2C.20 f).0006060
22.20 0.0006080
24.20 0.0006100
26.20 O.0006110
28.20 0.0006130
3C.20 n.0P06140
34.20 O.0006220
3F.?0 0.0006300
42.20 O. CGC63 50
46.20 O.OG06390
5C. 00 0.01006420
54.00 0.0006450
5E.25 O.Me64 90

RECOVERY
TIME	 C,Si'V) STRAIN

7. 0.0003430
0.05 0.0003470
0.10 0.0003460
1.10 0.00O3460
2.10 0.0003450
3.10 0.0003450
5. 0)0 9.00034 5G

10.00 0.00034 50
15 . 00 0. 00034 50
20.00 0.00013450
25.00 O.00O34 50
30.00 0.00,03450
40.00 O. GCO34 50
50.00 0.0003450
60.CO G.00O34 50
7 10.00 0.00034 50
72.00 MCO34 50
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TEST I-5
ARMCO IRON
318 DEG. CELCIUS
36.2 MPA (5250 PSI)

CREEP
TIME	 041 N) STRAIN

0. 0.0005610
C.05 0.0005680
1.00 0.0005780
2.00 0.0005830
3.00 0.0005920
4.00 0.000 5380
5.00 0.000 5900
6.00 0.0005940
8.00 0.0006010

10.00 0.0006050
12.00 0.0006100
14.00 0.0006110
16.00 0.0006120
18.00 0.00061 30
20.00 0.0006130
24.00 0.0006130
28.00 0.0006130
32.00 0.0006140
36.00 0.0006140
40.00 0.0006140
44.00 0.0006140
48.00 0.0006150
52.00 03.000 61 50
56.00 0.000 6150
62.00 0.0006150

{

^a

ij
1

RECOVERY
TIME	 (MIN) STRAIN

0. 0.0004760
0.10 0.0004750
1.10 0.0004720
2.10 0.0004710
3.10 0.0004690
4.10 0.0004690
5.10 0.0004690
6.10 0.0004670
8.10 0.0004620

10.10 0.0004610
14.10 0.0004610
18.10 0.0004610
22.00 0.0004610
26.00 0.0004610
30.00 0.0004610
34.00 0.0004610
40.00 0.900460U
50.00 0.0004600
60.00 0.0004600
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Table 2.	 Parameters for Commercially Pure Aluminum and Titanium

Temperature Stress
to ea

C'
Ca

Cend
(00 (Mpa) (min) (lo - 3) (10-3 ) n (10'3) as (10'3)

Aluminum

Room Temp. 13.9 20 0.160 0.0358 0.0265 0.0563 2.3119 0.0068

Room Temp. 17.4 30 0.2793 0.0140 0.0560 mo96 1000.0 0.0288

Room Temp. 20.7 36 0.2938 0.0183 0.1409 0.0192 0.6122 0.0822

Room Temp. 22.4 42.1 0.4103 0.0283 0.1198 0.0123 0.4565 0.2626

185 11.0 43.45 0.1882 0.0145 0.4855 0.0453 4.6647 0.0601

185 13.8 O.0 0.2393 0.1000 0.1174 0.0216 13.7472 0.1117

185 16.5 60.0 0.3406 0.0539 0.3095 0.0383 3.2441 0.2216

a.	 231 9.3 84.5 0.1327 0.0695 0.4955 0.2730 12.8642 0.2665

231 12.1 62.1 0.1245 0.0100 0.5253 0.0071 0.7263 o.o467

231 21.4 62.0 0.1501 0.0533 0.3968 0.0064 52.1268 0.2374

Titanium

Room Temp. 227 30.65 2.097 0.o844 0.2801 0.0058 10.8964 0.0422

Room Temp. 248 30.0 2.8158 0.I464 0.3788 0.0291 0.8616 0.9506

Room Temp. 262 31.0 3.0184 0.0389 0.6299 0.0191 1.5903 0.0333

306 68.9 52.0 0.7117 0.1000 0.0888 o.o911 10.8668 m604

306 82.7 54.o o.8298 0.1598 0.1230 0.0410 200.0 0.0708

306 110 52.0 1.2897 0.8068 0.1443 0.0227 274.7290 2.0770

422 44.1 64.o 0.4265 0.1105 0.1808 0.1208 0.8814 0.1858

422 55.2 68.0 0.6734 x.0459 0.3471 0.1565 0.2417 0.0134

422 66.2 58.0 0.9743 0.1257 0.3059 0.2622 0.8913 0.2598



Table 3. Parameters for Commercially Pure Aluminum and Titanium

Temperature
(oC)

Stress
(MPa)

A(o
(10'	 )

C1
(10-8) go 91 92

Aluminum

Ror,m Temp. 13.9 7.9208 2.6316 1.0 0.6885 1.0

Room Temp. 17.4 1.3963 1.7702 0.1755

Room Temp. 20.7 1.2365 1.5459 0.0807

Room Temp. 22.4 1.5939 3.5987 0.0836

185 11.0 11.7617 0.9590 1.0 1.9992 1.0

185 13.8 1.0175 7.1311 0.9946

185 16.5 1.2068 4.9987 0.6749

231 9.3 9.8316 7.9576 1.0 2.2956 1.0

231 12.1 0.7234 12.2692 0.005

231 21.4 0.4926 43.1463 0.0241

Titanium

Room Temp. 227 6.3557 0.0132 1.0 37.7955 1.0

Room Temp. 248 1.2307 18.2368 1.5958

Room Temp. 262 1.2498 17.7530 0.5851

306 68.9 7.1174 0.7929 1.0 1.5588 1.0

306 82.7 0.97 6.3650 0.5o62

306 110 1.1325 6.2926 2.2731

422 44.1 6.6642 {3.8698 1.0 1.9399 1.0

422 55.2 1.2630 1.2678 0.3176

422 66.2 1.5229 1.6602 0.8755



'	 -	 f

K^	 2024-T4 Aluminum Allo

The aluminum alloy was tested at stress levels in the range 0.5 to

lam	 0.7 of the yield stress and at temperatures between 255°C and 275°C. The

ranges of stress and temperature are shown schematically in Figure 7.

a .
The raw strain-time data for creep and relaxation are given on pages 70

through 93. It should be noted that these data (as well as the data for

the titanium alloy) are preceded by an index to the individual tests,

along with an explanation of the computer tabulations and plots of the

data.

When subjected to analysis, this material exhibited reproducible

results that were reasonably predictable from the constitutive equation.

Table 4 shows the computer generated constants for particular conditions

of temperature, stress, and time that would be necessary to establish the

basic creep and recovery equations. Table 5 shows the internal param-

eters calculated for each of the above test conditions. Graphs of all

the parameters as functions of stress and temperature are given in Fig-

ures 8 through 10. The curves demonstrate  that in the 2024 aluminum

alloy, the parameters vary in a reasonably regular way in the stress and

temperature ranges studied.

Index of Strain-Time Data for 2024-T4 Aluminum Alloy

Temp	 Stress
(°C)	 (Mpa)	 %ey	 Page

225	 103	 0.5	 70
225	 124	 0.6	 72
225	 139	 0.65	 74
225	 144	 0.7	 76

250	 91	 0.5	 78
250	 log	 0.6	 80
250	 118	 0.65	 82
250	 127	 0.7	 84

275	 71	 0.5	 86
275	 85	 0.6	 88
275	 92	 0.65	 90
275	 100	 0.7	 92

Each test is represented by a page of tabulated data and a page

with the data plotted. In the tabulations, the upper set represents

creep and the lower set relaxation. Time values are in minutes, and all

strains (predicted, observed, residual) should be multiplied by 10-3•

•
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The column listing "predicted strain" represents those valuer predicted

by a constitutive equation with parameters based upon the raw data input.

The fit of this equation to the input data is shown by the columns "re-

sidual" and "standard deviation of predicted value.-'

In the plots, the values of strain and time are shown vertically

and horizontally respectively, in the lower portion of the printout.

The same format of data presentation applies to the titanium alloy
	  _;A

which is discussed in the next section.

1	 '1

68



Stress 0.7
Level 0.5

a 

L

225	 250	 275
Temperature °C

Figure 7• Stress and terreeraturc ran ges for creep testing
of 2024-T4 aluminum alloy.
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ti t. t131A	 n,n^tn." t.at^!Sl - . ,,C2ali 27._2%jel-13
14 1.1^s+-^.^li^a ^1:SZ7i7:L •--^i.L12iv IJ.20CJ1^: - .

^3'9 11' 	^•19t+z 1.67737' 7.1CF757 34.2loic,i16 +. ec 4L ^"tJ^TT 7 ^_-^T?T1:'T` •Y7T!1^'i`:7DC0'.7"-"
17 +, fSt4Z4	 0. l e! 1F5 I.As!sc^.  C.!10SC 76 37.20C9001S 1•ret^l2--^ T3T^s--'"Y;e'SeS?. Z`:^LiSa! -^0:2]C7i.:
1° t,A7714t	 A•^02tt t•67eS'^ C.JCaa12 x3.20009^.

1 .e!	 6^^.^5?5?tit -l^zStct-'^:^Cl1aG`--t 6:^2000t7%` -
z+ '.,^9tSv7	 (}.^^?'S 1.693760 1.002153 40.23C^0.^
2? t,rrclil. -C.00'T2^^^2
23 1,719901	 0. lie I z 1.7:17., -O.00etct SS•2000G:
24 1• tail? ^,1*2TS 1'T1S2SG-^d:yc3sat Sa:Z)C^..0 -

5 E R 1 4 L C C ; 9 EL A TIJ • [ of R ES( DUA LS 8 SJ 4̀1- I • FTT-- lTTiITMILM?I,fI 31,9ZMTI-Sr•WZT7

SERIAL CZ P QFL , TIa-. & M 0UAl 'JR I)E	 i7 •`
^.SSts) CASE	 4uma°_k

4 M.G LJIIF 23 5.do	 jid	 tit J. 	 Lw VL+
N.J.	 J+ANI ST RA/;. IaEU	 VALUE S1.CAIa nIi14UAL afIAE

1 0.397521 -Q. 00162 0.401237 7.9037:9 a.001 ?20
--^ U. S &0A ,T3

0.330721 0.00040 C.37e30C .'C2421 O.03o0?o
•^-_-- 000 YYY J. d

s _ x.777442 0.00073 0.37257c -]•JzoY072 0.77J330
c -..; 757T---"-Q:1-339:) -
7 0.356472 0.00075 0.362346.' : .JL3009 0.297551

9 0.351410 0.00065 0.3SL51,; 1.0011.'0 C. 344770

tt 0.546521 0.30060 C.34673C 3.3LU S9 0.431491

13 _ C.31.1 i09 0.00053 0.33,1130 -O.3c3329 0.637420
14 v.	 sc	 a 3;T?C„
1s 0.337044 0.0005z 0.537013 3.0G;,566 0.46226:,
O N. 3 3 5.sou u W•	 J Y.t	 3 1 ..

17 0.333927 0.00056 7.355510 3.0013x0 1.2!°713
V J•	 O' . Yu JC) j 33534.

19 0.33156) O.G00'? 9.33i4S0 a.,ILJ6t1 1.51115L
V Y.	 5Y • • .^Y

21 0.329715 0.00070 0.3195eG -7.3col3S 1.745590
•` 49 U.s to y d L Q-uUav .Z	 allL .•/6

al 0.323201 O.cGOea 0.32aT1G -,4.701.•+2 2.060030

big(.- COaRE-ATICtt CF	 Rc5(JUAlS • 3ua+lA(!) •3t<(-1))/StAiC Su`(•1(t)••2)AlUriNCY^1)••255

aiFlw. COARILATICu IIESIOUALS CADE a EO CH
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S
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[ASE F'RED1CI10	 ;:TO	 DEW	 OF assfaviD
-- I%Q. NAM E	 STRAIN	 ► 4ED Yi(._q(	 _LTRA1M RESIDUAL RTC-^--

__^ r1.L6331	 --a -Dom	 ^s7^_±aDQ_^:OQ13_<?_ ,.^s^9??90.
2 1.720228	 0.00161 1.21654) -0.003683 0.018590
3_ 1.213377 _	 0,00132- 1.209300 -0.004017 0.035190
4 1.208643	 0.00128 1.204230 -0.004433 0.051400

__^ -_ 1.2o	 ^__Q.a4 tz3 	 1 1393-0 .	 ()-Q92^ s a•o6_gco9_
6 1.195296	 0.00132 1.198440 0.005144 0.134500

1.18914t	 ).0019 1.194820 O,D05679_ 0.201110
8 1.184662	 0.00121 1.137510 0.002908 0.267410
9 _1.181170 ---3600 1 12 1.185400 0.004233 0.314020

'- 10 1.1:8361	 0.00104 1.18C330 0.00t99a 0-400420.___
_	 it 1,.1"7096-	 Aq- cL 1.176710 -0.0.003a6 0.433620

12 1, 174905	 0.00015 1.176710 0,00"802 0.500030
AL-- 1.173025	 0.00094	 _ I.- 6947Q -Q-003555 0,1664!0
lA 1.171379	 0.000;6 1.1694670 -0.001909 0.632640
! ^_•_ 1.169012	 0,001CC 1_165350 _	 -0.001075 0.699240
16 1.168627	 0.00107 1-165850 -0.002177 0.765650 T
17 1_167460	 .0-9116 1.161350__= 0,QC1610	 0,03j0S0
to 1.163141	 0.001;0 1.165850 0,001109 1.064470
19 _ l-14bl161	 0,00160 _	 1.10440 t039 1,130670_
20 1.11 `992	 0. 001 t6 1.1 64400 0.001406 1 . t 64470

SERIAL COA%fLAtIOh	 OF	 RESIOUALS6SJ!'(R(!)•RE1-1))/SORT(SUM(R(I)6•2)-SUM(R(l-1)•-1))

SERIAL CORRELA11014	 RESIDiJALS	 9RDERED	 Oh
O.C7E6^_ [A.	 NVF49ER	 _^ _ _

Li

u

f1

I

Ct

lI

a	 -

'	 11,

8U

L.

it

EI

40 A

k

C.aS

"ill t 

	 J a7,	 ,cr	 t;) JeS4.v:J
^^La ^4, f a• Sta a(. i4=1 _._^. I1.	 _ ac..i71,AL II ME

4 !.fills: ^.^_':,: 2.15:1. u.aL6:1S 1.1S670o
^•;#;t:z J,:,17_ 2.22s1w0 906566 2	 t1s730

• 2.346204: C. ':1 So 2.34316_ 3.003235 5.11670)

2. .45	 -+ J.	 !47 2.4!1150 - u.Jl.46i1 14.11!700
/ 1.S ;aka J."=:; f.: -C.Oc55Ci 14,11673+)
0 1.ta11a2 J._'1_Z Z.571All -3.9C1-"_z 17.116739
s _	 7.52.04. -	 ^12: 2,61411[ -0.JL7:34 29.110790

Iv Lri7117 L.	 :tt^ i.65iK : .JL3177 Is. IIa1JJ
C._C: 2.09[,44_ .oCO31. 4 41.It6700

Ia d.ld.a24 J. ::'_3 2.721731: ;.JGZ"s 29.4147:)
1,7517[': j.,IC25.4 32_1157 0

^4 2.175377 .`1•:: 6.73)66)! 0.0['769 35.115773
11 c.s^it 73 n 38-1TV10
la
t7

2.423156
7 AL_ • N

C.:Ct^1 Z. 827 7 3 7.0ci$72
r	 nn4^.6

41- ?167,70
11	 ..as1n

	le	 2. il l eii	 0.00122	 Z.E7118G	 0,14145+	 467.116700

	

170744	 4.0'.1'i	 Z.y9 	 J..C21^3	 1174 -a
•	 1:.+	 6::	 C.CJ142	 2.9!1130	 J_OCC156	 53. 116703

	

_i-^1S>^.	 ._1 4	 Z.9z544C -3, OC47_ _co	 It- 1147an

	

t[	 2.7433*.4	 3.:166	 2.947110	 -0.001659	 S7.1107.30
•	 __ 246	 r	 1_7^fs73	 G. :117_	 2.95'45[	 -O.001^7^^„". 63.2s:7't°

{OAR S̀ LAtL	 OF 41SI ) L) A LI Su .Y(i(I1-841 - 1Z)/Sr- 41 l u .41 i ( 1) •• 2)" S gN it & L-1 r• )

•	 i4l ►. 	 JjlU). AtICY	 RiS1.)W2	 OQJE4E)
CASE mj"ia

/►4 6

1

i	 11

Now
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•a

w	 r

,0,	 •. a rp ST . % 1 . 1	 'a:1	 'o aLt( SIRath *111?LAL rt"e

t 7.!27!4.	 07.rISO? 2.279•x_ •^,:,SS7a O.1 )C )0O
.-..	 _	 _. _.__-____-	 =•_•71•--^-1:'1C7t7	 -Z.s76e5^ 77••, - -30-. 7v---

 I. .:ts^•	 ).^tT^' 2.`274.*.0 "'S?6S 2.17rrCC

^^ . • ^ ^"'_^'': ^ 'S*IT- i :'►• T 1 ••7--- --7"--'^rS ')'_ "4';1': C7C.r.._.

S Z.1	 4.31 0 	i.^^^^5 Z.y2I16( 1.^2J0l1 4.1:C•)C3
-

--7.*7771'' -fr.C-^17E1!	 ------'-11.17C^.^T--
7 ?.452664. 05 ?.CC I156 11.1003}.

-	 TrZ•y7,'""'--'1^-^S)S	 -----2-;^vs5::'- -, "ra77a----"-TS'.t:C"hx'
• ^	 f5+.720	 •'.C:oCT 3,?tatar -0.;.oIS7 15.130300

I x•]±7.9-

11 1.131715	 0. J'.Sa7 3. 1517x.0 -^,}te	 S5 x1.13('	 .:
_._1^iZtSR3_ . ^ • 13. T)GS t = S.^Ca3sz;

_	 =f."Z CI 1aI	 __2 Ir. 1DCI.0
13 f•17'^2^	 '1,',}aG^ 3.Z5SOI CI -1.JI0st7

--f>^^- ^T!taT2S	 n"977 --- 3,.7 0 [ 7 7G	 T.:	 C±CS 37.1.0;77--
15 3.SoiI?1	 0.i	 4.r S. S9, 	?u - 0 . 1)19L. 33.11C3JQ

17 4SS?%C -C.00*014 S^.t}CJ^O

-'{1r" T;-i10o T[-'-•7:17107 - -- 3:C7SCaG-O:DCtSSt' -L1:t
to 3.st56Rs	 0.)JSa" 3.52^Je2 7 ^.^C4.v25 ll.17C3j3

I.Si09Cr --O.^S?^ --y.s33+5. 0:7CSS, T--tr. 1 :0307 --

21 1.56!365 0.0131:2 51.13c3OC
?.0TT 7742,.r s7T '	 f.-rrr3;c-'-TJCv_lvlW - ------ L;^-COcr-

LS 3.r4.!0,Pa	 0.0 1754 3.r5964C 0.013752 5?.IJ(')f,7
Z -_`3F9C72C . '"y:.'S151^1 7 '_ 6C-13C):1

2 1 - 3. et e5sS	 0_^^'JtS 3. 7 0 ,320 0.0 18?55- 6 1.	 in

5s&I AL C794ELA T 10 10 	00	 *CS 10UALSASJ'1(R(11•r(1- 13111:;7(SU`(Rf: >••2f•Som-.0 C:=1)••j))

SERIAL CONPRA110'1	 RESIDUALS 0 :1DIM) 04

-
rips a i , e'T'7-Tif7 c-L"'J v>`-^..oSc G d c I ^-

•o	 wAME SfRA1x MAeD	 VALLi. STRA1- R^i[DL4L all:1E

•-^)

	 _ 1.358215 O.0O314 1.669790 3.011575 C. 00103:

.!J Tc-r I.a1) 5 Q 5 , ..11Tr
3 1.331463 O.00152 1.b26.^00 -3.00 St. o1 0.034.31a

5 1.42tJSe 0.001 la 5.015570 -0.0c5l.as 0.76.+a]
- e I.^, .ETLrLCJ` --TrTSD7C-"^ J^'iTT J

1.3J62d3 O.CJ1:7 1.R0723C 3.JCu947 0.14409,)

9 1.738305 0.CO14.2 1. 7933 SO 0.0[4525 0. 14L775

^J 0 -T.-7 Tr
1) 1.77 1933 0.CO115 1.732210 O.JC5227 0.606210

-^^ r !.	 11) J ..

i3 1.77304.6 0.coICS 1.775951) 0.002904 0.736;'	 0
L J • 777= 7 :^ -7 'SL" 7E I f V.

IS 1.766,6S G.C]u98 1.704300 0.0[17535 0.933010

O ------T-.7 o'JTT . 7i uvv r 6 S SZt - 1T > : _
1.764932 C.COtCo 1.715520 0.00G506 1•12^JS^

O .L	 O 	 -----T-.7 007x1.3 -i .-ZXV3V-- •	 rL

t2 1.761272 0.031.3 1.7x2050 O.OL07>'a 1.39052a
-	 4.y c ---T.7 5 65 7 rj - .tr

L1 1.759069 0.00126 1.750570 -O.OG0499 1.5E-0a0

4.L .L V.

24 1.750643 0. La 144 1. 7 5 5 1 j c -0.001540 1.341.)4)

L 4 ) J .1. \i -;j . V

25 1.7 5534o 0. 00155 1.75 1620 -O.003726 2.011.40

ac4 L A-	 COaAELATI:..) Of	 R_ S IuU A L5- 5JM(R(I) • A(I-1))/SJd1(SUM(4(1) ••Z) • SUM(,? (l-1)••2))

aLwia.	 CORREL ATICa 47S101JALS GROEmlD ON

J. I j T3-. J E	 :4 0 !:f rw
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S2 hl-j

is	 2.356%93	 0.00074	 2.353220	 -3.303473	 0.6co2oo

2.3 4 71 5f.	 O.00C72	 2.34zd6o	 -0.0,W4	 1.127773
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r a ,.. 'f y
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C A SE PR. _':T=C ST- :EV OF 0aSEav23
Mil. Mae,€_ STO. I 'm vsE3_^LU+_SLR; N	 o013 1i.11_ TI)*E

_	 1	 _ 1. t9S23!	 ].::^9< 1.141379	 - -0•^`^ 4 63 2.0433'1
1.21900] ..C".4p9 1-Z4s420 3.009917 1.04333]
1.2FLcw5 .'.	 :334 1^2a91 3 0.01171..5 2. is3!::

4. 1.2714.74 :.1:3:9 1. ZS2:1C C.C32539 3.4413+:
5	 --	

--
1 „Iga7;5 1:17294_	 I'2306CD.C =.1 1 45 1-.4433:

6 --S. "Z]Z9 :.0529% 1.3?95:0 -9.032429 7. Si 333:
7 3g13 ?? 7.00297 1_3525?0 0.8]9697 Ic.0833:'
1 1.!1838: 1.0029" 1.!7a9dCa1S;'.9 17.03 31

1.412109- -- -	 _1.:^2- 471.405 761 -0.0 )65-9 x.0433:1__	 ,,rte•,	 .-
30 1.-33638 C.w027: 1.4.21560 -^.C130s 19.04331-

1. 453	 6 8..	 ti3 L•'! 74.6 -0, C alm	 2 2 3033)]
S^E71^.12 1.^T1351 3.E^+1.9 l.^s]4.4C 0.011744

13 1.1.93CS1 1.S3435C 0.019!99 _	 10.44334]

f^ 5: 6676 3.:.'.22s I fzc867 4.917912 31.01339?
iS iL52?cjS3 C.CC22Z 1.531194.= 9.C7 794T 34 .167.
t6 1.536371

._
9,CO22Z 1.54.5317 8- ► _19.4 37,063	 1;

3.7 	--	 - 1.553211 s .t 0»4 1u11^3Q¢i Q .12 4	 43101
11 1.!67535 O.GOZ41 1.55971: -t.C17sts +3.^-4333)
19	 __ __ _ i-M494 3.:9259 1.F6i3S9 -7.C:]C;+. LS	 ;4331"
2t 1.594.433 0-COW 1.569933 -O.00-933 .9.36353;

1	 S3 7 11 89 a.: 03'9 -	 1.±C'.9^. -1	 41	 691 32.?43*1T
22 1.620594 3.0:24: 16 13 -4.	 as454 55.]!23-^
23632475 7.7:373 ^•.t34530 0.7I11:; '.11.0833_'_
?4 1.641195 I.c;3147 1.64-73; 0.].:535 51.1163;3

SERIAL CORRELATION OF	 RES:7UALS =3U • ( 2 (1 ) •DI I- :))!S RT(SU"(?l11`- ? 1'SU"to11-11••211

SERIAL CDR4ELOTION RESIDUALS 0*)SR!O ON
CASE  N n _R

CASE PIIEDICEfEo STD DEV 01 0aSEkvTO-
160.	 NAME  STRAIY FRIO	 VALUE STRAIN RESIDUAL 2TI4E

1	 •_• 0.615 6 19 0 .00352 0.411510 -0.004109 0.002770
2 0.402982 0.0oi48 0 .46/120 0133 (1m_

0.394464 0.00207 0.3971Zo 0.002656 0.006520
0.358627 o . W1-5
0.356659 0.00197 0.359710 0.003251 0.041590

6 0.448a45 0.00166 0.351080 o.0a2235	 ^;5811p
0.339401 0.00166 0.3115320 0.005919 0.0411.90

• 0.336181 0.00157 0M5250 U ,07'047
9	 _ 0.333545 (1.00166 0.3309+0 -0.002603 0.124760

10 (3.326372 0.00125 0.315670 -0.m
11	 _	 _ 0.318924_ _0.00108 0.313670 -0.005258 0,324370
11 O.ST4655 am. CO100 13-Y0 33	 MM-0-5
13 0.312192 0.00109 9.306470 -0.005722 0.590520
14 0.310273 0.00113 0.307910 -0.002163 o. TZ3$0
13 0.308604 0.00118 0.310790 0.001986 0.856670
16 0.337633 0.00122 0 307910 - 	 22i7'^'"^;^8^
17 0.306670 0.00126 0,310790 7.CG4120 1.122820
1d 0.!05860 0.00129 0.310?90 	 0 .WL955-- -T. -a390a
19 0.375166 p.00132 0.310790 0.0435624 1.386010

^20 0.3]4542 0.00135 0.302160 -0.0024021 5221
_	 J 0.3]6031 0.00138 0.30504,0 0.0C1009 1.655130

[Z 0.3035S8 0.0	 14, 0.302160
-23 _ 0.303135 O.00143 0.706470 0.003335 1,921250

24 0.332752 0.00145 0.306470 0.90371$ X35"8350

^ S:AIAL COARELATIO.4 Of	 RESIDUALS • SU M ( R (I)-R(1-t))ISGRT(SUN(A(l) --	 ) • SUMCRtI-11••	 )

S_AIA4.	 CO1ZRELATICN RESIDUALS ORDERED	 ON -^
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N0.	 hAMr ST 7 A:'4 PREZ	 VSLOE ST4_:l1 	 4_S'JJ;L T ime

1 1.5 lei : 6 J. t :9!4 7915 6.10=::-

1•E_nSSd 3.^C 4:9^S.E .l3i4'^C..'T=T52---^1•'?"i
] 1,05591" 7.:'19: 1.E5475C	 0.]178.'

5 1. 73]5!2 1.:'!FS 1. 737EE]	 ^.:C7^i4 a,c]_'v'
b 1. 7i ti. 12T-SC:1.4 1.'2e34f:---1FC:5T1i
7 1.74217] ..;13331 t.77835C	 -0,0`35:-•
S 1.5-?:14 ]x:313 1. 79a7.C^1-C:ic=71

9 1.621482 7.[7245 l.dt22E:	 -C.:39? U 1^,f?S'.1'
1 1.	 2 2 6^	 T:2 7711. e 1TSr-:	 a

---11 , t .45516E O.C,?E. 1. 744.62:	 -0.610345 13.57'i^'12 t.a7ts3[ 3 :253 1.35d!E^ --C:-:31555 ;5;;•".:)`-
13 1.943967 „ C:2a7 1.7746E0	 -0.2093?7 tE.Er^:	 ]1
14 1.a471^e-"L :c,z^^ 1.e^^s^^-=^^57S^a-
1S 1. 9: 967E C.0"!51 1.9:!15:	 -0.CJ5; ?5 19.E^:C•]?
16 1.	 2159 3 3 . C .2 1 .913F76-T.:d3 -if* 3^
1 7 _ ..932985 3.0"''71 1.93:639	 -C.C31355
I• 1.443919 .03246 1.442^90^:1^.19 4,
19 1.9534:2 ]._"O S!3 1.955050	 0.231639 25.6:L]]1
2i 1.1F 4532 J.CffL 9 1.574330--i 17n -}3.I:	 --
21 ..4743,34 7.::374 1.°83150	 a.C:a476 28,F.1]7:"
22 1.913757 0.::4	 9 1,9940313	 0.010473 .1:	 ..,
2 ) - 1,989966 6.0:+.3: C.^.1z144_2.CO zi71 31.1!5275

SE R IAL CO R REL3T,On OR	 RES:7 U SLS=SU4:at,1 • a f:-111/!OR T (SUM (-I(II--21 -SUM (9f,-11••2 11

SERIAL CORIft.&TION RESI:UALS O 4 0c a E] 04
946 A c N' 4

CASE PRE0ICTE3 SID.DEV	 OF OBSERVED

CIO.	 MANE STRAIN PREU	 VA LUE STRAIN	 RiSIDUAL ETIME

1 0.364251 0.00319 O.S71080	 0.006829 0.0J3210
t 0.5.8154- O.0018^ -^	 t	 -	 . 03565- ^.03335a`
3 0.541144 0.00154 0.51,'170	 -O.003974 0.067490

^4 0.536214 0.00146 0.`F3-)-7v-o- ^^^311t ^J'4')llr3-
S 0.532333 0.00145 U,S31741	 -0.000593 0.131770
• 0.521690 0.00153 G. 5.7 	0361^1J^ 6J3i5--
T 0.514691 O.G01S3 O.SISISC	 0.00,1489_ 0.368137

0.539449 0.00145 ',.50368-0^ s^ ^53>«^-`
9 O.S05267 O.0013i O	 SU4610	 -0.000657 0.645990
43 0.5 c 124 ---0. -OTC-9-	 1, tZOTdT77TT

11 0.498649 0.00115 0.44 ? It :U	 -0.001019 0.903100
'-	 11 O.s9629z-^.ObToa .4 6G 3U-^:3a	 ^^3136d---

13 0.4x4042 0.0C1cd 0.496470	 0.002(.28 1.160210
14 0,492039 0.0."411 G ,495^f(i '^.o6-3b8i	 I.2f3770-
15 0.490241 O.00120 0.49376,	 0.013519 1.417320
1 0	 0.456612 O t 11 .63 4 0 6 ^^ 1S ^T$^-	Z333'T-
17 0.487128 0.00341. 0.492400	 ').705272 1.679.30
14 0.486433 0.0015: 0.4842 0-0.06?171 ^'lT.7Tu -
19 0.:85127 O.00167 0.478840	 -0.006287 1.001270
213 0.493922 O.0018 O.t77i80	 -00«^^

_
1;4532

acALA,	 CO FIR ELATICM OF	 AESI DUAL S = SUM( a ( I)-4 1-1))!SORT ( SU,M(R ( 1) -- 2 )-SIIM(4(1- )

SIAIAL	 COARELATICY RESIDUALS ORDERED	 ON

0.41240 CASE	 NUMj ER
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Al

.e

r^

;F

r

..v.	 ..A A E	 ST?.l_± 	PwcJ	 4AL _:_ 	ST4AI+,	 RE :IDU AL	 r,me

_	 1	 1.515653	 u.:]S::	 1.6_7511	 -3.aCA14.3	 0.05^7."Z
c	 t,lit57i	 C.::i:•
a	 1.7 i4I t 6	 Z.02':	 1.7o1aS7	 J.007184	 2.OsOJ70

9 549	 3,717071	 j
a	 1.11315:	 .:72.5	 1.417510	 3.01,4356	 4.OSU373
0	 1.155312	 0.;::-	 1	 6550]	 'IC12es1	 6.150000--
7	 1.;31715	 C._C14:	 1.d3637C	 -0.305423	 8.050033
0	 1.) [ :60	 .Ti i -	 - T-. i? -, 3 T--T. 0 491 o	 .5'1L7^: v
v	 1.,.777)	 C. C.0 	 1.94;550	 -^.JC4427	 12.050017

1..	 1.11L$75 0 	 W l 1i-	 60^	 7s	 '6	 CZ -.
11	 1.):74,6	 G.CCt4:	 1.99120	 -0.0062C6	 16.350073
Ic	 2.)1d54.	 -T-d-'rs 5^
1:	 2..58501	 O.r,715i	 2.037750	 -J.,^.Cls,l	 20.OsocoC
1, 75 T37+ d.5I:	 ^-.a	 195T"-715:30
15	 _	 2.)'5,55	 0.00177	 2.777350	 0.302154	 24.057oo7
1J2. 1 v 	 Z.V9741L	 j.jr,3zl7-	 Z0. cu; 5 QJ,

11	 2.?^6452	 O.CC21:	 2.11109E	 O.003638	 ?8.050071
IQ	 2.1 24053	 O.0O24"	 2 , 1	 s96,,	 .'JZ1T2-7	 SS50!-_
I 	 2.123710	 0.0725:	 2.137100	 0.004!21	 71.150007

5i 	 C O RR ELATIC •f	 OF	 lZSIDuALS•Sim(RC I)•'([- 1))lSoR r(SU.4(aCI3••2)•SU.'i(aC1-1).•2))

Sci&Al	 CORRELATIC;e	 R?SIDUALS	 OROtRED	 C'i
4.0!443	 CASE	 ++JMicR	 ^^•

CAaE	 PREDICTED	 $TO PEV c:	 06SERVED	 ^I
NO,	 NAME	 Si RANI 	PR€D	 VALL _	 S1RA (N 	 RESIDU AL 	R I I M E

0.672 018 	0_.00362	 0.6753 100.0'329.2	 0 ._000640_
2	 0.654701	 0.002)2	 D	

_
.C5169G	 0.003011	 0.007060

3	 0.628138	 _0.0095	 Q,61d070	 -0.O0006A	 0.0391_70
4	 0.614749	 O.U018.	 0.614170	 -O.GOOS79	 0.071271
5	 0.597899	 O.Qrl101	 C.59191.0-_0.0]5959^	 0_135<70
6	 0.576220	 0.00197	 0.579430	 0.001210	 0.26188G
7	 _	 0.568607	 0.00103	 C.573880	 0.005279	 0_360190
8	 0.561238	 0.001E5	 0.571100	 0.009862	 0.456500
9 	 0.547608	 0.00161	 0.540530	 -0.007078	 0.713320

10	 0.538646	 0.00142	 0.532190	 -0.0061656	 0.970140
11	 0,5	 21 .̂ 6	 0.0015:_	 0.529410	 -0.002746	 1.21697E
12	 0.!27174	 0.0012'	 0.525240	 -0.001934	 1.483790
13	 0.523194	 0.0012?	 0.528020_ 0.004826	 1.740610
14	 0.519921	 0.001;;	 0.523850	 0.003929	 1.997430
15	 0.517169	 _0.00 14 ^	 0.523850	 0.006o81	 2.254250
16	 0.514814	 0.00149	 0.517740	 0.002926	 2.511080
17	 9,612770	 Oloo1SE -µ 	 .767900
18	 0.510974	 C.00167	 0.506350	 -0.004624	 3-024720
19 	 Q.509382	 C.00?75	 0,506350	 -0_00-3032	 3.261540
20	 0.507956	 0.00114	 0.506350	 -0.001606	 3-SS ----

_ 21	 00.506671	 0.00192	 0.50996)	 0.003289	 3.795180

SFRI A L	 CORRELATION	 OF	 RESlDU 1•SUy(R( ^)•? 11 - 1)1!SORTfSUMCR( [ 3••2 )•SUM(ACS-1)••2))

SERIAL	 C') RPFiL0.t[2N	 RESIDU_ALJ`ORDEREO C	 _

0.28055	 CASF	 NUMBER
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1.7146:6	 _. 5  i•727r:" -^	 777tL5 n, 1FC 13!

2 1.^1f!G7 ).	 :111 +4ai2:G.C11663 1.15:713'
3 1."iE4 9^1 :2FO 1. 59ia: t .^)i14, 2.	 E3 :^^
4 1.'4.4i77

-

_-^_ •: 9^	 cgs_ ?'2^3	 _^
-

- L.^i4T93 _;C._i_79:5__ ^	 150:
6 Z.:?9=:] J.C:2'_7 r it2lC -6.7'3:7: 5.ca0:J'-

^	 _ 2.,=3?K^ .0 :221 ?L_5539: -C.u7^?b: S. 2 i: ]_? ^
2.C3a54C--

_-
.7.ii4 a,E4313

9
T 

^.1"-S' . ► ^' ^.; ^5'^ C -C.C 15^^T 11.15.]:
20 Z.:4!77S 2,15;1' :!LSbI 12.'E':17

_-^ 2,171?3i - _• ?.:7923[ C.C1E:52 4.•F70n:
12 2.:46?57 ^!.0 ^17^i -	 2.2: A 45= ^..]12137 15.-6[071
13 j-,.jai•'_^ 7.0:ibq_ ^^:?^_tr !_:49:7 :7.:E:6I^
14 '	 C]'s)1: ]..]ihi ?	 _- 4 790 ^f. 53ii S.ES_^^77'1
15 25 4' 75 967'
SE 2.Z77i42 3.	 .:77 2,29133_ 1.?334i4 21.6E:71:

16 2.':565: v.: ;2^ 3 2.3::497 -O.0 _̂]152 24.552017
19 6_ J.G1221 2._'_ iC7 r -	 - "Si 56 26.1E'13'.
26 2.1.7..79 ^.0:242 2.34E93z -7.'11549	 27.46;][=

Z. 3F1_25 7.•^:F4 2.36:5_[ -C	 ' ,̂ 20:f 29.150771
22 2.373354 ?.CC?s: 2.375^.4G O.:a?'__ 3

2_ 2. '7i?:w Z)	 cCZ1? 2.375]9- ?:912 33.24"c9C

SE?ILL	 CZQ Q `_L-iT ;CN OF RESI U-LS= 71UMI'fII- 0 (!- • "lS:RT4SomI	 t! ► 	 I	 SL'>+	 -121)

SE4I-L	 C ] U D r LLTIO:, p-;.TULLS 01,
C:SE	 '.Ur9E; T

)>%	 1.t,

CASE FREDIC1Ev STD	 DEV	 OF OdSERvED
.%J.	 tiA- ! E STRAI'1 FRED	 VALUE STRAIN RESIDUAL AT IME

1 0.706266 O.CO105 0.71.4230 C.008014 0.003300
2 0.679309 O.CG213 0.670550 -b.0^47^9 0^3 637
3 0.561952 0.00_1_83 0.655970 -0.005982 O.U69350
< 0.552379 9.CC179 O.b4869C -0^04I" x .102

5 0.545975_ 0.00180 _	 0.641400 -0.004575 0.135400

6 0.528339 O.00181 0.626820 -0.001519 0.267500	 i
7 0.517_886 0.00170 0.619S30 0.1301644 0.399600
e 0.610666 0.[0156 0.6122<0-^.30t37ii-'1i _:31-7J0^
9 0.506191 0.00145 0.612240 0.005749 0.630780

IU 0.670110 0.00129 0.60,6950 0-504840 o .8i3iS
1 t 0.575.396 O.0011? 0.5_970_70 0.3C2274 1.027090
12 0.571730 O.00111 0.597670 O.005940

_
1.^25^30

13 0_i _$8775 O.00109_ 0.597570 O.008895 1,423380

14 0.566327 0.00111 0.583090 -0.O123> 1.621530

15 0.534253 0•[0114 00583090 -0.001168 1.819630

10 0.562480 O.COi19 0.583G9C 0.000610- 2^, 1
17 --0.5 5 09. 30 0.00125 0.58163C 0.0[0700 2.215930

-	 1.6 0.579564 0.00130 0.580170 0.000606 2.414130

9 0.5_7.834_9 0.07136 0.580_1700.001821_ 2_._612290
20 0.577260 0.00142 0.577260 0.000000 2.810440

Z1 0.5782.75 0.00148 0.577260 0.000935 3.003590

22 0.5753$1 0.00153 056p9T7 -0:005^10T^-3.^ be 4

23 0.574562 0.00159 Ks68510 -0.0[6052 3.404890_
24 0.573611 p,C0164 0.56705Q -0-.006761	 3.603040

S:41AL	 CORRELATICN OF	 R:519UALS= SUM(R(I)-R(I- 1))lSJRT(SU`1(R(1)--2)-SUM(R(1-1)•-2))

a:41A,	 CORRELAT:C.N R4SIDUALS ORDERED	 ON
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Table 4. Parameters for 2024-T4 Aluminum Allay

Temperature
(°C)

Stress
(MPa

to

(mn)
£o

(10-3)

C'
(10-3

c0
10 3

as
C+sn
10-

225 103 61.1167 1.71011 0.15000 0.26295 o.o4167 32.43631 0.43541

225 124 6o.28337 2.12014 0.14358 0.53768 0.08878 2.57728 1.41643

225 139 60.27 2.32197 0.31333 0.37102 0.14290 0.11812 1.66;86

225 144 29°308 2.77983 0.11644 0.73620 0.08513 80.00 1.73003

250 91 58.3 1.40718 0.03408 0.54463 0.09897 2.41253 0.30332

250 log 60.2367 1.85938 0.28126 0.33195 0.11326 1.21471 1.13831

250 118 61.2 2.21550 0.27857 o.4o448 0.14438 1.31766 1.72574

250 127 61.36 2.53834 0.41161 0.35163 0.19131 4.45145 2.32490

275 71 60.1163 1.18402 0.05271 0.52737 0.16183 30.63227 0.29075

275 85 31.115 1.47651 o.144g1 0.36801 0.13383 0.42662 0.44218

275 92 31.15 1.57918 0.12970 o.42180 0.26998 1.22208 0.47224

275 100 30.28 1.66339 0.15924 0.43906 0.17614 1.94305 0.54882

W,



Table S. Parameters for 2024-T4 shiminum Alloy

Temperature
X 00 '1

Stress
NPa)

AM
10"6)

C9

(:0-9) 90 91 9?

225 103 11.446 2.36129 1.00 10.615 1.00

225 124 1.033 14.66 0.3852

225 139 1.045 10.03 0.3084

225 144 1.16 16.4439 3.6102

250 91 10,701 1.32829 1.00 3.152 1.00

250 109 1.101 9.679 1.479

250 118 1.211 10.189 1.346

250 127 1.288 9.15 3.11

275 71 11.4732 10.9891 1.00 2.825 1.00

275 85 1.039 3.837 0.2028

275 92 1.026 2.635 0.3633

275 100 1.003 4.04 0.3323
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Figure B. Variation of 190 and g l with stress and temperature
In 2024-T4 aluminum.
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TI- 6A1 -4Y Titanium Alloy

Among the materials rxamined In this project, T1-6A1-4V titanium

I: alloy behaved in the most consistent and predictable manner with respect

to the constitutive equations that were developed.	 As a result, more

te s ts were conducted on this alloy than any of the others.	 The ranges	
I

of stress and temperature for these tests are shown schematically	 in	 {

Figure 11;	 strain-time data	 For all the rests are given on pages 	 101
U
U through	 148.	 Table 6 showx the results cf data analysis	 in terms of the

f^ resultant constitutive equation parameters for each test condition.

(( Graphs of the influence of stress and temperature on each parameter are

given	 In Figures	 12 through	 19.	 The trends are uniform ;n every case,

although some scatter	 is rioted.

Index of Straln-Time Data for Ti- 6A1 -4V Titanium Alloy

•• Temp	 Stress

(00	 (Mpa) `.:.	 '3ge

44o	 181 0.3
441	 241 0.4	 1C;

440	 271 0.45	 105
440	 302 0.5	 107	 I

470	 151 0.3	 log

470	 201 0.4	 111

470	 226 0.45	 113

470	 252 0.5	 115i 485	 11)4
485	 192

0.3	 117
o.4	 119

485	 216

^.

o.45	 121	 I
485	 240 0.5	 123	 f

i500 138 0.3	 125

500	 184 o.4	 127

500	 207 0.45	 129	 a

i
500 230 0.5	 1 31

515	 133 0.3	 133

515	 177 0.4	 135

515	 199 0.45	 137

515	 222 0.5	 139

530	 126 0.3	 141

I 530	 168 0.4	 143	 t

530	 189 0.45	 145
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Figure H. Stress and temperature ranges for creep testing
of Ti-6A1-4v titanium alloy.
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10	 3.v uuslu	 137;-^ a li^T
11	 3.975605	 U.UO2e3	 3.96937(1	 -0.0lio213	 IA. Io"Ou1

YCITtI'-^G7ST-'-`TG^ISS^-Ti.Oii2sil^'- ^ -̂I613M
111!	 4.1479127	 0.40247	 4.117500	 J.Oo8073	 22.1 6JU01.

_..•:-_`Tr'!	 - 771977"-4..^62io	 rd7770^:^GrCO7-^i:11009a
13	 4.230403	 O.0O25G	 4.22usso	 -0.01u2S3	 26.1646JO

=C--	 e	 . Te
17	 4.341341	 0.00261#	 4.3S8S3U	 -U.47GS315	 30.1 WODU

	

233	 4.371&Tu -3..	 so J--32: fI uGu6
19	 41444+69	 0.00391	 4,44a 7A0	 0.1304031	 34.IGouo%I
zu- 	 t}	 760-4T.a03c75	 13:iauu4TJ-
21	 4.341301	 0.60341	 4.S44u40	 0.Ou2731#	 39.160OUG

. Ia	 s e	 o Im =47: TD3T	 u1

	

t	 23	 4.632795	 0.00367	 4.6277o4)	 -0.044435	 42.160uiv
t - • `a4	 4 615823Tl'"^3d' OL^:OtSZ17r`iT.16LO3J

as	 4.704635	 0.00425	 4.703990	 -0.00097d	 45.S204)UJ

SERIAL CORRELATION OF n ESIOUALS^SU7ICR ( I)•RCI-1))t54RTIS (1+4(R<[)+•2f•SUN ( R(I-1)++2))

7_	
SEOIAi CORRELATION	 RESIDUALS ORDERED CN

CASIt	 PR	 TS	 TO OEV OF	 9S'-oIEO
so. NAME	 STRAIN	 PiEJ VAL 'J'_r 	STq;.IM	 R STOJAL	 +N

i	 2.175629	 0.61:62	 2-207320	 1.72+491	 C.0O2201

	

•-^•- . ,^:y :.,	 r 	 2.1+_556	 Q.*.1zA3	 2.13eC10	 1.012324	 0.4es59a
.'.	 3	 1.99'35C	 9.&0945	 1.95659	 -0.91076"	 0.02555"

-_	 1.676352	 O.C48;:	 1.5614-00	 -Q.C1usz	 0.77 
2 
540

	

+''^"" =e	 f	 1.770667	 0.05665	 1.740530	 -0.024".37	 0.1154::
1.650926	 C.CP925	 1.647$¢3	 -0.032146	 0.97

	

$ +'.•̂ ., +1 	
7 1.559241	 O.00959	 1.552740	 -P.1363.11	 0.396Q61

^=	 i	 1.427396

	

0.0017s	 1,"CAso	 0.913544	 0.7974.5-
1.343016	 0.00745	 1.370060	 0.027044	 1.23682:

rl^	 S	 in 	9.295723	 0 . 006+.7	 1.]24]90	 0.03SS67	 2.679;
;" "-4 ''#P '^	 !1	 1.!49973	 9.00579	 1.2901LO	 0.04-9357	 ?.115559

}r:	 i!	 1.221530	 11.CC5311.244- 4 74	 R-t0239]4	 2.SS44rs
13	 1.197206	 O.CD522	 S-ZIC220	 0.013012	 2.99L291

7j	
4► 	 1.17A14]	 6.49521	 1.188910	 0.014767	 3.41366'?

^' ,tea ^^ ^ if	 1.15=191	 0.00531	 1.172160	 0.909969	 ;.873922
_•	 '^^yK	 it	 9.145595	 O. 4nsL+	 t.t6C7S0	 5.912155	 4.31;,j1L:

17	 1 136832	 0.90564	 1.141720	 0.0948011	 4.751752

^^'	 !i	 _	 1.117495	 0.Q 0514	 1.1417474	 -0.:09918	 5.!34' ;
!!	 9.999262	 O.OQt34	 1.SQ7474_ -!.091742	 fa.712^b9_

	

"`	 t!	 1.191931	 0.0006:	 1..55449	 -O.Ci3iL91	 6.509237

	

-`;'^•^::`	 ZR	 9.045297	 9.4653	 1.[73220	 -0.72107".	 6.9L^S^^^
_Z;.•	 ^R	 .27	 1.099237	 0.00794	 1.06941c	 -0.719527	 7.35795^

21.	 1^^63^Z	 Z.^724	 'Alit 1;0	 -x.721992	 7.8j`73
25	 1.062117	 0.00737	 1.^616JC	 -8.;27317	 7.93911.:1

51 4 1AL CORRELATION OF P•ESIOUALS*SUh(RII) • P(I-1))ISCRT(SUf4 (R(I) • '1) *SUM Ia(I-1)••211
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ORIGINAL PAGE IS

A QUALITY

	

C.SE	 RRE..: : Td:	 3T,; Jcv G = 	.+ a^^KY<<'

	

.	 ... -.	 Azj y L _	 A S-^

-""fT_;93T'•^^'-'-13'.y)'-'"-:T3:?C'-
2 ^.:..a•i. .:735 ..+6361: -0.;7:65. 1.11'IC47

T. .1SYr-- 7:315:7:: -
..52.813 .:5r;	

^
6
:

S
'
j
jki.i C.4L4S: 7 4.i6La:a

6 x.51763. 1.::316 L.91.;iC OR.^^71132bi 6.115.011'.
 .	 O •LS	 .7 ..Tl. C3Y	 Y.YR 127 IF-104'11.

a 5.143:.E ..a w: 3.1&567( C.^J2s3% /2. LEA
. :6Evw	; = 9 .̂ 7TiT^"^I^I1EL777-

1^ -4.3752.2 16..63];:
 W. .4	 J •	 L..

li 3.oS:1l9 1..:.15 1.61715: -a .:12919 20.1 tor. 1:
. ..J 1343 13. . ELr^T

1. 5:61761. I.Ci175 5.73rs9G -9.:23:3. &663a:
. 'T. .^. aza33-

.e .1 C49. -2 3_'f 17' 5.972.54.0 - fi-M24a)s 2s_IsS]wl
i^

i
r.. r. 4-	 Y r ..

10 4.144-49 3.&339. 6.156630 O.C72:8i 32.1i^0:7
is .L46 ^.	 4 9.. Y•	 ....	 r
2= 6.2969:4. 7.0:452 5.30753: 0.010E 2S

te
36.160334

.. A7"z I.M.M J.w j

22 6.437:,19 3.C;sjt 6.44674a 0.017.621 40.1630G*.
zS .7.0r 7 42 J ► .._. y	 7 YJ
V. s.573.59 }.05621. S..56 21,1 S.0 Ma Ai:1s00Qa

.O4Y •	 L . O	 O •	 V .

j ♦ 	 %...	 •. ae	 a - 11 MRM007,61 -3

1 ♦ wV (.	 C	 r a^4 u	 r Kjmtcj

2.73682 CfSZ MOMSEA
t

LO

s	 '

.	 '•ti:
MO.	 NAME sr*AIN /RED VALUE STRAIN RlfIOUAL ATIMO-

2.981169 0.01291 2.907030 0.002a65 0.000630

3 2.394751 0.00711 2.384940 -0.009071 0.073340

r̂. 1.034995 0.007C7 1.802890 -0.00214S 0.353750.

^..-. 7 1.646630 0.00587 1.663180 0.016S50 0.705163
-fit =.• , so a e

1.539156 0.00397 1590210 0.013034 1.216570

^•
10
11

1. ^Vrooa
1.467214

v . ulJ3fl9
O.00362 1.431670 -0.031544 1.647970

d6^Q^00 ^,.. At 1 2 130

13 1.42Q3F9 0.07369 1.412130 -0.008199 2.079380

1S 1.335906 0.00395 1.396&40 0.010934 2.510790

17 1. 35934 7 0.00427 1.365060 0.006713 2.94219r

-
.^. 19 1.336410 0:00459 1.333680 _0.002730 3.373600

-- ^^arw++++ 21 1.118220 0.00489 1.310150 -0.008070 3.605000

23 1.307192 0.00509 1. 30544 0 -0.00 1752 :.106990

3 14 1 AL	 CORN CLAT1OY OF	 RIS IOU ALS n SUM R( ()•R( I- 1) 3/S aRT(SUM(R(1)•-2)-SUM(aC1-1} ++2})

SERTAL	 F ORRE_ATIZ)M RESIDUALS ORDERED ON
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e
,DRIGINAL PAGE If
dF, POOR QUALITY

CAS! FR i7LCTED iTU	 sir	 OF VYstRYEJ-
YO_ •end SfR11n	 f+kC L'iiLAdi 3Tai 1 1 RE Sl Oho! TIME

1 t_^iid23 G.C:6$ 1 1.6.1360 -';_c22959 0.250	 0
2 1.639007 u. CCS31 1,631130 3.0114-73 1,25]]]0-
1 ly^L6e Q CDt ? t ^ "'	 4 Mn
4 2.370334 0._0344 2.^,9.640 0.720271 4.2SOuc0^ ^,.a.
6
7

2.279615
I_t+74x5

C.00375
0_ 1M )

i.24593C
37•rtan

D.acolIt. 6.2570C]
-

8 ^"•f2..37t21 4.06333 2,133160
7	 ] 7Si

-J.:N 241
•=

12.ZSOG70^^
y AtSI r._eaeeq 2 <,1770 ^^

t0
11

2.17CaG3
)_w11se7

C.:C322
fe^LS

Z. 2k401C
? _ 677S1C

- C••:G7696 16.253:73
.

12 2.648574 G.CO2s0 2.68211C
A _ nl_A7g1-

-0.CC6464
1a-230003
IC.25a000

is ? 7Gt^.^+ C CO27d 2 7	 21'` -n-9Ciii78 2 
14 2.7-75202 0.00271 2.794SCD -0.7COyLI 2c,2S00Q3

16
17

2.393353 0.0O279 2.495940 G.AL2630 26.250034

^. _:' ti 2.944773 0.00318 2.970620 -0.0Gal53
P

32.250700
Is 1-112A - t

y 6 -- .•X' 20
21

3.070646
S_111d^l

0.0031L1
e_C0419

3.077260 O.G00592 36.250330

22 3.1519 41 O.GG46L
r 12017r
3.162410

j.c'LSsL12
O.GIG453

3b	 2 S30013
4C.aSGM o

:.;
c	 t	 , .

S A O I A l	 r fj 2
-

..	 M (R( - 1 	..	 1
Are-

^.

^„	 ^.
^.-6__SERf It_	 [QRR	 i ATION

C.43933
R ^IO^^A	 Op OE as^	 nH

CAi E NUM3E p t

'-
-	 -' ".MO. MANE	 STRAIN FRED VALUE STRAIN RES19UAL RT(ME

1.496707 0.01135 1.300580 0.001673 0.004340

• `+t',:',	 ::	 •• "' =' 3 1.?!$231 O.00S9b 1.293720 -0.0otS3! 0.052990

Y •--;j	 "+ ::_' ! 1.034881 0.00607 1.069340 0.014459 0.296060
''i.. 3 9Tt_

+'
^.:::	 xr > 0.946870

0.91 Z573
0.00473 0.946630

. emu--
-0.000240	 0.636360
--V ooraaa--'-o: noa^

y :.^± ! 0.887146 0.00363 0.867390 -0.019736 1.025280

` :i •.-:`;.ter, it -	 ^^' 0.851235 -	 0.0031$ 0.816900 -0.034335 1.414200
•:,..	 ,	 :.

0.826571 0.00304
50

0.837940
0.0
0.0113.6!

350
1.803110_

n. 16510 U.
•	 '^'''	 ':'"° '15 0.808260 0.00317 0.820410 0.012130 2.192030

0.794014 0.00340 0.792360 -0.001654 2.380640

1 19 0.78248E 0.00366 0.774830 -0.0076S4 2.969860
.., ,F,.ti ., v - -0.7TTR "7al540 0.0 343?O

?ir i- 21 0.772913 0.00392 0.781840 0.008927 3.3$6770

2; 0.764801 0.00417 0.774930 0.010029 3.747690
^:T6IaS^d=00 16 26 U.STO'^^ 01ZS^3:893,- l

2S 0.759469 0.00434 0.750290 -0.009179 4.039360

•.4

_ SERIAL CORRELATION OF RESIDUALS0SUM(R(I)•R(I-1))/SDRT(SUMCR(!1••2)•SUN(R(l-1)••21)

SERIAL CORRELATION
U.6mg

RESIDUALS ORDERED ON
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ORIGINAL PAGE IS
;OE POOR QUAUTY

rir- Tr+	 ST. - c 1	 ^o+c•.^cy
nsr _ri -	 cr0	 atST391t	 TTMr

2 2.1ZS.31 ]..7J+S 2.413150 • :.^1tZ442 1.15:33a

2
3

2.43077`,
3.17:2]]

1.:.1317
1.CC2SS

2.202+
3..9:09W

- .;] '1555
0.:0°647

2.1 .J3
6.15:7:]

4
S

.4J .441
3.299935

3 .4J	 I•
:.:19.

. 23 i970
3.3:912

•L j U9si
C.:09143

6. 154.44
6.15:x:?

7
')

3..559:7
.•1 •.T.

1.:L16;
3. 442..
3..x78'7 0.;11923

J. ks
12.25::a1

i 1.^,22SS46 7.:.152 1.5 3 1	 4' MOMS 14. 15GW .

,y	 .0..:22	 :..Y14	 .6+2+1u	 6	 .1-

11	 3 o46I]2	 3.L:1_9	 3.b4^3^ -i_•J9 ii^2Lt .1S3:i: ,
12	 3.747167	 ;.E 7157	 3.7+55..

13 1.795037 7. JC tiZ 3.au 1340 c.J4a+•oJ 4%. 4744JY

2+ !.4+2869 ^.^^27: 3.8++770 u. ► 729]1 26.1 9:7^.
2S 3.83oI2e 3.:11I6J 3.4d•!4z•: Q.G72293 2E. 15:30]

1 3. zSo.e %Ic9L	 y 24151 44 %

7 3,169566 .G	 201 3.	 67770 -0.031776 32.163072
16 4.k.t4.4. .t.0	 11 +.YG .3	 153 6.4-

4.L,47237 ].'.222 v.'+.T130 •0.004977 36.tsC132

2i 4.144246 3.+:23+ +.:	 +943 - .+]9 4e 10 .1	 iJ4.

21 2_t? lb .:i	 34 4.1:2632 -0.4139196 39. 14-934

SPIAL coRR = AT Oh CF R" i•JUA JMI	 C'1`R( -111/SORT IaUMIRIII`•2)`S^Ml21I-11 "211

S	 , L COR E ATaON	 RESI.7UXLS 3R:cREJ 3N

.1.62612	 CASE NL;MSEZ
It

CASE
A-

PREO IC TED
!A %

STD	 DEV CF
PR XQ VALLE

Oes!Avsa
TAA N RESIDUAL RTty

1-445956 2,00429 I-L522c) a,3c6?" 0,i
'+r =a'	 '• 2 1.273811 0.7?213 1.20572] -0,7CII041 3.21300
_^, ty.-^ 1	 1786	 1 ^?1 S5 1	 165527 10131 7.]53720

+,^-^ s	 .'; a 1.122170 0,;:15 1.122ad] 7.700504 3.541d63
--`

7
t -c? c. 3i9 0. 00179 1,075273 4951 0	 746747

6 1.C31741 0.7".161 1.031627 13.700121 0.953230
'' .:. ^'^u 1_• t	 n1 ^.1149 1 7 1 511

1 : ,;a	 .= ^: a 0.977126 0.'3.135 0.933041 3.002914 1.35860]
+,.^-	 ^,-	 ^+ 9 7_91A7sI n_^,124 0.956233 -7.700523 tj3ez79^

10 7.4?9451 O.0^ 1t! 0.944333 0.704979 1.766M
11	 __ '1.42tSf1S 7_^'1111 .-924491 --m, . 7IlOC1S 1-971150
12 0.411429 O.^)110 C.912593 0.1301161 2.1753 c0	

im	 066 n	 not	 1 Oft

O.t89541 0.00116 1.09672,3 0.007119 2.543)20
'5
16

n-1rfl214
0,071442

7_^^t2t
M1312!

C. 6E R9 57
0,872913

0.7[0595	 _
0.e01063

j 7877^^
2.99209p

^,. 17 ^- !641)6 ^_^	 *11-e c.	 6171)^r • n0031 6s 3.tie2 7u
- to OAS71S3 7.x},144 0.35734) -0.000113 3.470450

n_LSC690 n-^	 152 C_A45103 -0.001590 J	 6]4650

^•
20 0[44716

": X79172
0.77100 4.14117} -0.403546 3.Ac893^;; t • 9t 4	 1	 n	 ^

;.. 22 0.236547 0.03172 0.83323) -0.]03317 4,115M

SeAtAL CORRELAf10N Of	 RESIDOALS^SU M(	(I)•F(I-1))/SSRT(51.^(R(i)••21•Su1(RC1-1)••2))

SERIAL	 CORRSLArIOY PtSIDUALS ORDE • Ea	 CN
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ORIGINAL PAGE 15
OF POOR QUALITY

r

UTZ." 

vto
NO. NAAK	 STRAIN	 FRED VALUE	 STRAIN	 ItISICUAL	 TIME

1 2.934906 0.03274 2.82Z640 -0.116266 0.300000
934r9 - --0 	 20 T4.T99Z9fJ'

3 3.366514 0.01613 3.431310 0.0*4796 2„30]000

S 3.623031 0.01390 3.666230 0.043199 4.300000
--`S`- ^d7737 6-T^li 13 d d- ^II 6Y170^;1>zT STO-'a_ SOUO 0

4.003541 0.01198 4.039770 0.036429 8.300000
a-' u . u139u -L;Tli7eu - MX5

9 4.304198 0.01360 4.261440 -U.041756 12.300000

ti 4.561870 0.01257 4.527610 -3.03425^ 16.300000
^ T *17-

13 4.791487 0.01134 4.769660 -0.021527 20.300000
. a7srcTl -

i

CZ

To
17 3.194624 0.01037 5.146110 -0.008714 26.300000

19 5.376400 0.01234 5.374760
-
-0.001640

i3U
32.300000

21 5.547808 0.01483 5.53410 0.015602 36.300000

23 5.7106SS 0.01803 5.734270 0.023615 40.300000
na'--`- -rsraaa---Qn

- LXF10)1
Y

go;	Nil LOUM	 • - SOWTATrrf%7 -

0.45956 CASE NuMeflt to

C4se 0R10I:TED	 STD DEV	 OF OSSER9F0
NA_	 IJA49 STRAP/	 VRFD VA L" REsCDLrAL 7RT 1M

7 n_dn47T 7_779934 0_0759]1. n_OVA771
2.526265 0.00654 2.599820 -0.726445 0.030570
7 427958 n.nntn2 7_c7Ti7n -n 12n%AR 2 7AO, in

{•:_ _-^,;' 4 2.333539 0.00473 2.384830 3.001271 3.150993^ _.	 .. 4 ..-
	 > 158759 n not aA 7_	 An 5

2.1338-45 0.00496 2.149910 0.014063 0.488660
•,..^ 3'.^ 7 	 _  f_1A1974 n.M.c..j7	 7_n751eQ n_ot171e n A8 I

12.00 ' 18 1.932780 -3.032733 1.067530

?^-
10
11

1.355643 0.00323 1.658030 3.002387 1.839360

+:. 12 1.792384 0.00276 1.793960 0.001576 2.611190
:- - 1 tt	 ^^^ 1_fA910A O_nn7A7 1	 7AOn4n -n_Qt1n156 T OOf„ n

K_  -..i 14 1.749636 0.00265 1.747690 -0.001946 3.383723

-
15 - 7 2817 0_00268 1.757010 7_004173 -1.U1212-

- 16 1.713199 0.00274 1.719210 0.001011 4.154850
. 1-71%291

..
--, 1;

1a
19

 1 .693794 0.00292 1.694300 0.000506 4.926680
:-.,x.,	

""•
.58316 0_00302 1.6'5'3620 <1 5 . 31259 0

20 I. V4120 0.00313 1.665820 -0.008303 5.698510

22 1.657812 0.00335 1.658700 0.000388 6.470333
23 1.450635 0_0034& 1_	 c t I
24 1.644000 0.00356 1.640900 -0.003100 7.242160
25 1_537841 Q - 00366 1- 637350 - 7_0011.91	 7_62
26 1.932102 0.00376 1.635920 0.003813 8.013990

It ARIA	 t12R	 ATIO„N	 Of	 REiI01)4LS n SJM(R(I)- R(i- 1))ISORT(5	 M(R(1)_- 2)-SUM(R(I - 11 „	 11
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•:.tea.:~:^:•+•.	 - 9.1 0•Tt1El32TE'1V 'TUPI- 300 C
^,r::

.re^e NA-11

n7C 0YEEY AT	 43.3	 119N

.11.0 _	 ^•.	 -
INNUT1 	 1
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PREDICTED
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t _	 e,•t99117 C_r7177 t_14e22C -^_3S3<7^ 	 0_23801
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3.536601
t_7LALLt

O.C1368 3.54129. 0.304a49	 1.2G30]

4
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3.1114122
1.	 llat%Z3

0.01005
n	 4`:107..

3.9521 SO
L	 as 1St 1 •

3.036324	 3.2^^^^
.1_1t?S2 2	 L	 2nnaja

6 4.316994 0.00973 4.331300 6.32-3fo	 a. 203J03

4 709553	 0 CC9l2	 4 712326	 1 ]C2	 20]J3U
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O L L7AA7 n. n-s 1% L.AR1ti7^ -1.101 ^./.7 1Z_2^1,),)n	 I
10
1 t

5.043073
S _ t

0.00697 S.L42.00 -0.0 0613
-

14.20073J ^

12 S.33S087 O.G0d11 5.311946
h

16.203333
n

fi 5.193519 O.00749 5.553340 -U.739679
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22.20,),304
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u

5.340649
S„^Siit7
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F.

iw^

r L

l±

^3+

SERIAL CORRELATION OF RESIDUALS n SUM(R(I3•R(I-1))1SORTCSU M ( R {I)••1)•SUMC RfI -t)••2)I

SERIAL CORRELATION	 RESIDUALS ORDERED ON
6S^-7P^R3Elf--

I
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1.9 .	 t7t 7 7J A r 97t w t 1f, t7_7r0n1.1

20 6.2742115 0.01017 6-2v2490 0.14225 3c.2G3030
1,

22 6.f 7907A 0.41241 6.504130

1111

0.025GS2 38.203011]
Aniamn
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cLit.y DEC iRllll iWCl.J1CQt11•R( F-1 I I l f QQTf •• -

Y.-'	 -^
tC01 ^i	 teOP.t it 1:19

Q.7d253
QFStnuStt	 ORGF V^, 11	 Lv

CASE NUM9EA
••• _,•,_^^•_-

11 1

{"	 ,.a -: R0. "ARE STRAIN FRED MALU9 STRAI N RE SIDUA L R T I M E^.-.

•r, :.• 1 3.614359 0.01396 3.647110 0.032752 0.002430
±t'•`	 _' 3.34 419r3 U.UUal9 -U.Ul613--^II2730
fir: `„^s^'.^' 3 3.214840 0.00711 3.163570 •-0.026270 0.052110

*(r'-' ^.• S 2.862486 0.00736 2.842910 -0.019576 0.200990

7 2.546677 0.00597 2.567790 0.021113 0.598010
7

9 2.411747 0.00461 2.437990 0.026243 0.995040

11 2.331124 0.00392 2.342050 0.010926 1.392060
19 W-Z-. U37ECl- IT005597 --"T,39D3770-
13 2.275776 0.00376 2.285610 0.009834 1.739080

TZ ^110TS f'-"Z^3ZGSiT -^^T 7540
15 2.234674 0.00391 2.243290 0.00861! 2.186100

17 2.202553 0.07419 2.208020 0.005467
Z.
2.583130

- T3 2. 10 I3 7.TM5G- -U-. 6z	 I
19 2.176534 0.004S2 2.172740 -0.003794 2.960150
g o 57=T"-u-.00 4 (B I a 3 3.1794-60-
21 2.154886 O.OU486 2.144530 -0-010356 3.377170

113 2.136499 0.00519 2.116310 -0.020189 3.774190
^t Ta -"^ . -	 a 9z's-^-9 ^ s1vo-
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ORIGINAL: PAGE I5

OF POOR QUALITY

0
u
u
p,
0
0
e

N0. NAME S'RAtm FRED VALUE S T I A I h RESIDUAL RTIME

1 1.648956 0.007Co 1.857320 0.008364 0.00484U
. I a . a -2'73NLY-

3 1.661525 0.00371 1.655050 -0.003475 0.077440
11•m T

S 1.494993 0.00349 1.503900 0.00890^^2 10oJ

7 1.393291 0.00341 1.394870 0.001579
---

0.513070

9 1.300712 0.00253 1.293360
O 3.9 3.7

-0.007352
^: tCrr

0.901ii1J

IV

11 1.14369a 0.00240 1.240720 -0.002978 1.289130
--T7-

13
IC22117
1.203606 0.00215 1.195600 -O.JG8006 1.676360

5?

15 1.173343 0,00214 1.180560 0.007220 2.0635a0

--Tr- T T3"j

1

T

•3.1 :•	 - - J.

I	 •-^ _mot ^f1.-

t

--7

61

• y^7.	 hA^= STRA(h iiE)	 . i ^l.E SfRAIY .1ES10UAL TIME

' • 1,7a:7<c 0.711,1 1.707)3] -1,023664 0.16000D
C --0."0 1 me --Yl afet--

3 ?.237211 7.IC5^7 2.2S5d5G a	 Ibel32 3.1hoaco
R'YU--'?; 71'750

S 2.416166 0•"-1474 2.477630 0.311514 6,160000
T--"J;^7CL8-"-T.'S:'T731" Q^TSGGr^ayOCC

7 ?.69571° 0.'_^.154 ?.695 u; -3.010]10 10.160300
;7v 1577 2. r xm^- nay F ---- 1.1: toCC7?

9 2.E13?44 3.111.13 2.179976 -0.00327a 14.160300
- 	 - -'2. v TWT. -L'	 6 Z60?0'i^

11 G.7?S76 3.04540O -O.JG031S 1d.160093
• •^	 ^ -T.TTSIf-'^-'?:lOVT7T-^'TUTZ4C^'-"-Zff:"1-6^5'ST

13 3.191131 1.7J3L5 3.17699 °;.014147 22.160003
zTr7TT • J	 ' T379 OJQO"^

15 3.
^

3233
99^

?77 0.1934C 3.304320 -0.019157
-0. 0 11154

26.160032
ca.fdc=

17
T.TJO+.+

3.447932
J.NV 31.f

3.0137?
3. 3ebe r4u

3.44013C -G.^.06852 30.160000
.SUTSSC-"-1.T., ,M34Z J?O"^

19 3.562795 O.C1436 3.571770 0.009575 34,1606 00

:63.71'53.--T^L'T7  -6=„
21 3.67Cd17 0^.524 3.6a4560 0.013743 3S.16COC3

23 3.7S2S73 0.70615 3.767277 0. 01 4597 41.320039

•- 	 '• SERIAI	 CO RR EL A f14 V Of	 rESIDUAlS•S'J`+Cttl) • R(I-1))/SOR:(SUA(R(L) •• 2) • S:lr(R	 I-1)••2)1

SEA	RI	 L	 CO;tMILRfI0M RESIDUALS 3RUE7ED ON

W

'	 1 1

;yj ` •d 17 1.149407 0.00229 1.161760 0.012333 2_teJdOJ
4 •l'-ir U.ZZ^--^T.Sr87 3 G^'JIITS 84-`x:6 t t 4 10-
='	 ''Y 19 1.12965) 0.00253 1.142970 0.013118 2.833020

3.03767
21. 1.113476 0.00231 1.109130 -0.00(346 3.225210

T 037V

23 1.009497 0.00339 1.39 ?a5o -0 .7016 1 8 3.672164
flows 7. tj 3 -3 : 731?T

Its 1.1)8880 7 C.OG334 1.086570 -0.002237 3.951287

SERIAL CORAEL A ?10N	 Of	 RESIDUALS -SUM(R(I)•R(c-1) :lSDRT(SUM(A(1)••2)•5t1M(ttl-1)••2))

SERIAL CUARELATION	 RESIDUAL` ORDERED ON
-rx S t N J7i 3 c i--
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at PW . r , T J *TCr-aria' ID
N0.	 NAME STRA(R o-7f0	 i&L i i IT.A I'.	 ^.i SIJLA L 1IPOE	 -

1 2.2 x7735 1, )127: ;.21 s9?.]	 -r,c.3161 5 3.12LU30
Z. 54L 2454	 '-?: 7775--7.-S :1 S^	 75138- 1 .11=9-

3 2.791335 0•':56. 1.31343.".	 9.:,22:95 2.12:0'13
S- . •	 C-;-7T3Z-T - - -- - - - :1 z 131G,,

S S. 09 2448 1.'1526 3.11 3110	 0.1115'6? c, 120030
^°573^TT•7oS7'-'--II';'C-tzZ^2 6;12IIG37'

7 3.S3910C 0:n i23 3.54$Lil	 C.JC5560 6.1M;co
ICm --r" .71"S- -3:73S47C 	 ^:,1CiS6" 73:1X377

9 3.893136 9.^,J5r0 S.191097	 7.(OOSJ4 12_1200?^

_.	 11 4.196667 ?.'0.56 06. 11215.	 - 0.L11.117 16.12G011
-TZ- 4.333533 -1. 7 3^ - ^JT2^2"S'-^ 3-712 G0 C' -

1! 4,467701 1.;0415 A.L51.3SG	 -0.016.771 20.120Cco
7--"T_S7`T^n"trn'1Q7ssJ"'--'77-1zci7r=

u

u 1S 4.715364 0.^.G39e 4.7	 C9?_	 -C.0144c4	 24.120030
-0 	 -	 G" 6 5 ^"` Z S: I ZG^F

17 4.945124 2.30425 4.933343	 -O.CC6734	 23.1X30]
la a . ".  -T r4Go-j-
19 5.160595 0.774(,7 5.159933	 -43.00nes5	 31.12co70

^-T'77 StS"^TSZ7 C7 3 ^'^ .' u 7 5454 -"-"S4^ 2 GG^7"„'~
21 5.364259 0„05C3 S. 373-J-10	 C.CO9341	 36.1X003

SG	 .53.1.9 G
23 5.567485 0 .007(,0 S.S37290	 3.019635	 10.320C33

SERIAL CORREL A TION	 OF	 RfSIDUALS n SU4(4 ( I) • R(I-1))/SSAT(SUM(R ( I) •• 2) • SUM (R(j 	11• •2))

SERIAL CORRELATION	 RESIDUALS ORDEaEa ON

I

1

I
1
I
1
1
I

1
I

•^"4r
NO. MANE STRAIN "ED VALUE STRAIN RESIJLAL RTIME

2.912652 0.02062 2.971710 0.059158 0.007440

j
0.01 Z 90 39-t tr: 013 r1s cr-

^::'_ 2.544806 0.011)2 2.533740 -0.036066 0.08135^

7''	 .- y :+	 :. S	 _•'^r'. 2.200261 0.01107 t. 211970 0.011709 0.354660
s--	 •_ceiR .3	 2°70^TO:v .6023 SO

J̀ 'F ;1: 7 ^2.035564 0.00784 2.029,440 0.024376 O.e5U641;
suo U.tY3T73--T:0'•767s0-

11 1.917540 0.00615 1.931320 0.013474 1.34o73J

r c.^11	 + J 1,3641231 1 0.00565 1.871660 0.0(, 7537 1.e^6-

•+f	 t+ '' 1.827755
0

0.00579
.-7"l %f ---'2..t?9ETr7G"-

13 1.325140 0.000985 2.33J?93

590; /S 1,799561 0.00518 1.600440 O.000879 2.834320.....

"s'•'• +'^^^'' 17 1.777917 0.00666 1.765620 -0.012297 3.333650
..	 1,. 5 77 00'--'III :'D'Tt C0l^S7 G7 7

^i'	 ';=+ 14 1.760333 0.00715 1.74900(, -C.011333 3.826160
:^~;r'	 'i •y.  97'JQ-0.005 7 - -"	 071623

•..-••wr.mom- AMM4 ;1 1.745663 0.00761 1.741,]60 -0.0c45Re 4.321420	 !
T$7'-

23 1.735SS6 0.00796 1.72130G -0,014236 4,71r74J

SERIAL	 CORRELATION Of	 RESIDUALSOSU'1(A(l)•i(1-1))/S3RT(SUM(*(I)••.)•SUM(R(I- 1I+•2))
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CASE FREJICTEO ST3	 .1 iv	 of 40^ Rv	 D
-	 NO R	MAwi 3T R AI. FRED	 VALUE STRAIN - At31;)uA L TIME

1 3,i„_423 ^.J3c2c 3.L2f3eJ ^.]_b7^4S_- G_,1UJU^J
3,44sici

_
 -u -.Jt;75 3.LdS6Yu ^.Jtr14<j'a'1 :1GuJUU

3 3./t^014 0.21.04 5.7$o$2C ,..745706 2.10JJuJ
4 ,gr.4^0 G.^144c -^^5b. ` ^ J.UO L ^.1(ni ]„ tT
5 4,3S^ZSa 0_114j3 <,lt)2Yr,; ^.JS37U2 4.t0UJu0
6 -34.3S,jj1 u.51415- 47SciiIu u.3Ti-9i; a,10,rs.,^
7 4, g 7J54T 0 .41411 4.607730 u.JSG763 a I uOJJJ

4:7ao^^^ ^:cT^ui"-r-c;7e23u^= ,:;i0^tito T-'^u:s^JOa^
_ 9 4.7d4d40 0.01303 4.46631u -0.01.536 12.1000uo

7J 5.101625 0.31311 5.146040 ,u 2 .s 7^^i^-l-,L-. TC7nJT
11 5.34410& 0.UI15L S. 3J761ti -,;,03o349 16.10uJuo

-77 61 u2-C -u.0300tST-ib,iCuvj
^'	 13 5.006971 0.011_3. 5.61459:; -,,.JS23L1 20.10JOJ0

< .d it?e S.^iUCi--°-'^>Tetou u.J4IG16 22 .1GU0
1S 5003704 0.010pe S.925010 -J. 030UY4 24.10uaU41
16 6.1J4	 14 1103 a. - 5,730 -u.	 291d.4 6.15SJJJ-
17 6.:402!. 5 0. 0115 4 6.2 2u46 0 - J.019706 26.707700
td 6.37124? O.G123b O.SS7oa 0 -J. 14a1y^^10.iGJJua
19 6.Su0593 0_G1351 6.499191 -J.JC7a03

I
32.18JOGJ

o 6.625.34 0.014. 9 6.614010 W.a 19 0	 Totzru
1 6.7:7556 0.01647 6.?7794'0 d.03034< 36.100300

22 6.de6697 0.37622 &.9152411 u.u48533 3.100) 3 JU
-	 ^- 3 6.9d6965 0.02320 7.044490 J.U55525 40.20JJ43J

i0

i•

a

i
i.

4	 3,x.4561	 D.C11Ft,	 3.330677	 -C.C23711	 0.1(0!4
3	 3.216060	 0.01118	 3./99111	 -^.01647:,	 0.25?467

3.049S74	 0,01145	 3.637533	 _-C.Ci194+.	 0.?572 ^
7	 2.911343	 0.0 1035	 2.912320	 C.03997T	 0.5562?4
E	 ^_	 2.839706	 O.CC942	 Z.1396i0	 -0.000996	 0.70547"

9	 2.775316	 0.09645	 2.779020	 a.C33702	 G.5796CC
t ^ , 1	 2.716908	 9,0ert5	 2,73,550 	 O.C12542	 1.gTA6

11	 2.6?2274	 0.00690	 2.E9C160	 0.017666	 1.277(310
^y	 t7	 _	 2-634683	 O.GOE4,9 	 2 - A S 704t	 1.023137	 i-LA? IkZL-

13	 2.602832	 +7.06621	 2.625536	 0.022698	 1.675521
V	 2,575535	 0,01,623	 Z-f393?a	 010334351.47463"

25	 2.551735	 0.^9831	 2.581100	 4.029365	 2.173630
6 2.533727	 0-0064*6	 2.i-	 ^	 1)

t	
17	 2.511997	 0.09671	 2.52 ► 590	 C.C16593	 2.47Lb4^,
1A	 ,_._.	 2.419152	 9.(^7.f95	 2 	 ,_	
A!	 2.47989[	 3.0 3727	 2.506393	 O,C29530	 2.86969;

`	 20	 2.454972	 0.0 0T5A	 2.447802	 -	 7	 R	 0

s{	 21	 2.453214	 0.09784	 2	 0741"	 -9.345625	 3.26766)
22	 2.441447 	O.00619	 _ Z.3A3j^II	 -+].7j^ 27 7	 3.466¢7
23	 2.433556	 0.t 99 49	 Z.36 701C	 -0.763546	 3.565679

••++•++rAp^'	 2}	 2.420417	 0.00679	 -	 2.44]37'	 -G.017C, 673.A54 ►1Z
25	 2.410997	 O.00909	 2.4195*C	 0.414533	 4,053662
j6	 2.u!2143	 3,00931	 ?	 3 56C	 Q.nzj307	 4,	 6 !

S R RIAL CC14 0 EL,¢TIC N CF	 RESIOUALS B SUP(P(I1 • ?(I-1II/ ! 0_	 RT(SUY(OII1•02)•SUVIZ(I-11 +•Zf1

S E RIAL	 OR D ELITI ?N 	ROSIOWLS 9p7`_ 1 E: ON
0.73772	 C1SE NUn9E2

?J

. _.

I

f

r
e

ORIGINAL PAW 18

OW POOR QUALITY

SERIAL CORRELATI3M OF	 RESLDUALS•SUM(R(1)!RC1-t))/SCR T ( S UM(A(1)•-2)-SUM(ACl=1)•-2) I

-^' SERIAL C2R'RFLATLO3 RESIDUALS	 ORDERED	 ON
7 CAST UuM9ER

CS^s }REC-crE2	 ITO OEY OF OU OV E^1'
-

.^1
N0. MSMe ST9LIk	 PRO VALUE STRAIY DES:3UAL .'7

1 ].6SE69	 1 ]..01	 i0 3 51446 S 6r
^''^ 2 J. 67 4233	 _^	 0.	 1425 3.66 3520 -0.0105!5 0.033630	 I

3 3.558694	 0.01167 3.533400 -9.023699 0."567t^

_AL- A-



a^ 47.1 41.1 13.1 1, 3.0 120.9 1-4." I
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i

0
NO.	 MAwE STRA11 ►RED	 4 A LUE STRAIN acSIaUAL	 11"6

1 5.126112 '].1751.2 3.279670 -4.116472 0,1061:70

3 4,C1377C 13. CFSC4 .4.736970 0.073X0 2.1JO30J
., r

3 4.61757S 3.77547 1.77e940 0.u91;65 6.1001.00
"tTS^--'-S:t^cS6*	 nT60rc 3	 -s.-I?0309--

7 5.2Ld127 R „7:5^ 5.29792C 0.1,1,9793 10.100x03
9 1	 rr1r --- -s. ; r 4,770	 17 . i f r6trz- 	12. 0"-Trr-

• 5,657630 0.07JS6 5.723200 0.065520 11.1'1C7C3
5-

11 6 6311 0..1411 5.12665C -0.936417 16.100007

5330
715 1X730

J7-

^II:JECTQT"--ZL:"•Ver"
1; 6.437431. 0.05356 6.1117ISU 0.049451. 12.1000)0

 0000Z--

15 6.783753 4.75762 6.833140 C.0444S7 26.1]0(300

l7 7.127940 0.36396 7.1504CO
"15. lvr_2
0,329163

2.1. 1 TWO=
30,100003

-A

u

0
19	 7,443425 0.377119 7,167551.	 1..022122	 34.100)40

-TV	 T`'r4è630
21	 7.74!350

*a6v
0.19657

1	 0 1 Se a 	 . 02'c2Z. 	 36:Z'J'TrJ
F.763JdU	 0.011230	 38.2000C7

U.0 3 813 4r

J CTTR VL - ATTT]TiZ7T-

-0 604413	 CASE NUMaER $4

1
	 1.

ORIGINAL PAGE IS
OF POOR QUALITY

N0. MAN[ STRAIN PREC	 VALUE STRAIN	 RE3IDLAL R1Imt

;..a 1 4.605113 0.00933 4.627570	 0.022447 0.005t40',y	 •.	 ^^ . 	 0:0•x3
"	 ,•	 ;'^ 1 4.138024 0.00510 4.123010	 -0.015014 X1.07:66:7_ ^.»^. , ' .:tiY ^.t '1-77-^"`d•:1 7? 13'0'-`_	 1

3.729223 0.00512 !.740od0	 0.011757 0.302330
`W""- J.53. 447	 T^7?07 -	 073G21 IrO '12 5230iC

„^^ T	 - 5.4S46t1 0.00142 ^,cS2,6'	 -0.0{1953 0.7;,2x10,^,	 {
'" 7r.•oos3r-^-s-, roF---a.^acl4a----Q:,rz^s3>?--

'► ► 3.328699 0.00301 3.'.'.0120	 U,OC1431 1.11ST50_

r	
- 11 5.147916 0.00264 3.250330	 0.002914 1.514600

,•='- +r r,•	 -- 13 5.189947 0.00253 3.193170	 0.0L3223 I.97J44J

Y f_'Z^ . . 13 3.115503 0.002 TO 3.157130	 0.011e27 2.306260^.	 ...,  3 --TOc
r ;,.s.y;,;j 17 3. 7,19390 0.00239 3.102350	 -0.007546 2.'0213)

.09c5Tr"--M:II .OrttS637"'-^.^. 2:900057--
` 19 3.080462 0.00311 3,070030	 -0.009331 3.097970

"2'ty 3.  0Ga4 T--^ ^;.I9519V--
11 3.4S5549 0.00334 3.041300	 -0.013719 S.4.9311U^,^^ --

vsrs--- -	 . aysr, r----rte.
23 3.J 310 T2 0.0035e 3.03492(1	 +;.Dat	 t3 5.	 ^,w6U

•_	 - l;-"'  rrr-s^---3^0-33y^1-.._-•4.SCE770 "i:08T55:1..'	 I
23 3.01751.. .. Ou	 7. -^ 3.n	 _ G 	 e,	 U. 0 1132, 4.236 0 ?c

y SERIAL	 C0RRELAI)9r)	 OF	 R£S13VALS •SUM(R(l)-Ml-	 ))r	 ORtC SW4( RC I) •• 2) • 5Lr+(R(1-il +a j)3	 1!+

$ERIAL	 COARELAT104 RESIDUALS CRDER£ D 	ON I

139



i

i

i

^ 1

' 6-a TI

'	 1

L	 aU--
•-•	 t[	 O.7U • rI ELP/Tt-►f7+tU+E •	STS C

'TI 41 	 fast
90T.L	 r Joe	 21T.7
.IC]'l It  aT

*IN
40.4	 '1,

 ^
Ypy	 VAR 1.]L is

M e
YY•fU	 f ► f Il

&0 	 47	 P,	 a
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ORIGINAL PAGE IS

OF POOR QUALITY

CASE	 ^wE01CTE4	 310 OEV Of	 OBSERVED'
My:1Mf	 STRAIN	 ►RED VALUE	 i:BAIN	 RESIDUAL	 TIME

1 -.11	 n nn. , 1	 % n )Oc. n	 n Ml 26.v	 . 1 .000

2 2.317624 0.00322 2305400 -0.012284 1.133000
3 1_/.50047 0_00252 ":"7 ! 10

 

4 2.551210 0.00225 2.550740 -0.000470 3.133030
t

6 2.709913 0.00210 2.710410 0.000427 5.133000
7 2.776	 ' 7 2,776610 g.0=53 6,1 33000
8 2.837441 0.00206 a.8SU600 O.C131S9 7.133000
9 2..893829 0.00264 2,891330 0

10 2.946331 0.00202 2.951850 n.00$299 9,133000
11 996212 0-00199 2- 99asaa 0-00236A 10-1334300
12
I

3.043243
1_Oa8071

0.00196
0.00191

3.049210
1_Oda13p

0.003942 11.133000

14 3.171958 0.00166 3.169930 -0.002068 14.133000
1s 3_2 9670 0.0glZ9 3_247810 -0-00196(l
16 3.322252 0.00173 3.317910 -0.004342 18.133000
1?	 - 3-390	 so 0-00169 1.39sa00 0_005210
18 3.455319 0.00168 3.454216 -0.001109 22.113000
19 3_516934 0_OC170 3-504840 -0_012094 24
20 3_S7SA.4L 0_00175 1_S612S0 -0_6125 7L 26_111il00

•

2z	 3.680410	 0,00197	 3.687870	 0.001230	 ]0.133000
21	 O-DO213	 3-746290	 0,007238
24	 3.789655	 0.00231	 3.793010	 0.003313	 34.133000
2 1 	 A- AlaZ
26	 3.886357	 0_00272	 3.89a160	 0.011803	 38.131000

9	 4 0-1 3

28	 3.9515iS	 0.00308	 3.91.4890	 -0.012635	 41.133000

SERIAL	 CORRELATION	 Of RESIOUMIS^SUM(R(IS•R(I-/))/3®RTtSUM(R(!)..;)•SUM<R<!-1)••;))

SERIAL	 CORRELATION	 RESIDLALS ORDERED ON
•	 A-33SA1	 [ASE	 AUMaER

ti

CASE	 PREDICTED	 STD	 OEv	 Of	 OBSERVED
NO- NAME	 STRAIN	 __ PRED	 VALUE	 STRAIN	 M(StDQAL	 RT ME

1	 1.345551	 0.00989	 1.845880	 0,000259	 0.053360

2	 1.7a9036	 0.00736	 1.791360	 0.002321	 .0	 7610
1	 7103 Za	 0.00509	 1.7095+30	 -0.000448	 0.126110

4	 1.654659	 0-00446	 1.651170	 -0.003S29	 0.04620
! " S	 1.612549	 0.00436	 1.612220	 -0,909 S2 9 	 23120

6	 1.S78at3	 0.00436	 1.577180	 -0.01633	 0.271630
7	 ^^	 1-ss09za	 0,001-39 	 1.542130	 -0,008798	 0.320130
8	 1.516716	 0.00434	 1.519760	 0.001974	 0.392690
9	 -'	 1.189110	 0.00421	 1.497610	 -0.001570	 0.465650

10	 1.459357	 0.00406	 1.464240	 0.004843	 0.561060
11	 1,415276	 0.00387	 __	 1.440 !18 	 0.005604	 0.359 70

12	 1.415215	 0.00370	 1.433090	 0.017875	 0.756630
^	 113 	 1.t06372	 0.00362	 1,409720	 0.003348	 0,903150

14	 1.376817	 0.00339	 1.366890	 -01009977	 0.999200
S1	 S4	 0 0	 529	 1	 378570	 0.024476	 1.193220

.16	 „	 1,331a35	 .00531	 1.331840	 -0.001995	 1.3972-60

17	 1	 3207770.00541	 1.320150	 -O.00Oe27	 i.S 81260
18	 1.30a028	 0.00356	 1,285110	 -0.022978	 1.77s2ea

19	 1	 ;92319	 0 003.E8	 1	 253950	 -U 038369	 2' 066370
20	 1.272018	 0.00432	 1,1e9530	 -0.002198	 2.551350

^^-	 21 1,253916	 0.OD487	 1.269330	 0.01f54t	 3.133410_

22	 1.21.2321	 0.00528	 1.261740	 0.019419	 3.616460

23	 1,2327!0	 O,CO5a4	 1.238380	 Q,OG5630	 4.101510
24	 1.224316	 0.00577	 1.222300	 -0.006576	 4.297530 r

SERIAL	 CORRELATION	 Of	 REISDLALS•S4M(R(I]-RCS-1))/SORT(SUMCR(IY••2)•SU4(R(l-1)••2))

SERIAL	 CORRELATION	 RESIDLAL.S	 ORDERED	 ON
0-29116	 CASE	 J•UM9ER	 )

u 1
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1.0

OF

ORKmNAL PAGE 18
OF POOR QUALITY

CASE	 Pogo ICriC STD	 Div	 01 Obsinvia
^ NO	 NANE	 31X-4A I FRED	 VALUE STRAIN	 RESIDU AL T IME

1	 a,?af.I 	 c 0. 019]4 2.-833- 70	 -0,241404 0.167000
2	 3.0eoet3 0.01099 3.102290	 0.0t5402 1.167030

3	 soaj7 f. 0	 4 1	 720	 011316 2 167000
4	 3.46AN? NMI 3.4x1410	 u.	 148	 3 6
S	 3.e14 1 A0 0.00_615 3.624240	 0.015800 4.167000
6 3.740010 0.00661 3.710192 0.010180 5.167000
7 3.55 243 0,00633 3.844530 0.004590 6,16732
9 3.962959 0.00617 3.975050 u.o12U91 1.167000

4.264872 O.00643 4.D66520 0.0OUIS & 1674 4
10 1.1So9a2 0.00-40 4.165610 O.OG66e 9.t67	 0
11 1.2461[0	 O.D043e 4.21Se50 -0.0 oc 1	 187
12 4.331C10 O.00631 4.333300 0.002250 11.167.300

	

144.490420	 0.00620	 4.197180	 0.0067-0	 13.167304

	

s 1S	 c.S45419	 0.0 614	 4.57340D	 0.007761	 11 R"aII0

	

16	 4.638215	 0.0060	 4.612010	 0.003715	 15.167000

	

17	 4.708639	 0.00603	 1-710610	 0_001972	 1A_1A70nn
18'
19

4.&411;1
4.9706!4

O.0O596
0 00595

4.,&41000
4_912600

0.000109	 i&.167000
• 0,03405,	 2	 1	 7 OO

20
zi

S. 09205]
4c

0.00605
9

5.019900
1	 7

-0.042253
-0 , 04317

22.167000
1	 7

22 S.S30819
? 762 41

0.00750
917

S.SOIISO
4

-0.023669

-	
t	 I	 l

30.167000
1	 7

24
23

6.005093
-	 6-049117

0.01121
0.01165

6.029260
6-082610

0.024217
0.033513

40.167000
WpOol

26 6.CS3453 0.01169 6.090250 0.036)37 41.267000

SERIAL CORRELATION Of	 RESiDLALS • SU.rcR C I) • RCI - 1))/sDRT(suN(Rfi) •• 2) • SUr!(R(1-1)••	 ))

SERIAL C04 OIL 	 RESIOLALS
0-^j^46	 [Atf,	 AupiER

ORDERED ON
lS

Ii
F.:
n
u

, _.. a

wa

-'	 -^	 CASE PREDICT 19 STD	 DIV	 Of OBSERVED
MB_ NAPIE STRAIN FRED	 VALUE STRAIN RESIDUAL R T I K

s >	 ,..	 "'	 R	 _ 3_07731a n_r049 1_075220 -0.001710 x_031114
2

"":'-<	

}'.	

3
2.996512 0.00375 2.999390 0.001!sb 0.077540
2_932614 0.00305 2-930790 -J.00ts o 4 0.101780
2 879719 0 00261

_
1 a7362U -0 00-1 e9 0	 12

s	 7•RSC613	 0[0736	 2_A278QQ=2.006)25	 0_150.- 4Q
6010

6	 2.795227	 0.00221	 2.784780	 -0.005147	 0.174470
7	 -	 2_,-?290;2_	 0_ oo213	 3,•732614	 0.003518	 94
•	 2.67SO45	 0.00214	 2.686880	 0.011als	 0.2, ;14 00

10	 ti	 2.372923	 0.0021z	 2.5839.30	 0.011os7	 0.391570
,1-	)_1267 LL	 n. .n 2)i	 7	 9IC62n	 x_00
12	 2.486819	 0.00212	 2.488700	 0.001x41	 0.537960

1c	 2.413267	 0.00215	 2.11628(l	 -0.00e9a7	 0.683350
9S	 2_w7077	 0_Ga21n	 2_401040	 7
162.373656	 0.00205	 a.37817u	 O.OG4474	 0.82a7s0

9	 c7	 9 5 7	 94)9
1&	 2.310665	 0.00191	 2.298140	 -0.012525	 1.071070
19	 2_2954iI	 0_x4136	 7_271460	 -0_&13765	 1-1922c o
20	 2.243SC2	 0.00180	 2.t2S730	 -0.017772	 1.434560
21	 2_2098°_7	 0_OxT79	 2.202d6a	 -0_006977	 1_6761111n

22	 2	 158512	 0	 C0187	 2	 16C940	 0	 002428	 2	 161530

I
•M

i

rr.

1
7

'.^	 21 2-12Q659 	 0_CO203	 2_119010	 -0-001689	 2_61615x_
`•.•24	 2.0413`2	 O.Gtl212	 2.x88520	 -0.002812	 3.1}3830

_	 2_867-!?	 0_0x240	 7709x	 a_xflayz6
26	 2.049053	 0.00257	 2.041790	 -0.005263	 4.100130
27	 2-13114 S9	 x_002)3	 2 03136x	 -3.x00094	 4	 c7

'	 1	 28	 2.017177	 0.00288	 2.027S40	 0.010163	 5.069430
2

30	 1.9979!9	 0.0030	 2.000870	 0.0G2911	 5.814860

,'..	 SERIAL	 CO R REL A TION	 OF	 RfSIDL'kLS-SUM(R(1)-4 	 1-1))/SORT(SUM	 EI)••2)•SUM(R(1-1)••2)1

j^,^; • 	SERIAL	 CORRELATION	 RESIDLALS	 ORDERED 0'd

2_11120	 [ACE	 A-!.rata	 tS"



S-4 TI

6.4	 t1	 0.4	 .IELi	 7E1I1l.4it1.l•	 530 Z

IOTAI	 it^E	 2 9.7 NJN
.	 OV	 El	 F!	 0	 N

• 	 Shf:61 NINt	 0/	 ItnE	 I,a	 Allh

1111Yt	 VA.JAALEI

•	 L	 MI	 57 . 11.11	 EO	 GI
M11^fE9	 1 ► SCI

60	 61	 6 7s	 CEN9	 ZONE	 INZ

'	 1	 24771.0.11466E-020	 17762!-070.910001.91!100. 903723 .1091C4. 0191,1- 02 	41.26?00	 1,96314
0.600E-02
0.110t-oi_
0.103E—OZ

-	 A "A.-n,

9:SG"E-^1

20„Q aD.7 EG.D A D.a.1̂20	 1a.0 740,0 t1 .,Q 2CD.0 22C.5 140_0 260. ZED 0

1 0
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17 45 	 CRli n.•)]a5 o.°x'23u .^i2i7T' 3].17	 +'t
. f ^_io'• J.	 ]7^' x,;7722= -''^.123^4: 52.1,iu•]jl

19 7,t;7c9^ ?,11]57 7,11621[ -0.7213c5 34.1 3c
., 1141 0	 1'	 :: -	 .,,[8752 3o.1 )"4

21 7,t^t14^ 0.31213 7.Lr,9f+'7+_ 0.nr.6^.4t S4	 10x',.;3
-22 7. 5i6t r 0. 1 1i5 Q 7,547^7_ 0.U1ent;2 4G.1JJv'j7
23 7,e5'T^1 n.i11F ° '.615.15`• rt.032^51 C2. 1	 ^t
1 ,71522 7 1.11677 7,525	 Si C. 945523 11,170•]4:

ZS 7,iF1271 0.015:4 7.332. SC 0.056721 t1	 30Gj1^

SERIAL	 CCaREL A TI'1/1 OF	 iES[0 1 1ALS•SJ°t°(0- 9 (10MSCR 	 A(Ii••21•S' lR(!-1)••211

SERI A L	 COAREL4f [ 04 tES17VSLS	 0 ;? 5ERED	 Cti
0.34 .33 CASE	 r1UM9E9

7

oat D	 D 0	 V AV
110. NAME 7T RAIN P"e13	 VALUE %TRAIN RESIDUAL RT114E

1 4.737162 O.C2373 4.97579C 0.038628 0.031130
4.399478 < 4.5b6620 -

3 4.536552 0.01195 1.343390 -0.093162 0.0463.10

5 3.973712 O.C1224 3.988970 0.015258 0.2273dJ
• 6 d t 919 4. 7()

7 3.553677 0.00908 3.697090 0.033413 0.6572(-0
0 3.5526 52

i 3.183715 0.00683 3.499730 0.016015 1.381220
IJ 3.^M64 0.0060 3.43990 J
11 3.398374 O.CC666 3.398270 -0.000104 2.105200

13 3.345591 0.00709 3.342670 -0.002921 2.829190
325 680 C.CG736 3.32liZU -

15 3.373657 0.00764 3.3C09d0 -0.007677 3.553170
o I M375 -

17 3.233875 0.00816 3.273,130 -0.007695 4,277150
3.269320 C-GO841 3	 259230 -0.01001.0

1,7 3.258955 a.aUe4 3.219550 -0.009435 5.001150

2 .- 1	 d d . 2
I	 )t117) n^rnonl It	 21tAcin -nnnLAOS S•At•LA)n

jjAtA, CORRELATIC1 Of 1ES(DUALS-SU11(R(1)•R(I-1))/ SORT ( SUM(R ( I)--2)-SUtl(R(I -1)-•2))

S2RIA. CORRSLATICA	 R:_SIDUALS ORDERED 011
3.25225	 CASE 14U93EA	 1

/- _A

i

ORIGINAL PAGE IS
OF POOR QUALITY

Ii
110.	 NA-^ ST7a; =^?t	 V1LtLE iT.tir, =S[aLAL TI"E

1 e	
X4.41-

,i1*. x	 t.	 , -'	 _^C 7 .S ?,1 JC . J:	 •J:f J .-:J ^ 11:57 .•,1 ^	 t,	 `^G 1,111'	 .
i 7,6131	 %1 '1 i17 _	 :+y7 -	 '.5177 3 ^,1 )!'
AL .-7 7 1 .. .r. i ^.	 r•
5 .tl°1K^ 1..711rr ^	 - t ^ •. r'•^t4'..> >	 17(,

• 3 7 75 7. ;12e A v.-1!..•_ ,S,J•	 i J.1•]^r.'	 _

1	 c- 5. 12.1 ;C:
a S,S4%t S • 'tT^ ti,5=II ;1'0,17 14,17f1^;•

1 .7,?47^ t^ 124*_ -	 ii7	 _, tu.IJu.'j
11 S,c7.+•5'J ^1t•c S,:}p1 -	 ^2r	 1 iS	 1^]C

13
`-

o.ii3J4^ n, 1),rt n.:li)*r _	 3e7to 2'.141]
IT i,	 1. J	 rJ e.. -	 3.J,S 1:.1,3.3).
1S
T

A	 n -7n14 ^•-.n 14' y, 574 r-' -	 ]Jc^74 2p.111}'T^1

I^

i
i
t

i^

1
1iti
1

f
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ORIGINAL PAGE IS
01: POOR OIIALtTY

t

fT

i

^ AY

• ti,
Vi i •,	 -
w	.

A: -

	jv	 l

=rX•

J
CASE PRED4cTEc STD	 OEV	 Of O/SERVED

iuN I AE

1	 _ 9159!7 0_02099 1.7614 -7,,068491 1.200000
7 t, 0564 S9 0.01576 4.051370 -0.005129 2.200000
3 4, 2541 S6 0.01269 4.266920 0,712764 3.200000
• 4.4324[7 0.01100 4.445360 U.012953 4. 2 0 0 J
S 4.59727a 0.01015 4.616340 u.Q19o70 S 200000
6 4. 752oSS 0.00982 4.779880 0.027785 6. 00000
7 S.0393^4 O.b09 9 5.077230 0,037836 8.200000
8 5.3015[7 0.0022 5.337410 U.032a12 10.200000
9 5.551347 0.01044 5.582720 0.129377 12 200000

10 5.18	 144 0.01045 5.?9430J J_009156 14!200080
11 6.0141)6 0.01026 6_013870 -0,000508 16.200000
12 6.230747 0.00997 0.214580 -J, 016167 18.	 0004
13 6.43 95 77 0_60955 6.422730 -0.016794 20.200000
14 6.641652 0-00911 6.616000 -0.725692 22.200000
15 6.333UI0 0.00972 6.809280 -0.026750 24.200000
16 7.J29110 o .00846 MO2560 -U.026610 6.
17 7.2156'0 0.00842 7.180970 -0.03/660 28.200000
18 7.1978(.? 0.00668 1.359380 -0.03846? 00
19 7.576150 O.CO927 7.552650 -0.023540 32 200000
26 7.750974 0.01019 7.731060 -0.019914 3<.	 00000
21 7.9224)2 0.01139 7.909470 -0.013002 36 200000

8.09U923 0.01284 8.110180 (J.019257
23 8.256S!7 0.61448 8_.310890 0_OS41S3 <0.200000
24 8.3491 JO 0 01548 8.407530 0.758160 41.313300

SERIAL CORRELATION Of	 RESIDLALS 9 BUN(R(1)-R(1-11)/SGRTC SUN( R(1)--2)-SYNIR(I-1)••2)1

5621AL	 CORRELATION RES(OLALS ORDERED ON
0.79613 C ASE	 KUP40EN

Cs SE
Nn.	 NAMr

PRE3ICTE7
STRAjH

370 DIE V OF
PRF	 t

06SERVe.4
ItTR41N Or T M

1 4 - 441331 0-0193: 4.g15gaa -0,005351 0. 077421
2 4.466151 8.01175

r
4.504830 0.018679 0.295160

4
5

4.160820
1..ff6?836

0.:c817
'1 - It PFr5

4.174310
4,06(240

0.009490
-0_001595

0.675617
i.262913

6
7

4.019108
3_4seall.

0.00`66
D-fl"Fzz

4.021640 0.002532 1 .553240

8
4

3.949572
_	 _7_y:+l AI

0.00504
i_2n 90
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Table 6. Parameters for T1-6A1-4V TFtanlum Alloy

Temperature Stress A(0
r

1

(°C) (HPa) (10^) (10-9) 90 91 y2

440 0.3 9.18426 4.18372 1.00 1.6693 1.00

440 0.4 0.9464 1.515 1.388

440 0.45 0.8531 1.6208 1.3676

440 0.5 0.8656 1.4115 1.489

470 0.3 8.17268 3.23034 1.00 1.4098 1.00

470 0.4 1.095 1.296 2.761

470 o.45 1.0827 1.563 2.263

470 0.5 1.0645 1.456 2.933

485 0.3 8.4582 4,24981 1.00 1.5905 1.00

485 0.4 1.0356 1.4887 1.5559

485 0.45 0.9397 1.6121 1.956

485 0.5 1.1854 1.4146 3.9955

500 0.3 7.76 12.55166 1.00 1.6332 1.00

500 0.4 !.186 1.4836 0.6604

500 0.45 1.1639 2.0361 0.6271

500 0.5 1.15 1.8259 1.039

515 0.3 8.6165 8.6897 1.00 1,906 1,00

515 0.4 0.9506 2.132 1.7956

515 0.45 1.1966 1.884 1.6288

515 0.5 1.202 1.997 1.7186

530 0.3 10.5087 17.76189 1.00 1.7701 !.00

530 0.4 0,98 1.9186 0.9037

530 0.45 1.082 2.227 1.106

530 0.5 1.053 1.9679 1.603
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0
Influence of Stress bgration

In the testing of a particular alloy,	 the duration of stress,	 ta,

was maintained at a constant value.	 This was cone because 	 it	 is known

that some of the parameters	 in the TC theory are time-dependent.	 To

more completely analyze Lhis dependence,	 three tests on three different

titanium alloy specimens were conducted at 500 O and 0.4 a y .	 The values

of to were 19,	 39, and 59 minutes. 	 Analyses determined that a value of

n - 0.43 was appropriate for each of the data sets.

This series of tests, 	 and the resultant analyses of the data,	 in- n
L^

dica*_ed that all of the parameters are influenced to some extent by ta.

This	 is shown	 in Table 7.	 The parameter Cend,	 for	 instance, would be

expected to increase because as t o	is	 increased the component of plastic

strain should also increase.	 With regard to the parameters g l , 92 and

aQ ,	 the reason	 for the observed changes	 is	 less obvious,	 but	 is clearly

a reflection of changes	 in the structure of the material. 	 for example,

the parameter g l	is equal	 to	 [E(t a )	 -	 E 0 ]/C O3	but the ratio should be L

maintained	 relatively constant as 	 [E(t a )	 -	 E0 ]	 Increases.	 Apparently

this quantity	 increases faster than does C 0 of the recovery component.

The reason for this observation	 is not clear at present.

The fact that the g l	as well as the other parameters are time-de-

pendent points out that care should be taken 	 in the experimental	 design

to maintain	 t o at a	 reasonably constant value, 	 unless of course	 it	 is

the variable	 to be studied.

Influence of Initial Estimates

The computer-generated values of the parameters in the constitutive

equation were thought to be sensitive to initial estimates of some of the

experimental values, such as E0 . To examine these effects, a particular

data set was selected for analysis. Three separate computer runs were

made involving three different sets of initial estimates. Table 8 gives

these values along with the resulting computer-generated final values.

Some small variations of the final values among the three runs are ob-

served. Accordingly, the selection of initial values of the parameters 	 t.i

does not have a great effect on their final values.

I

1 5 8	 T;



Fable 7. Influence of to on Parameters

Test 1 2 3

Temperature (C°) 500 500 500

Stress	 (psi) 26,800 26,800 26,800

to	(min) 19.25 39.18 59,23

e 0	 (10-3) 2.352944 2.467316 2.386228

E(t1)	 (10-3 ) 3.5601 4.102876 4.659707

c ,	 (lo-3) 0.338422 0.337791 0.393095

n 0.43 0.43 0.43

C6	 (i0" 3 ) 0.889725 1.102441 1.347886
ENT'	 (acr) 1.287772 0.944529 0.717522

Cend	 (lo-3 ) 0.526598 o.632071 0.910011
g 0 1.1314 1.1864 1.1474

g 1.357 1.484 1.687

g 2 0.8266 0.6603 0.6006

z
r:
0
0
0
a
u
a

I-I.-- - 
A

r r

l
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Final Initial Final
Value Estamente Value

2.556851 (10 -3 ) 1.97	 (10-3 ) 2.482009	 (10-3)

0.272490 (lo-3 ) 0.10	 (10 -3 ) 0.327344	 (10 - 3)

0.474614 0.10 0.436211

o.474614 0.436211 0.436211

1.093897 (10 -3 ) 0.93	 (10 -3 ) 1.1006	 (10-3)

1.133732 1.0 o.968818

0.617134 (io -3 ) 0.80	 (10 -3 ) 0.630217	 (10-3)

ti

Initial	 Final
	

Initial
Estamente	 Value
	

Estamente

2.47 (10 -3 ) 2.465251 (10 -3 ) 3.97 (10-3)e 0

C 0.34 (10 -3 ) 0.34	 (10 - 1 0.90 00 -3)

n 0.43 0.428420 0.90

n 0.428420 0.428420 0.474614

a	
C0 0.93 (10	 ') 1.102945 (10 -3 ) 0.93 (10'3)

ENT	 (a ) 1.0 0.938445 1.0
Q

Cend
0.80 (10`3 ) 0.632531 (10-3 ) 0.80 (10-3)

i

1

Table 8. Influence of Initial Estimates on Parameters

Test	 I	 2 3

-	 -	 --	 •_ -	 -	 --	 -	 ___ate; ..	.:.	 , ^	 ^.	 :_ _^.^i
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DISCUSSION AND CONCLUSIONS

Using the TC theory as a starting point, a generalized constitutive

equation that is descriptive of primary creep and relaxation behavior in

the titanium alloy Ti-6A1-4V has been developed. in addition, analytical

methods have been worked out which enable the use of strain-time data as

input for the evaluation the parameters in a TC-based constitutive equa-

tion. A further useful result is the "catalo gue" of curve forms derived

from the parametric study. This allows a quick reference to the influ-

ence of a particular parameter on the shape of a creep or relaxation

curve, regardless of the material. These curves demonstrate that each

parameter has a unique influence.

In the solution of the constitutive equation from data input, one

difficulty encountered was fixing tle optimum value of the exponent n

for the creep and recovery equations. This may indicate that n is a

function of stress, or perhaps 'ds strongly influenced by subtle changes

in microstructure. This particular example illustrates an aspect that

is deserving of further study, which is the influence of microstructure

on the parameters of any constitutive equation developed to describe

strain-time behavior. Time restrictions prevented any significant ex-

ploration of this interesting area, although the subject was addressed

in a preliminary way in an earlier study (6]. Obviously, however, al-

teration of the microstructure through deformation and/or thermal effects

must be considered an important component of the whole problem of creep

behavior and prediction.

The experimental results demonstrate that the parameters of the

generalized constitutive equation are all temperature dependent, the ex-

tent depending on the individual parameter. To simplify this complex

influence of temperature, a possible method might be based upon an ear -

lie- approach by Dorn [9], where the creep rate is expressed as:

-GH(T S
E	 L i l i (v, T, S) a (T, S) exp(	 RT	 I

e

0
0
u
U
0
H

(53)
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where 2 is a structural parameter, 5 is entropy and R is the gas

constant. AM, the activation energy for creep, is assumed to be

independent of o and c and if entrop y 	'p	 py is constant

e	 f(v, T, S)e-GH/RT
	 (54)

or

C of e dt = r f(v, T, S)e -'
H/RT 

dt
	

(55)

since AM is not a function of time

C • e-AH/RT f f(v, T, S) dt	 (56)

I

This indicates that strain is a direct function of 
a-AH/RT	

in the

TC theory this would have its effect on the temperature dependent

linear creep compliance, C^. Thus the creep and recovery equations

could be modified as

n
C = 90 Ca a + C l g2 CA (-L)) 

a e-AH/RT	
(57)

Q

e	 O1 e -Ali/ RT [(I + aa) n - (aA ) 
n )	

(58)9
r	 1	 a	 a

This approach is probably an oversimplification in that temperature in-

fluences do not appear directly in the basic parameters. In some cases,

however, it may be a valid approximation.

A cincluslon to be drawn from this work is that the TC theory is

applicable to the prediction of primary creep and relaxation behavior in

metals if we proper form of the constitutive equation can be found for

a particular • material. In this regard, a disadvantage of the TC theory

is itsgeneralicy. The present study was restricted to the power-law

equation form (due to reasons mentioned earlier) with good results, but the

constitutive equation needed to be modified with the Cend term to more

accurately account for plastic deformation. Had time allowed, other

modifications to the power-law form may have resulted in constitutive

equations that would have been descriptive of events in the other mate-

rials studied.

162



,.....,^_....	 ,..	 ...^.w,,	 low	 —

I
'	 The generality of the TC theory is such that forms other than the

power law could have been explored. For instance, incorporating the ex-

ponential law, equation (2), into the TC theory,

_ W co 
+ Coo (I_ 

e-
 
rt)
	 (59)

assuming 
c 	

is a direct function of stress. 	 Using this the TC equation

for creep would be

/ aa-rt
C = g0 Cpa0 + 9 1	92C(1 - e	 )a0	(66)

and the equation for recovery would be

e r - g2Ca0((1	 - 
e-r(ta/a. + t-t a ) )	_	 (1	 - e-r(ta- ta))a

i
•► or

C
r
 W g2 Cc e

-rta [ea _ e (1/a. + a)^	
(61)

i
Accordingly,	 the exploration of other equation forms, using the TC theory

as a basis, may well have shown the theory to be more broadly applicable

than was demonstrated in this work.

The apparent disadvantage In trying to use the TC theory as the

basis of a predictive method 	 is that large amounts of data are required

In order to determine how the parameters will	 vary as conditions of stress,

temperature, and loading time are altered. 	 This	 Is a result of the pre-I

viously noted generality of the TC theory. 	 In this particular aspect,

therefore, the TC theory suffers the same shortcoming as other methods

' used to pre'ict deformation behavior, 	 i.e., a	 large data base is a re-

quired starting point.

The important large-scale accomplishment of this project 	 is the de-

monstrated applicability -)f the TC theory to describing creep and relax-

ation behavior	 in metal	 systems.	 Modifications were required, as expected,

even before significant amou-its of data became available because the

theory was originally developed 	 for nonmetallic materials.	 The fact thatt

good results were obtained 	 in an alloy as complex as Ti-6A1-4V 	 is encour-

aging.	 This	 result alone would justify further work.

i a
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EPILOGUE

An aspect of fundamental importance related to the work presented

In this report is the educational benefit derived by the several students

Involved. The grant provided support for two Master of Science students

and one Master of Engineering student at the University of Kansas. This

final report is a synthesis of the work of these graduate students. In

addition, an undergraduate was a part of the project as a laboratory as-

sistant. Accordingly, NSG1269 from NASA/LRC has contributed in a very

significant way to the professional development of these students, who

all have the potential of making significant contributions to the engi-

neering profession.
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APPENDIX A

Parametric Analysis

Program and Resul ts

The parametric analysis, or PLOT, program was written to plot toe

	

1	
results of the thermodynamic constitutive theory on the plotter maintained

	

b^	 by the University of Kansas Computation Center (UKCC). This program

was used to graph the results of the parametric analysis which are

located at the and of this appendix. The program has also been used

to plot the results of the analy,:s of test data.

The program calculates the incremental step results from the

theory and uses plot routines maintained by the UKCC to write on a

computer tape available to the user. This tape is then taken by the user

and mounted on th y: Benson-Lehner incremental plotter which generates the

gr a ph s.

Deck Set Up

The deck Set up for this program is shown in Figure Al.

The $ IDENT card must contain a valid project identifier, this

project ID must also be approved for use of the plotter. Note that the

	

1	

cost of making one graph similar to those in this appendix is about

$2.50.

The first $ LIMITS card is required to ;p rovide extra memory to

compile the mainline program.

The $ INCODE card deslinates that the old IBM 026 keypunch was

jused to write the program. Only an IBM 026 should be used when modifying

this program.

The S SELECT card is used to access the plot programs maintained by

the UKCC.

The $ TrrE7 card indicates what tape is to be used by the program.

The tape 4 and tape name are the identifiers for the tape assigned by

the computer center. The user of this program must have a tape a=vailable

to the UKCC in order to run this program. For more information on

tapes see reference ,10j.
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$	 IDENT	 Project ID number

S	 OPTION FORTRAN

$	 FORTRAN NDECK

$	 LIMITS ,29K

$	 INCODE 1BMF

main Iine progro.m

subroutine DATA

3	 EXECUTE

$	 LIMITS 05, 17K,,1600

$	 SELECT 5/STARL

S	 TAPE?	 08,X3DD,,tape „ tape name,DEN5

INCODE IBMF	 (or IBHEL if 029 used)

data cards

blank card at end of data

$	 ENDJOB

***EOF

^I

Finure Al.' Deck set up for PLOT program
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The mainline of the PLOT program is shown in Figure A2. Figure A3

is the DATA subroutine and Figure A4 is the data deck. Figures EXP-I,

EXP-2, EXP-3, 8-1, B-2, B -3, P-1, P-2, and P -3 at the end of this

appendix are the results of this particular program.

A minimum of four data cards are required for each plot. The first

10 spaces in the first card contain the time of the creep curve, the

second ten spaces contain the total time (creep + recovery) and the

third ten spaces the increment of time to be used in the calculations.

The total time divided by the increment of time must be less than 200.

The first 36 spaces of the second data card contain the heading

for the output. The first six spaces of this card will also be drawn

in the upper right corner of the plot..

The third data card contains, in order, CO, Cl, 
90' 9 1 1 92'

ENT (or aa ), and EX(or n) using a 7F10.5 format (ten spaces for each

variable). The fourth data card contains, in order, STRS (the stress),

8, P, and NLINE using a FI0.5, E9.3, F10.5, 14 format. 	 CO and CI

are the elastic and linear creep compliances .x 10 6 . B and P are user

definable variables that are transferred to the subroutine DATA and can

be used if special functions of other variables are to be plotted,

for example see calculation of ENT in subroutine DATA. NLINE is the

interger number of lines to be plotted on that plot_.

The mainline program as indicated in Figure A2is written to plot

the equation

STRN + CO * GO * STRS + Cl * GI * G2 *(TiENT)**EX * STRS

and

STRN - G2*CI*STRS*( VENT )**EX *( (I+ENT*TR)'-'EX -

(ENT*TR)**EX )

If these equations are to be used it should not be necessary to alter

the mainline program.

Subroutine DATA is called from the mainline before the values of each

line are calculated.	 It is used to change the initial data values read in

on data cards 3 and 4 so as to plot a new line. It is intended that the

user will write a small FORTRAN program that will increment a particular

parameter value in the data for each curve. This subroutine can also be

1	 used to read in completely new value, from additional data cards.
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1 ( CREEP	 ANALYSIS	 PROJECT	 ROSS	 HULILE

2 -( -	 FORMULAS	 USED	 UASFO ON	 IHFk'1UOYNAhIC	 C04STUFIWE	 16440611	 -	 - --- - --- --	 -- ---
3 C STRN-SINAIN,	 1(1)-INCREMENTAL	 IIMkr	 N nNUMHEN	 Of	 INCAf`i NFS	 Of
4 C CREEP

	 (At (UL AtIONS,	 NR=NuMHfR	 OF	 INtMENFNIS	 OF	 RECOWEdI	 CAtCULAII ON	 -
5 C PEN-PEk1OD-LENGTH	 OF	 INCREMtNTS	 OF	 TIME,	 SIRS • SIRESS,	 CO,CI,GO,
6 C G1.G2,•i0N51AMIS,	 fHY-E1N0UPY-LA4DA,	 EI-F%PONENT	 Of	 CALCUL A IION--- -	 - -- -----	 ------•	 •----
7 C H-CONSTANI	 FOR	 ENTROPY	 CALCULAIION,	 O n EKPONL111	 0f	 EVTNOPY	 CAL(.

-	 8-- --	 C	 -	 -- FIRST	 INPUT	 0	 ATA	 LAND	 SHOULD 8E -EON	 TIME	 AXIS-IN-FJMM	 Of---------- ----	 --
9 C II ME	 10	 NECOWENY	 IN	 HOURS.	 TOTAL	 TIKE	 Of	 IESI,	 ANO	 INia(MFNI	 Of

11) C II Pik .	 NFIT	 DATA	 CARD	 CUNIAINS	 TITLE	 OF	 GkAPH,	 IHE	 FIRST	 SIN	 --- •-----
11 ( LETIERS	 WILL	 UE	 NEPRODUCfW	 ON	 THE	 PLO[.	 Tiff	 NE11	 1/0	 CARDS
12 C CONTAIN	 THE	 WALLIES	 OF	 THE	 WARIAbLES	 -	 --- ----	 --	 -	 --	 -
I; [

_.---	 to	 ----	 [- - - -	 '------	 -	 -	 _^. - ._----	 - --------__---
15 DINER$1014	 SINN(10,20S),i(20S),IM(t05)
16 DIMENSION	 Kehl (20 ) -----
11 CHARACTER	 NAME-56 IS
1 8 DATA	 I( I),IE01F,IIAPE,IERO,MOfF	 10.0,Op0*O.O,-1/	 -- -------IL--- - --	 --	 -
19 DAIA	 IMIN,TMIN10.0,0.0/ 14

^.._._	 2U — ____—_—QAIA I CNI I IO,V D,NDNrNUM/1,10.,2.70103/__ ...-._.
21 DAIA	 NUP.HONrNCk.H,THETA.NSIA,NONE.H1/3,7.0,0.200.0,6,1.0,151 1a
22 CALL	 PLTMFY(IEIIT,IIAPE)	 - -	 - II	 ---
23 DO	 78	 NPLOT n 1.20 13

--	 24 17 YMAI n 0.0 __._._I3	 — - -
V	 ZS [ 13O

--26 --- F------ - SRI - UW- 1 {KE-ARRAYS-__.f_—	 —__ —	 --_--.	 -_ -----^i	 _
21 ( 12
2tl .	 - REAOlSr13rEN0 n 761TA.IT.PfM	 -	 ---	 - --- -

f---24 13 FORMAF(SF10.5) Ij
30 IF(PER.LT.0.000111)	 60	 10	 76
it N n IR/PER02 1j

53 IF(NA.L1.T05)	 60	 10	 71
34 - witkit(6,72i
55 T2 fONKAT('1','fRROR'./,'TT/PEW 	 IS	 GREATER	 THAN	 205')
36 60	 TO	 76	 -	 --• - --	 --	 - ---- - ------- - --^--

- --31 71 DO	 1-2,N 11
--	 56	 ------ 4 1(11 n PEk • (1-21---	 --	 - ---	 - —^1

39 DO	 5	 1 • N*1,0161 11

41 S IMII) n (f(1)-TINT)/TTN) 10
- - 42 -- t — --	 -- -	 - -- -----	 — --- —	 --- - -- ----10 --	 ---

4S C SET	 UP HEAOIN(S FOR PAPER OUTPUT 01
----44 ---- C----IR n 11ME lU'RffOYEkY----	 -----	 ------- --

_ ( IT	 n 	 IIME	 10	 END	 Of	 IfSI
46	 - [ PER	 w	 PERIOD,	 FHE	 LENGTH Of	 EACH	 INCREMENT	 OF	 1IMt	 -	 --	 ---	 - ----^----------- ----
41 ( ITIPER	 S410ULD Of	 LESS	 IRAN 200.
46 C - —	 --- -- - --- _	 ---- -	 -	 --- --AI----
49	 - REA00 ,33) NAME 01

-	 --	 V) -	 .	 -53-- fOkMAI(AS6) Y	 -
51 WRITE (6,34)	 NAME p
52 34 FORMA101'.351,'PL01	 NUMOER',1.261,A36)

Figure A2. Mainline of PLO's program
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I	 $S WRl It(6, 52)	 I(MM),I(NI, PE D
-	 S4 31 FORMAT(IX.///,1K,'IIME	 UASf',/,lA.'I4IAI 	 ilFSf',f6.1,'	 dRi'. /1;1, S

55 1'AECOVfRY	 At',F6.1,'	 HRS • ,/.IX, • lu(NLMENI	 OF	 IIME',F6.S,'	 MRS',//, 8
56 ?,SIX,' INPUT	 VARIANLES',//) 6
51 WRIIE(6155) 8
SA 35 fORMA142K,'LINE	 STRESS	 CO	 CI	 GO-	 bl --	 --7
59 1'62	 E 	 d	 P	 (NT' 11 X, • NUMJEN	 ( PSI) '•//1
60	 - [ -	 -	 - ------- --	 -- --- ----'----- ----J----
61 C READ	 IN	 DATA 1
62 C ---- 6
63 67 RFAD(S, 10, END +16)	 CO 3 CI, G0,61 , Gi. iN1. EX.$ INS,d,P,NLINE 6
64 10 606104AT47F10.5,/F 10.4,E 	 9. 5,F10.4.14) 6
65 IF(SIMS.L1.0.01KO	 10	 16
66 -... CO-(*- .000001	 -'-	 --	 --	 -	 --	 ------ -	 ---- ----s	 -----
67 Ci+C1•.000001 s
68 DO	 15	 NU411:I,NLINE S
69 NPLOTA=NPL01 Si
70 LIME+NUMB -
71 CALL	 DATA(CO,C1,GOi61ii2,fMl,19,S1MS,NPLOIA,LINE.O.P)
72 - t - - —	 -- - -	 ---- --- -- -- — - - _ — -- --- — — - - — - -—..4^

73 C CALCULATIONS 4
14 C 4
7S S INN( NUMB. 1)+0.0 S
76 DO 6 I-?-11	 - -	 -	 -	 ...	 -	 - .-- ---.	 3

v	 /7 6 SINN(NUMAI,I)=10•60 • SIRS*C1 • G1 . 62 • (11I111f00 1) .. EN) • S14S S
-.	 111	 ----- 60 l	 1 •N.I,FOR _ . 	 - -	 ----- ---	 - --- - --	 ----- -- -	 -t-- - -- - --_? --- -

79 / SIRN(NUMU,I)+62 • [1+ST p S • (1(N)/EN11 •• EK • I(1ALNT • IMII)) •• Er- 2
d0	 _. IIENI•fMl!))••FKI
B1 IF(YMAX.LI. S A RN(MUM11,M))YMA K + S IRW(MUMU,M)
82 1 F I YMA X.L I, SIRNINUMU,NQ)) 	 YMAX+S FNN(NUMb,NM)	 --` -

d3 15 CONi1Nuf U
--	 - -	 04	 --- 1- - . — 36 XNAX+I (NMI	 - -	 -------.—___ ----	 --- ---------.	 T. _	 _	 ------U '------

8s IPL01-NPL01 U
16 C - INIS	 SECf10N	 CAN	 UE	 EXIVA(ffb	 AND	 USED	 AS	 A	 5UOROUTINE	 FO	 - 40
67 C GENERATE	 AXIS	 ON	 THE	 AU	 PLOTTER.	 TO	 DO	 SO	 EXTRACT	 ALL	 CARDS
BM
8989

C

C
DOWN	 IHNU	 '116 CONFINIIF'.	 111E	 FOLLOWING VALHfS	 SHOULD	 ME
IRANSFERED	 OR	 DEF F NED	 AT	 [HE	 0EGINNIV4	 Of	 IME	 SUOR3UIINE--

-- -

00 C -- -	 XMAX	 AND	 YMAX+LAMGFII	 X	 AND	 V--V	 ALUES	 10 dE	 PLOlIkO	 -	 ----- ------ •-	 --------	
Q91 C AMIN	 AND	 YMIN . MINIMUM	 X	 AND	 Y	 VAt UES	 10	 UE	 PLOTTED

92 C XD	 AND	 10	 +	 K AND	 V	 DIMENSION OF	 PLOT	 TN	 INCHES...	 4LSO -	 311 "'	 -
91 C IK(LUDE..OIMENSION	 110111(20) so
94 c DA f A M9M,MUPI2. 31	 ---	 -	 -	 _. _	 _ __ _--'. 39

9S C 58 do96	 ---- --- - SO-10.0	 -	 ---	 --- --...^T._.T------ --...-..	 --- -	 -•----•- -r"-
97 YD•7.15	 i a98 1[111+1--_	 _

rrl
99

100 106
A+XMAX
lf(A.61.	 10.0)	 GO TO 107	 --------_^	 __.^-_-

37
-_-^

10/ '.+A.10. 17
1 F12	 - GO	 10	 106	 -	 - -	 - --- -- .	 _.	 --	 -- -- . _.	 ^.. ^..3? ----- - --- --
103 107 1F(A.LI.	 100.0)	 GO	 10	 100
104 A n A.0.1

Figure A2. Cont'd.
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105 60	 TO	 101 36

- 1(+6 100 1itf . A#f1 .a	 -	 ..---.	 ...	 _,._.	 .._.._^ -	 .- --•	 '--------' ----
107 Olvr=0.0
toy 60	 260	 1•rf},20,I -

' 109 200 1F(INI.EQ.I)	 DIVr-I
110 109 DO 201	 122,40,2
111 201 If(INI.E9.1)	 OIVY n 112

112 DO 202 1+45,110,5	 -	 ----- -.-"^_--^_----	 - --	 - -	 _-
111 201 1111NT.fa.1)	 DIVY•11S
114 MDIVT.61.0.05)	 60	 10	 11t	 -	 •---_.	 ....._._	 ___-	 -._._ __-.r._._.-.-^_____-	 _	 __.__.

+ I1S TNT=INr#T 3S
.	 1 116 -	 -'-- 60	 10	 109	 _..	 ._	 -	 -	 -	 --'--	 ---_.._. - -----3^-'--	 --	 - -	 -

117 111 IF(U Nf.E0.2)	 60 10	 ITS 34

--- 118 ----^ --'-- -.... _.-. __-_--	 -------_.--------•-----•-- -------	 ----------^-
- 119 C XPNT AND	 VPNT	 ARE	 fHE	 LOCATIONS OF	 Tllf	 JOGS	 ON	 THE	 AXIS.

120 C XLEFT	 AND	 TAXIS	 AND	 MAXIMUM	 LENGTHS	 Of	 THE	 X	 A	 NO	 Y	 AXIS.-- -	 ------ ------	 - ----

121 C U
122 DIVI.DIVY -

121 XAXIS n INI*XMAK/A#IMIN 14

---'- 124 - (CN1•t ----- ---	 --- -	 - --- -	 3 1 	—
11S A-TMAI
126 60 10 106	 --- -	 --	 -	 -_ _._ _--- -- -- -- - ----5] -- -- - - -
127 113 TOD-VD•1.03

--- ..	 .TAXIS :INI•T11AX/A-TMIN	 ..... _.	 .... ._------	 --'---------•-- ---------------	 ---'------
129

-	 -----125
TLEFI^(YAXIS-YMIN)•1.U3•1#41

v
N 150----- ---'-

- -- --^-
-X0D-X0.1.03--	 ----	 -_..---------	 --- -	 -	 —

—
-

ill XLEFT=(XAXIS -XMIN)•l.03FXMIN
132 CALL	 INPL01(xMIN,XLEFI,Yy iM,TIEfI,KOD ► YOD)	 - — - -- —	 -	 - -

153 CALL	 PLOr(XMIN,YMIN.MUP•S16) 31
134 KSTEP+(XAXIS-KMIN)•.02rXMIN- -------- 	 -	 '- - ------'	 -	 -	 32	 -	 -
115 TSIEP=(TAXIS-TMIN)•.02*Y14IN 31

136 -- - Y!R(Itl6.1111-7AX15	 ---	 --	 -	 ----- ---31_
137 PLOT	 L(Fr	 AXIS
134 -- 00	 115 -
1S9 YPNI•(YAXIS-rMIN)AI/OIYY•/MIM 31

10) T•YAXIS-TPNi 	 - '--'	 --	 -	 - --	 1A -	 -
141 1klff(6,117)	 T 30

- 142 --- 11T FORMA I(IK,f10,5,/)-	 -- -	 ---	 -	 -- ---40 	 -
143 CALL	 PLOT(XMIN.TPNT,N0N,S16) 30
144 CALL	 PLOI(XSTEP, ► FNT,NDN,S16)	 -	 --	 -	 - -	 --	 -	 29---	 -	 -

..
145 ITS CALL	 PLOT(XMIN.YPNT,NDN,S16) 29
146 _.. .__.._CALL PLOT(XMI4,YLEFI,NDN,l16)	 _-..-___-_—._	 _	 _.____—._
147 CALL	 PL0T(XMIN,'(M(N,NUP,116) 29

—	 -_	 14A -	 C ---__--- PLOT	 HOT TOM
149 DO	 114	 1-1-G(VX 29
150 XPNI(I)-(IAX1S- XMIN)•I /DIVXgXIIIN 	--».	 _.	 .-- _	 ___._..2s

151 CALL	 P1OIiXPNf((),TM(N,NDN,116) :$

152 CALL	 PLOT(XPNI(I),TS)EP,NDN,S16) 	 ---------	 ---	 ----	 --	 -	 --	 -- _.	 -------.--28--	 -----''----
15S 114 CALL	 PLOT(XPNT(I),TMIN,NDN,S16) 241

154 -
11! 1S5 11®

Will If16,118)(XPAMII,1-1,DIVX)-'	 -
F)aMAT(1KrZ0F6.1)
XSIEP.IKAXIS-IMIN)$1.01oxmild	

--'^ _--	 -''---'- --Yi'—

156 _--'--Zr---	

---- -

V

Figure A2. Cont'd.
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157 CALL	 PLOT(1LEFI,YMIN,M0M,616) 16

1S& C	 PLOT	 016HY	 AXIS	 -	 --
159 00	 110	 1=1.DIVY 26

160 26

161 CALL	 PLGT(XtffT,YPhT,MOM,S16) 26
-'	 ---161-	 - ----- CALL	 PIOT(XSIEP,TPMF,NOk,t16) 2S

163 120	 CALL	 PLOf(XLEFT,YPNI,NDN,610) 25

16+"'-'+-""-CALL-- PLOr4XLt f I YLtFI,NDNo%I61	 -^	 ----'-	 --- "-'"'--
165 1S1EP•(YAXIS-YhIN)•I.U1#YM1N

--	 166 -	 ---	 CALL	 PLOF(XMIN,TLEFT,NUP,116) 	 -	 ------	 --	 '"	 - -	 25
167 C	 PLOT	 TAP	 AXIS

_..-	 1611 -00	 111	 1 . 1,DIV1 24

169 CALL	 PLO1(XPNI f I),YLEF 1 ,1JDN,S16) 24

---)10-------- -"CALL-PLOT(XPMF11 2A`----
171 111	 CALL	 PLOI(1PNT(1).TLEff,N0N,116) 24

°--'172	 .--.- -	 ---CALL	 PLO1(XL(FI.1LEFf,NDN,110)'- 	 -	 --	 --	 --	 - 23
173 10	 n AMAX • XO/XAXIS • XMIW 23

-	 •-----	 174	 - -	 -TO	 n YMAX • YO/YAX1S*rMIM	 - -	 --	 '--	 - 23
175 CALL	 PLOI(XMIN,YMIN,NUV.616) 11

^- -176---118-tOwFFNUE- - ---	 -- -----	 ---------- - ------- 22- --- -'
177 C 22

-	 --178	 -- C------ SUBROUTINE	 61APH	 &RAYS	 CUMVES	 ON	 AXIS GENERATED BY AXIS,	 IT 22

179 C	 ALSO	 INITIALIZES	 THE	 PLOTTEM	 PEN	 FOR	 THE	 NEXT	 PLOT,	 AFTER 21

180	 --	 --'C --` - -	 IMMEE	 PLOTS	 MAVf	 wEEN MADE	 THE	 PEN	 MUST	 tit	 RELOCATED MANUALLY 21

181 C	 ON	 THE	 PLOTTER	 (STOP	 THE	 PLOT	 SEGOENCE,	 DISENGAGE	 THE	 AUTOF!AIIC 21

---IB2----'f- SMI Mt AND MANUALLY	 kILOCA:t -f HE	 PEN	 10	 IHE-00110-4 OF--1dE	 PAPEOI 12- ----

163 C 20
'	 -	 -	 184	 ----- -'---'1LMANE • 1MR • 11.6-H • M311190) . X y EN	 ---	 --	 -	 "-	 ----	 -	 -	 --_....._---- --	 10

185 20
186	 - -lOs1D•1.1	 _-- 20

197 losrD•1.1 10

— ---185-- XMAX•XMAX.i.1+XNtN--- --- ----^.. -- - ---- —	 ^---------- -- I Y------ -
189 YMAX n TMAX•1.1#TMIN 19

190	 '--'" --	 -	 -- CALL	 IkPLOI(1KIN,AMAX.YM1N,TMA1,XD,VDI 19

191 00	 22	 LINE n I.NLINE
192 - '-- -	 - ► ALL	 YL7TIXMIN,TMIM ► NUPrf771	 -	 -	 ------	 - - •"" 18
193 00	 3S3	 NI n 10MM Id

--	 -194----- _11ME•F (MI I ►XMIN ---- --- -- - --------	 --- ..-	 -	 - --- 1 d----...._

195 STRAM•STRM(LINE,Mf1M410 Id
196 333"CALL	 PLOTITIME,SfOAN,NDN,6I7) 17

197 LIN n LINE 17
148 -"---`-IIhE•T (old ) • 1.O1#XKIM	 "-	 -	 - ►
199 STMAN•S TAN ( ► INE,Mn)+TNIN 17

---'- - 2(10 --fAtL	 LEIIEM	 1 104 f	 ' IMAid	 I7IHEIA,WONE,LIN,N	 MI --	 --	 "- -	 -	 -	 -""	 `-- ---	 16	 -- -
201 1INE n T(N)•1.CIF1AIN 16

- 202	 ----'--	 CALL	 LEIIEM(TIME,S1kMlLINf,N1,H1.1NEIA,NONf,LIN,NCM ► 16

203 22 CONTINUE 16
204 -°-' - CALL	 LElllO(XNAME,TNAME,H, THE TA,NSIx,NAMErNS11) 15
205 CALL	 PtOFl1MIM.VMA5,MUP,t71)

- 206 -	 - -	 YO .1. S	 -	 -	 -	 - -	 -	 _	 -	 - - - - --•	 _ ._._.	 _.

207 CALL	 INPLOT(XMJN.IMAX,*KIN,YMAX,Xa,re) 47

200 CALL	 PLOF(AMIN,TMAX,HUP,677) 47

209 10	 i0NIINUE 47

-	 -110-- -	 16 C0NIINUE - --	 ---	 - --- -	 - ----- -^--- --	 - - 47	 --
211 76	 CALL	 PLOT(1kMO,IERO,w4)FF+677) 46

212 72	 STOP 46

21S E'.0 46

0

m IF

,0 10

m

V
W

^—•.r	 i^ITnr	 r111Mdoe	 ammS	 111MemM	 ammr	 r^	 •.^..i	 }.^.i	 _ . +	 ' `o i
	 t ti	 i.^.J	 ...n	 .. 4	 S.&Wq
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Figure A3. Subroutine DATA for PLOT {Program

`	 T

r_..-rer ". ^..-i,.w:^_.i^_,...^.^^-.^^^ „•,•._. 	 •	 '•___-	 -__	 _ _	 _	 _ _	
-a _. ,_ _ _— ,:1x	! 	 ^...-	 - _ _-. .-bra

r-.-.,	 ...-.,

L 11 -

1 SUbROUIiNE	 OAfA(CO.CI.GO.GIr52rEN1rEKrSTRS,NYLOIrNUMd.J,P)

-----•-- —2---E -iNIS-SUbROuTINE-iS-USEO-TU-bENERAFE-iME-SUCCESIVE- OAF A-VAkIAbLE------6-- -	 --	 -	 ----
3 C FOR	 EACH	 PLOT,	 Af1ER	 THE	 INITIAL	 VAk1AbLES	 ARE	 READ	 I@	 INOM	 IHE
A	 ....	 _.._ C ._.	 _	 MAINLINE	 PROGRAM.	 - -	 -
5 C SUbROUTINE	 IS	 USED	 10	 ADJUST

	
IN[	 INPUT	 OAVA	 FOR	 THE	 PLOIFER

-	 -'-	 6 YN040CAM.	 CO,C1,	 GU,	 4a1,	 62,	 ANE	 CONSTANTS,	 NOTE	 THAI	 CO	 AND	 -	 --- -	 -
7 C 0	 AWE	 MUTLIPLIED	 UT	 11.00(,001	 IN	 THE	 PROGRAM.	 ENT	 IS	 THE

-------$ -	 -EMIkOPV--CONSIANI	 IN- 1nE-SCHArEAT-EQUAFEON(LAMDA-)N	 A-$(bMA)r---- —	 ----

9 C EX	 IS	 THE	 EXPONENT,	 SIRS	 IS	 THE	 516115^	 DURING	 THE	 TES1,	 NPLOI

10 --- --C. ----	 - IS	 INC
	 CONSECUTIVE	 NUMUER	 OF	 PLUIS	 001L	 TO	 IHAI	 POINT	 -	 1.2.3	 - .- - - ----

11 C ETC,	 NUMB	 1S	 THE	 NUMUER	 Of	 LINES	 ON	 THE	 PLOT,	 AqD	 LI	 AND	 P	 ARE
12 -- C EXTRA	 CONSTANTS	 WHICH	 MA1	 bE	 USED	 TO	 INPUT	 6AIA	 FOR	 FUUCIIONS.

13 C THE	 INPUT	 DATA	 10 RUN	 in&	 PROGRAM	 SHOULD FIT	 THE	 FOLLOWING

15 C READC5.14,FfID+761	 18rFT,PEk

16 _ E - - 15	 FORMA113f10.S1
17 C WHERE	 14	 IS	 THE	 TIME	 TO	 RECOVERI,	 IT	 IS	 THE	 IOTAL	 TIME	 AND

--	 IR --C----- ---TER	 IS	 THE	 INCREMENT	 Of	 TIME	 USFO	 IN	 CALCULklilM.	 IT/PER	 - "- '---	 -

19 C SHOULD	 LIE	 LESS	 THAN	 100.

21 C 33	 FORMAT(A36)

-•---- - 22 --C-- "-_.-	 flik	 FIRST	 Sit	 (HARACI^RS	 OF	 NAME	 WILL	 bE	 REPk00uCE0	 ON	 IIIE -
2S C PLO1,	 FHE	 WHOLE	 THING	 BILL	 JE	 GN	 THE	 PAPE.	 OUIPUT.

"^	 -•----- 24 --•C--67- REAO(Sr10,EN0016)	 COrCirGO ♦ G1,42,EN1,kY,SIkS, b,P,NLiHE-------•-•-• - -•-^--- --
25 C 10	 FONMAF(7F10.5,/Fl0.A.E	 V.3rF10.LrlC)

27 GO	 TD	 I1, 1,1r2r2.2.3.3rSIrK
--- --26-- - -	 1	 IFfr:UMb.EY. 1 )	 EY•0.2

2i EX =EX. 0.1
30 10	 F 0	 13
31 2	 lf(NUMU.E0.1)	 8.0.1.10.•018.

33 ENT	 •	 b-STRS••P
34 UO	 10	 11
35 1	 IF(NuMU.E0.1)	 P•-S.5

37 ENf-b•SIRS••P

S9 I	 CONTINUE 42
110	 SIATEMENI IS NEVEN	 kEfEkENCEO' - 	—

40 5	 CONTINUE 41
41 - --- 6	 (ON IIh11E--	 - ---	 -----	 ......	 — 0.1
42 13	 CONTINUE

-----	 r3- —11-9RIFtd6r1t)hVMLIrl IRS.Cff.C1,UO.41",62,Et,t1,P",EN1---	 ----'--' v '-A1 -- —
44 32	 FORMAT(	 3X,12.2X,f6.0,2E11.S,3^7.J.f7.<,IEtl.i• 	 f10.S•/)
45	 -- ---- — -	 RETURN	 -	 -	 -- 411

4.6 END 4n

N'
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1	 I	 2	 3	 3	 y	 5	 6	 7
0	 0	 0	 5	 1	 1	 ;	 1

1.0	 .005

EXP-1 SHORT TIME EXPONENT FUNCTION

	

1.6	 1.97	 1.0	 1.0	 1.0	 1.0	 .33333

	

2500.	 0.$OOE 18	 -5.0	 3

	

10	 20	 0.1

EXP-2 MEDIUM EXPONENT °UNCTION

	

1.6	 1.97	 1.0	 1.0	 1.0	 1.0	 .33333

	2500.	 0.5M 18	 -5.0	 9

	10	 20	 0.1

P-2	 VARIATI4N OF ENTROPY WITH P

	

1.6	 1.97	 1.0
	

1.0	 1.0	 0	 .33333

	

2500.	 0.5m II	 -5.0	 9

	

10	 110	 0.6

P-3	 VAAsAT10N OF ENTROPY %ITH

	

1.6	 1.97	 1.0	 1.0	 1.0	 I.J	 .33333

	:500.	 0.500E 18	 -5.0	 9

p lank card

Figure A4. - Data deck for PLOT program
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After trio program has finished with a plot, it will start over with

a new time information card; if this card is black or missing the pro-

gram will stop.

Upon comple.ion of a program run, the computer tape for the plotter

may be obtained from the dispatch counter at the computation center.

Further information on use and operational details of the plotter is con-

tained in reference jlli.

Figure A5 is a short flow chart of the plot program. The program

is written such that it solve; a,id plats the equations in increments.

Figure A6 ;s a flow chart for the VAIA subroutine.

Ex1i1Gnat ior, of G• ap %S

The grapha are in de xeci si,habetically startin g with 3-1.	 Using

9-i as an example, *.he hor'^contal axis is ti.-s o,,: and the vertical axis

is st-a l ri. The f irst  set of curvets is for creep and the second for

recovery.	 Fhe line )umbers at the era of each ;ire refer to the line

nsmoter an t yre fnllowiny data sec.tio,ti.	 Lik"wise the B-1 refers to the 8-1

in the title; r..f ne data Section.	 the title of i;he .13ta section contains

the ID ncmber of the plot and a n irrdic .ation of which parameter was

varied. The time tease informatic,r, for the plot is in the upper left

Zorner, The value6 of the input variables of the equation are indicated

i,elow titiat.	 Notice '."gat S varies for- each line as does ENT since it

is a ffinctien of B. The figur;s in the vertical column are the values

of the in jex!i for the verti ca l axi; of the Pl ot . The vaiue^ on the

bcttcm line .er* thos(: for the horizontal or time axis of the plot.

In general, each plot is duplicated three times. The first is

usually shoec rir-^e wi ch .5 'rJ,:r, for cr?.ep and .5 hours for recovery.

The sec_and plat is for lon5er time A;th ten hovers for both creep and

recovery. The third plot re;)resents ebout ten hours (:ree:p and 100

hours of recovery.

r
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FLOW CHART
FOR MAINLINE PLOT PROGRAM

Dimension and
Initialize Variables

Initiaiize Plotter Tape

From End	
Do N PLOT - 1---•- f2O	 es..-,

of Program

INo
_	 End Plotter Tape

Read Times and

	

I ncrement of time	 i 1	 _
! 1	 Stop

ncrement
Less than .00001

No

[
Eallatecu

	

	 Number
of 1 ncrements

More than 205
1 ncrements

7 /
Print Error

Message

Yes

Yes

Figure A5-

77



Set Up Time
Arrays

Read
Plot Name

Write Headings
Of Plot

Read I ni;ial
Data Values

_A

If No
Data  or Stress

Less than
.01

No

Do NUMB

1- a— # of Lines on Plot

Yes

Finished

•	 No

Cali Subroutine
DATA

jCalculate Strain

'	 I

Fi urSe Mc. Con['d.

--	
1
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Find Maximum
	

Initialize Size
Strain
	

Of Plot

Based on Desired Size of Plot and Maximum
Values of Strain Determine Size,

Coordinates and Grid Spacing of Axis of Plot

Initialize Plotter to Plot Axis

Determine Size
of Jogs on Axis

Plot Left Axis and Write
Values for Each Jog

Plot Bottom Axis

Write Values of Jogs
on Bottom Axis

Plot Right Axis

Plot Top Axis

Calculate Size of Plot
for Curves and Location

of I D I

Figure A5.	 Cont'd.
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Initialize Plotter

to,o Plot Curves

, Do LINE -	 Finished
1-- # of Lines

Plot Creep and	 Plot Curve I 1#
Recovery Curve	 at Top of Plot

Plot Curve I D #	 I nitialhe Plotter
'	 at Ends of Curve	 to Relocate

for New Plot

Relocate for
New Plot

Return to First Do Loop	 __j
at Beginning of Program

^i

Figure A5.	 Cont'd.
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OF

1 a

r If •
Line # is
'.., 1 i

4e- as, - FEx ^ . 02

FLOW CHART

FOR SUBROUTINE DATA

Receive Input from Mainline

1, 8, or 9

	

If Plot # is	 4,5, or b

	

Go To	 1.2. or 3

EA - Ex + . 02

If Line

#is1 YesBi1x1018

!B -B +1x 10'' 1

If Line
#is1

Pap+.1

f'qure rye.

Yes	 a0-105p --— —5, —.No

s	 j
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Write Values
of Data

----.,Variables
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Return
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Index of Plots

B-1,	 B-2,	 9 -3 Variation of six parameters in

relationship for ENT	 (see discussion)

CO-I, CO-2,	 CO-3 Variation of D0 parameter for elastic

compliwnce	 in TC theory	 (equations 36

to 37)

C1-1, Cl-2,	 Cl-3 Variation of C l	 parameter for	 linear

creep compliance

ENT-I, ENT-2,	 ENT -3 Variation of ENT( or ac ) parameter

ENT-IL, ENT-2L,	 ENT-31. Large variation of ENT parameter,	 similar

to some results in creep	 tests

EXP-1, EXP-2,	 EXP- -3 Variation of EX (or n) parameter

GO-1, GO-2,	 GO-3 Variation of g 0 parameter

GI-1, GI-2,	 G1-3 Variation of
g 
	 parameter

G2-1, G2-2,	 G2 -3 Variation of g2 parameter

P-1,	 P -2,	 P-3 Variation of p parameter	 in

relationship for ENT

SIM-I, S!M-2,	 SIM -3 Simulation of some creep tests by variation

of STRS and ENT parameters

STS-1, STS-2,	 STS-3 Variation of STRS	 (stress)

STS-1A,	 STS-2A,	 STS-3A Variation of STRS

TEMP-1, TEMP-2, TEMP -3 	Variation of TEMP (temperature) using Dorn

relationship (see discussion)
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APPENDIX 8

Data Solution Program

It	 is desirable that the data for the creep and recovery test be

solved	 in a quick, consistant and accurate manner.	 For this purpose

the BMDP3R program, maintained by the University of Kansas Computation

Center	 (UKCC),	 has been set up to solve the test data.	 An additional

advantage of this program is	 its adaptability	 to	 improvements or

modifications	 to the equations.

Regression)The BMDP3R	 (Biomedical Computer Programs - 3 	 program

Is a nonlinear multivariable	 least squares	 regression program written

by	 the Health Sciences Computing	 facility at the University of Q
California,	 Los Angeles.	 The write up for the program	 is	 in	 reference t

- ,121•	 The version of the program used at KU has been modified by 	 —

LJudith Short of the UKCC to fit on KU's Honeywell 	 computer, as such
L

it	 is somewhat different than	 the program in reference	 [121.	 Further

information on	 the use of this program may be found 	 in	 reference	 1131.

In	 reference	 ;141	 Rummler discussed	 the application of computer 	 regression

techniques	 to creep analysis.

Control Card Setu

The deck setup for the control cards is indicated in Figure BI.

The $IDENT card contalns the users identification information.

The $ SELECT BMDP/TRANSF and $ SELECT BMDP/P3RFUN access some of

the BMDP files which are used to set up the user supplied function.

$ INCQDE indicates which keypunch wai used to type the function

section.

The user supplied f, ,nction section contains the function which the
i

computer is to fit and is discussed later.

$ SELECT BMDP/BMDPjR accesses the main BMDP3R program files.

The $ LIMITS card modifies the standard memory and lines of output

limits of the program. The memory was increased because early problems

with the program indicated that the standard limits were too low. The

output wzs limited to prevent excessive output which can occur if the

program has an error.

226	
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1 8 l
6

$ IDENT project 1D and name
S SELECT BMDP/TRANSF

$ SELECT BMDP/P3RFUN
$ INCODE IBMF

user supplied

function section
$ SELECT BMDP/BMDP3R

$ LIMITS 10,42K„1600
$ INCODE IBMF

program control
information section

$ DATA O8
first data set

$ ENDCOPY 08
$ DATA 09

second data set
$ ENDCOPY 09

$ ENDJOB
***EOF

3

Figure B1. Control cards for BMDP3R program
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The program control information (PC[) section contains the

information necessary to run the program, this is discussed later.

The data which is to be stored in unit 08 is contained between

$ DATA 08 and $ ENDCOPY 08. Additional data sets, if desired, would

be stored similarly in unit U9, unit 10, etc.

The $ ENDJGB and ***EOF end the program and follow the last

$ ENDCOPY card.

Note that separate decks are used for creep and recovery. The

control ca6•ds are the same for each but the fim ction and PCI sections

are different.

Function Section

Figures 82 and B3 show the card setup for the function section of

the creep and recovery programs.	 The purpose of this section is to 	 ^-

calculate the function	 (equation)	 to be fitted and	 its partial	 deriva-

tives with respect	 to the parameters.
LJLJ

This section	 is written	 in	 FORTRAN.	 No DIMENSION,	 END or last

RETURN cards are needed as they are provided 	 internally by the BMDP

program.

In this section N	 is a number provided by	 the program con"rol {l

information which	 indicates which function	 is	 to be used.	 If there	 is U

.YOn)	 one function N	 is not necessa ry.

F	 is	 the dependent	 variable,	 or	 function,	 to	 be	 fitted.	 P(1),
f

P(2),	 and P(3),	 and P(4)	 are the parameters of	 the 4 unction	 to be
;

found.	 X(1)	 is	 the	 independent variable	 (TIME or RTIME	 in	 these

programs),	 if desired more than one	 independent variable may be used.

DF(l)	 is	 the partial	 derivative of	 F with	 respect	 to	 P(l),	 likewise

DF(2)	 is 3F/3P(2)	 and so forth.	 RETURN	 indicates	 the end of the

function.
a

In the creep function section 	 the second function	 is written with p

the STIME modification	 (see Appendix C).	 In the	 recovery	 function	 the
i'

second function	 is written with	 the Cend modification. :•:



r

IF(N.EQ.2) GO TO 2

A -X())**P(3)
F-P(1)+P(2)*A

DF(i)-1

OF(2)-A

DF(3)-P(2)*ALOG(X(I)*A)

RETURN_. -.	 2	
A- (X(1)+P(4))*•`P(3)	

-

F-P(I)+P(2)*A

0F(1)-i

DF(2)-A

DF(3)-P(2)*ALOG(X(I)-!-P(4))*A

DF(4)-P(2)*P(3)"(X(I)+P(4))**(P(3)-1)

Figure B2. Card setup of function section for creep
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EXP-P (3)

AA-P (2) *X (I

B B- I +AA

I F (N - EQ. 2) GO TO 2

F- P ( I * (BB**EXP) - P I 	(AA**EXP)

OF (I )- (BB", *EXP) -AAY,*EXP

D F (2) -P (I 	E XP * X ( I	 (B B (EXP - I))- (AA* (E XP - I

D F (3) -P ( I)*(ALOG (8 8))*(B B*:^ EXP) *C - P ( I)`(A LOG (AA) 	(AA* EX P) C

RETURN

2 F+P(l)*(88**EXP)-P(I)*(AA**EYP)+P(4)
DF(])= BB--*EXP-AA'*EXP

OF(2)-P(1),-, EXP*X(I)*((BB**(EXP-1))-(AA **(EXP-1)))
Or(3)=P(I)*(ALOG(88))-,'(BB*"EXP)*C-P(I)*(ALOG(,AA))*(AA**EXP) *C

OF(4)=]

Figure 83. Card setup of function section for recovery
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Program Control Information Section

Figures B4 and B5 show examples of the program control information

for the creep and recovery programs. The purpose of this section is to

provide the information necessary to run the program. Note that Figure

84 is for three different problems and B5 fortwo problems.

The PCI is seat up in a paragraph-sentence format. Each paragraph

begins in column I with a paragraph name. The end of a paragraph is

indicated by a slash. The sentences following the paragraph name may
	 .....a

begin in any column and must end with a period. There is only one

sentence per line. For example in Figure B4 the first paragraph nary

is PROBLEM. This paragraph has only one sentence which is TITLE IS

'SOLUTION OF CREEP PARAMETERS'. The end of the paragraph is indicated

by the slash in the ne-, 1 line.

The information on the setup of the PCI section is contained in

reference (12). The following information should be observed in addition

to t,tiis.

UNIT IS 08 identifies 08 as the unit on which the data is contained.

Note that the data unit's may be used in any order.

In VARIABLE NAMES ARE TIME,STRAIN./ the names must be in the order

in which they are read from the data cards.

PLOT VARIABLE IS TIME ./ must be used in every problem in which a

plot is desired, it does not carry over from one problem to the next.

ITERATION - 20 and HALVING - 5 are used to limit the amount of

time the program uses if it does not converge.

The PARAMETER paragraph is very important, improper selection of the

values contained in it will result in a less than optimum solution. 	 It

is important tnat the initial values of the parameters are close to the

solution, preferably within 30% of the correct value. 	 If they are too

far off it may result in non-convergence, convergence on saddle points

or nonimprovement (not pivioted upon) of one or more of the parameters.

This is particularly important with the CPRIME parameter in the creep

equation, see Figure B6. The parameter maximum and minimum should be

reasonable tight. The program determines its improved values in part

by how far it is from the naximum and minimum, if these are too wide
	 r^•

it may have wide swings from g uess to guess which will slow or prevent
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PROBLEM	 TITLE IS 'SOLUTION OF CREEP PARAMETERS`

INPUT	 VARIABLES ARE 2.

UNIT IS 08

FORMAT IS '(2F10.5)'

VARIABLE NAMES ARE TIME, STRAIN

PLOT	 VARIABLE IS TIME ./

REGRESSION NUMBER IS 2.

DEPENDENT IS STRAIN.

PARAMETER IS 4.

ITERATION	 20

HALVING	 §

PARAMETER INITIALS ARE .1, .06, . 33, 0.0

MAXIMUM ARE 5., 10.,10., 0.0

MINIMUM ARE 3'0.0001, 0.0

NAMES ARE EO,CPRIME,N,BTIME

END/

PROBLE:i	 TITLE IS'ACCURACY TEST OF BM0P3R PROGRAM	 ./

PLOT	 VARIABLE IS TIME	 ./

PARAMETER INITIALS ARE .1, .10. .33, 0.0	 ./

END/

PROBLEM	 TITLE IS 'ACCURACY TEST OF 9MDP3R PRCGRAM'

INPUT	 UNIT IS Og	 ./

PLOT	 VARIABLE IS TIME

END/

FINISH/.

Figure 84. Program control information setu p for creep
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PROBLEM	 TiTLE IS 'CREEP VARIATION TEST ANALYSIS' ./

INPUT	 VARIABLES ARE 2.

UNIT IS 0$.

FORMAT IS '(2F10.5)' ./

VARIABLE	 NAMES ARE RTIME STRAIN

PLOT	 VARIABLE IS RTIME ./

REGRESSION NUMBER IS 2 .

DEPENDENT IS STRAIN.

PARAMETER IS 4.

ITERATION IS 20.

HALVING IS 5.

PARAMETER INITIALS ARE 0.7, 0.001, 0.25, 0.0

MAXIMUM ARE 3*5., 0.0

MINIMUM ARE 3*0.000001, 0.0
NAMES ARE CO,ENT,N,CEND.

END/

PROBLEM	 TITLE IS ' BMDP3R RECOVERY TEST' ./

41	 PLOT	 VARIABLE IS RTIME./

I
PARAMETER INITIALS ARE 0.7, 0.5, 0.5329, 0.2

MAXIMUM ARE 2*5. ., 0.5329, 0.9

MINIMUM ARE 2'0.00001, 0.5329, 0.00001

END/

FINISH/

i 	

1!t

i

Figure 85. Program control information setup for recovery
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convergence. If it is desired, any of the parameters may be fixed at

any point as was done with BTIME in the creep program.

In the PCI section ARE, IS and - are interchangeable.

When more than one problem is to be run each problem must begin

with a PROBLEM card and end with an END/ card. All other information

except the PLOT paragraph is carried over to the next problem. To

change something just add the necessary card(s). The FINISH/ card

follows t'--i END/ card of the last problem.

Analysis of Output

Figures B7 and B$ are the output of the first creep and recovery

problems in Figures B4 and B5.

Referring to the notes on Figure 67, 1 is the title heading for

the BMDP3R program.

2 is a reprint of the program control information cards used for

the problem.

Section 3 is the general program information that is being used.

4 is the number of data points used.

5 is the maximum and minimum for the parameters.

6 is the sum of the squares of the residuals (RSS) from the

following equation

n
RSS - F	 (Y i - f(xi,p))2

iml

where y i are the data values and f(A,? P) are the calculated values. This

is an indication of the quality of fit achieved. The bottom line

represents the final results.

The values of the parameters of the equation are shown in section

7. The bottom line represents the computers best fit.

Section 8 contains the information on the standard deviation (SD)

of the parameters. This is also an indication of the quality of fit.

If one of the parameters is not improved (not pivioted on), lies on a

boundary or is fixed its standard deviation is 0.0.

In section 9 are the results for each data point (case number).

The predicted strain is the value calculated from the best guess in 7.

1*V

a
u

Io

iu
i 0
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Output from BMDP3R creep program for Ti-3 data
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The residual is the difference between the predicted and observed

(data) strains.

10 is the serial correlation (SC). This number varies from

one to negative one and is an indication of the quality of fit, closer

to zero indicating a better fit.

u

	

	11 is a plot of the predicted and observed values of strain vs.

time. P indicates predicted strain, 0 indicates observed and an

indicates an overlap.	 Ideally the plot would be ail n.

12 is a plot of the values of the residuals of each point vs. time.

aIdeally this should be a random scatter indicatin; the random experimental

error of the test data. The amount of clumping or trends on this plot

are an indication of the quality of fit.

3uality of Fit and AccuracX of the Program

The quality of fit and trend toward improvement is a function of the

number of data points. At least 25 data points should be used and

preferably more. Increasing the number of data points seems to increase

the RSS and SC, however it provides a decrease (improvement) in the

standard deviation values.	 It also seems to help if the data points

are evenly distributed rather than weighted toward one end of the curve.

Increasing the number of data points also seems to help the program

converge when poor initial values are used.

The major indication of a valid fit is obtained from the standard

deviation of the parameters. if the SO of any of the unfixed parameters

is 0.0 this indicates that the program does not feel that this parameter

is necessary in the equation and that changing (improving) it would have

no effect on the results. With either the creep or recovery equations

this indicates that either the eur've is very fiat or that an optimum

j
fit was not achieved. This is usually caused by a poor initial guess

for the unimproved parameter. To find a better initial value rerun

the program with a slightly larger or smaller initial value for the

unimproved parameter, this should result in a different RSS value.

*	 A comparison of this RSS with the previous one will indicate the direction

#1	the initial guess should be improved. This type of error is illustrated

in Figure B6 where the higher values of the RSS occr.red with CPRIME

ra
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was not improved, however when the initial guess for CRIME was close

enough the program improved its value, resulting in a lower RSS. 	 if

any of the non-fixed parameters are not improved the SD values calculated

by the program are much too low.

Sometimes the program will find a saddle point or non-optimum

solution if the initial values are too far off. This is sometimes

difficult to detect, however it should be suspected when results are

not consistant 4iith other results of similar data. 	 If this is the

case, change the initial values.

It is important that the maximum and minimum values of the

parameters are possible in the function section equations. This is

especially true with STIME in the creep equation. 	 If it becomes

larger than any of the early data times the resultant adjusted time is

--	 less than zero. This causes several errors in the function equations

which will result in a very large amount of output because the function

section is tailed many times by the program.

It is difficult to define an exact point at which a good tit of

the equation to the data occurs.	 In general, observing the plot graph

indicates whether or not the curves fit each other. The RSS gives an

indication of the fit, a RSS of less than .2% of the average strain

value generally indicates a good fit. Note that the standard deviation

for the strain is given by

r—dJs

where df is the degrees of freedom indicated in section 8. The SD's

of the parameters are variable but are usually below 10% for a good fit.

The serial correlation value also indicates the quality of fit, however

it is also variable.	 Generally below .4 is a good fit, however

higher values have sometimes giver a good fit. The residual plot with

a good random scatter indicates that the equation fit the curve to

the best of its ability and that a poor fit was caused by the scatter

of the data.	 If the residual plot Indicates a trend (the points seem

to follow a line), this indicates that either the optimum solution was

not reached or that the equation was inherently incapable of fitting

the data.
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APPENDIX C

Effect of Loading Rate

The amount of creep that occurs in the creep test during the period

when the load is being applied can be approximated as follows:

For constant temperature, assume that creep follows the power law

equation

E - Ct n 	(C1)	 '!

where

C - COG

where Co is a constant, a is the stress, n is the exponent, t is the

time, and a is the amount of creep strain, not including elastic strain.

Co and n are assumed to be independent of stress. Although this Is not

strictly true, for the purposes of this approximation the error wili

probably not be significant.

The loading period begins at t-0 and continues to t-t l and from

C-0 to a=ao , the loading rate is assumed to be constant. Thus C for

time less than t l is

C • Coa ' C oao t	 t < t l 	 (C3)I

The loading rate can be viewed as a series of finite increments in step

leading, as indicated on Figure Cl, where an incremental load, ^a,

is applied for a time at. For k increments the load step would be

a
as - k	 (C4)

and the time increment

t

of - k	 (C5)

As indicated on Figure C2 the amount of creep strain during the

first increment, e l , would be

e l M aaC o ,t n	(Co)

r
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This	 is equal	 to the strain at	 the beginning of the second increment

of strain.	 The second	 increment of strain can be viewed as a new creep

curve related to the previous creep only by	 the amount of strain,	 El.

The equation from the second creep curve for	 the	 strain,	 E I ,	 is

E 
	 = 2AaCo (t d ) n (C7)

where 2Aa	 is	 the stress and	 t d	 is a time adjustment factor which

represents	 the amount of time necessary for equation	 (C7)	 to reach e

Time	 t d 	is	 less	 than	 At.

Solving equations	 (C6)	 and	 (C7)	 for t d gives

t d =	 ( 1 /2)
I/n

ot (C$)

Using	 this	 in	 equation	 (C7),	 E I ,	 becomes

e 1 	= 2GaC0[0 /2)I/nAt)n (C9)

and at the end of the second	 increment of time	 the	 strain,	 e
2 

,	 is

E 2 = 24aCo (At +	 ( 1 /2) ]
In At

]n

E 2 	=	 2AaCa 	.At n [l	 +	 (1/2)
I/n ] n

(C10)

In a similar manner	 the equation	 for E 2 in	 the next	 increment of	 strain

is

E2 = 3AcC0 (t d ) n (Cll)

1 where t
d	

is now equal	 to

1 td	 ( 2/3)
1/n

[I 	 +	 (1/2)I/n]^t 020

and

e3 =	 3daC
0
^t n [I	 +	 (2/3)

1/n (1	
+ 1/2)

1/n )1 n
(C13)

similarly.

' E4	 =	 4JaC
0

 A t n [1	 +	 (3/4)
I/n

(I	 + 2/3)
I/n (1	

+	 1/2)I/n))]n (C14)

0 1
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For k	 increments	 this becomes

^.t

u

l /n	 1 /n
E k = k4aC

0
^t n ,,	 +	 ( k k	 1 )	 (1 + (k _	 ^)	 0	

+.... ( 2 /3)1
/n

0	 +	
1/2)1/n ....))} n (C15)

Including the expressions 	 for time and stress	 from equations ( C4)	 and (C5)

this becomes (^

C 	
a 
o 

C 
o 

t 
I n

	 In	 ( ..... ] n
k

(C16)

or

E:	 aoCot, 
n	 x	 f(n,	 k) (C17)

____	 _
where L1

1/n	 1/n

f(n,	 k)	 +	 (k	 1 }	 0	 +	 (k 	 ^)
(i

ukn (1	
k

( • •••(1	 +	 1/2} i1n ))} n
(C18) 1

The values	 for this function	 for k=100 are plotted on	 Figure C3.	 The

equation for	 the curve from t=0 to t=t	 is1

C	 C;	 ( 1 )c)Cx t }n	 f(n'	 k)	 t	
<
	 t1° ( t l

(C19)
i.J

1	 1

The equations for the curves after 	 loading	 is finished (t greater
r

than t,}	 can be calculated from the fact that	 the strain rate at	 tat,,

for	 (C19)	 will	 be	 the	 same as	 the	 E	 immediately after t, when
!!

the stress	 is	 constant.	 Thus	 the	 strain	 rate of	 (C19)	 at	 t l is
!!

a C

e	 dt	 -	 (n +	 1 )	 ° °	 (t, ) n	 f (n,	 k) (C20)
1

'
the strain	 rate of equation 	 (CO	 at	 tit,	 is 1,1

 n-i
E	 nCt b (C21)^



L.

.75

.70

N
lJl
	

r.w	 ^ .65
c
ti

.60

.55

50 L-
0.2
	

0.3	 0.4	 0.5
	

0.6

Exponent - n

Figure C3. Plot of f(n, Q from equation (C18) vs n for k = 100



.	 r ^

D
where	

t 
	 is	 an adjusted	 time.	 Solving	 (C20)	 and	 (C21)	 for	 t b dives

t b	 ((n	 +	 1) 	 f(n,	 k))I/n-1
	

t i	(C22) D
If the end of the loading period were taken as the be-inning of creep,

a

as was done	 in the analysis	 in	 the body of this	 report,	 t b represents

the time that would have to be added to the apparent time 	 to correct

for the effects of the	 loading	 rate.	 The difference	 in the amount of

strain,	 at	 t-t l ,	 between equations	 (C19)	 and	 (Cl)	 is

nE	 Ct 
1 
n
	

f (n,	 k)	 -	 Ct
b	 b

E b = Ct l n [f(n,	 k)	 -	 n n	 1	 f ( n, 	 k))
n/n-1 1	

(C23)

Thus the general	 equation	 for	 the strain after t-t l	is

E - C(t	 -	 t l	+	 t b ) n	+	 E b	 (C24)

'	 The curves for the Ti-3 data with several 	 different	 loading rates .

are shown on Figure C4.	 For	 the Ti-3 data n-0-5329, a o	 23400,	 Co =

2.70 x	 10 -9 ,	 t l	.225 min,	 and	 f(n,	 k) =0.5738•	 For	 the Ti-3 data
iJ

;.!	 tb=0.0769 min.,	 this	 represents	 the apparent	 amount of	 time before	 the

end of the	 loading period at which creep began.

Garofalo	 indicates	 in	 reference [15] that	 the	 initial	 creep	 rate

at	 t=0	 is not	 infinity as would 	 be	 the case with	 the power	 law.	 To l{
Lti

account for	 this and the results of 	 the loading	 rate analysis the

BMDP3R program	 (Appendix B)	 was modified	 to fit	 the following equation

STRAIN = EO + CPRIME	 ( TIME + BTIME)N

where BTIME	 is the time adjustment	 factor.	 The program solves	 for +-^

BTIME as a	 function of the data.	 where BTIME should be close to tb.

Note that	 the Ti-3 data was	 taken with t=0 at	 the end of	 the	 loading tU,

period.
l

Figure C5	 is the output	 from the BMDP3R program. 	 Note that

the program solved for a BTIME value of 4.9 which was 	 the upper

limit	 allowed.	 This	 is	 not	 even	 close	 to	 the	 0.0769 value
1

expected	 from the previous	 calculations.	 This	 difference	 in	 results
^

{

L
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Figure C4. Creep strain vs time for different loading rates using Ti-3 test conditions
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may have been due in part to inconsistencies in the Ti-3 data. However,

in view of the large differences and to avoid any further complexities

in future analyst=s the BTINE modification has not been used in any of

the later solutions of the data. The expected effect ofthis modification

on the parameters of the TC theory would be less than 2%.
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aAPPENDIX D

Components and Performance

e:
n

System

In this Appendix,	 the main components of the creep system are de-

scribed,	 and any operational 	 difficulties encountered with	 these compo-

nents are discussed.

Creep Frame

The basic loading system used in most of the work was an ATS Model

2410	 lever arm tester, with	 lever arm ratios of	 3:1	 and	 20:1.	 Spherical

couplings were	 initially	 used	 to ensure axiality	 during	 loading.	 In

later tests,	 more accurate knife-edge alignment 	 couplings were used.

Furnace and Furnace Controller

For high-temperature	 testing, a three-zcne split	 furnace, ATS Model

2961, was employed.	 The original	 ATS	 furnace controller gave considerable
difficulty.	 Calibration was	 very difficult,	 and	 system response was

highly	 temperature	 (set-point)	 depe.ident.	 As	 a	 result of	 these problems,

ATS	 supplied a new digital	 LFE	 Corporation controller.	 This	 controller

worked very well.

Extensomete r

Specimens were mounted	 in an ATS Model 	 4112 or 4115 extensometer.

The extensometer generally worked very well	 so	 long as bolts were torqued

overly and not	 too tightly.	 Over-torque would cause the bolts 	 to	 fail	 in

a high	 temperature	 test.

LVDT and LVDT Conditioner

1	 Daytronic DS200A transducers were used to measure soecimer. elonga-

tion. Discovered early 	 in	 the wo r k was a sinusoidal	 error it	 the output
signals of the two transducers used.	 One unit was	 returned to the fac-

tory for adjustment,	 but even after adjustmer 7 t some error was still	 pre-

sent. Since	 the error	 in both transducers was	 a	 consistent and predict-

able function of displacement, corrections could	 easily	 be made during

data reduction.

There were problems of signal drift in the Daytronic 9130 signal

conditioner. The problem was somewhat remedied after the unit was re.-
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turned to the factory. However, for an hour after startup, the condi-

tloner output signal would always drift a small amount before stabilizing.

This was accounted for in the routine of test procedures.
	

I'
i

Mainframe,_D_12ital Display, Channel Caller

The mainframe unit was a Daytronic system 9005. A 9530 digital dis-
	 A

play was a part of the system. The digital display was another piece of

equipment sent to the factory for repair. in this case, the problem

(erroneous readings) was completely corrected. The 9305 A channel caller

functioned wel l at all times.

Thermocouple Conditioner

A Daytronic Model 9110 thermocouple conditioner generally worked

well throughout the project. The only problem encountered required noth-

ing more than some minor changes in calibration settings. This raised

the accuracy of the .omponent to satisfactory levels.

Chart Recorder

The rase strain-time data were recorded on a Saltec Model B-181 flat-

bed recorder. Aside from the creep frame, this proved to be the least

troublesome and most reliable component of the system.
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