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A STUDY OF STEADY STATE AND NON-STEADY 

STATE DEFORMATION KINETICS 

PREFACE 

The time dependent plastic deformation of solids is a thermally 

activated process: plastic flow results from the movement of flow units 

over energy barriers. Accordingly, the determination of the plastic 

strain rate is based on deformation kinetics and on the transition state 

theory of rate processes. This study develops further the steady state 

kinetics and introduces the non-steady state kinetics of processes that 

occur over consecutive energy barriers. The results are valid for any 

deformation mechanism associated with a consecutive system. 

Stress relaxation experiments have been carried out on lithium 

fluoride in the temperature range of 274 - 319 K. The plastic strain 

-3 -7 -1 
rate of LiF in the range of 10 - 10 min is well described by the 

kinetics associated with a system of two consecutive energy barriers. 

Although the experimental activation volume increases when either the 

stress decreases or the temperature increases, the true activation 

volumes are stress and temperature independent. This is a general 

property of consecutive systems. 

Dislocations, or flow units, are waiting in front of each energy 

barrier of a consecutive system. Because the dislocation distribution 

depends on the stress, a change of stress produces a redistribution that 

is considered instantaneous in the quasi-steady state approximation. 



iv 

It is shown that this is valid only when the rate of activation is high 

or when the redistribution is not extensive. The non-steady state 

kinetics that prevails in other circumstances is described by a system 

of differential equations. 

The dislocation redistribution that occurs during constant strain 

rate tests produces yield drop. Two characteristics of this type of 

yield drop are that its magnitude has a maximum in function of the 

strain rate and of the temperature, and that the stress oscillates 

around its steady state value when the yield drop is large. Dislocation 

redistribution occurs also at the beginning of repeated relaxation 

tests. It is shown that, in this case, the plastic strain rate 

increases as the stress decreases, contrary to the usual behavior. 

This recently recognized behavior is observed in LiF- The explanation 

of these two phenomena illustrates the importance of deformation kinetics 

in plastic deformation studies. 
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Note 

The rate constants, activation energies, and activation volumes 

are labelled as, for example, .feJ or ^k-, where i represents the 

reactant state and j the product state. The numerals i and j are 

arranged as .feJ in the case of forward activation and as k. in the 3 i i 

case of backward activation. 



A STUDY OF STEADY STATE AND NON-STEADY 

STATE DEFORMATION KINETICS 

CHAPTER 1 

INTRODUCTION 

This being the universal structure of things, in every 
inquiry about anything we are always to presuppose a 
single Form, for we shall certainly discover its presence. 
If we have found it, we are next to look for two Forms to 
follow on the one, or, if we cannot find two, for three 
or some other number. Each of the units thus found should 
be treated in the same fashion, until we discover not 
simply that our initial one is also many, or indefinitely 
numerous, but actually how many it is. 

(Plato, Philebus) 

Matter in solid state is characterized by a definite shape, or by 

the ability to sustain shear stress. At high stress level, however, 

solids undergo a permanent change of shape, that is flow, at a rate 

that depends on the temperature. This is a general property of 

solids - metals, polymers, and even usually brittle materials. The 

formability of metals has been utilized since the Bronze and Iron Ages 

of civilization. Today this property is used by the manufacturing 

industry to produce a variety of objects, some of which are as simple 

as a coin, and others as complex as a spacecraft. The plasticity of 

polymers is utilized in every day life. The fibers of clothing are 

"permanently" elongated under the high temperature and stress used in 

ironing. The keratin of the hair is set into a "permanent" form with 

the necessary humidity and heat. Although ice is usually considered 



as a brittle material, ice needles may be bent into loops (1) . Even 

rocks can be folded under the tremendous pressures that result from 

the very slow movement of the plates forming the earth's outer shell. 

Geomechanics is in fact an integral part of plasticity theory (2). 

Although plasticity is a favorable property whenever it facilitates 

the forming of materials, it becomes undesirable whenever it leads to 

the failure of engineering components. A puzzling problem in plasticity 

occurred when the first European railway cars had made extensive 

travelling. Their axles started to fracture even though the applied 

stress was well below the yield stress - the stress required to cause 

large amount of plastic flow. Investigations that followed the work of 

Ewing and Humfrey (3) have shown that plastic deformation occurs even 

at these low stress levels and that this is associated with fatigue 

failure. The sudden fracture of T-2 tankers during the Second World 

War raised another challenging problem related to plasticity (4). It 

led to the development of fracture mechanics and the understanding of 

the role of plasticity in crack propagation. Failure results also 

from the creep of components of, for example, steam-generating units, 

gas turbines, or nuclear reactors. Plastic flow in stressed assemblies 

may cause another form of failure that is due to stress relaxation. 

To cope with the various problems associated with plastic flow, 

engineers need a functional relationship between the parameters that 

control the plastic deformation process. As early as 1909, Ludwig (5) 

found a logarithmic relation between the flow stress and the rate of 

1. Numerical in parentheses refer to corresponding items in the 
List of References. 
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deformation. Somewhat later, Becker (6) took into account the effect 

of temperature through an Arrhenius type equation. Holloman and 

Zener (7) proposed that a functional relationship, of the same kind 

as the equation of state of a perfect gas, may hold for the plastic 

deformation of metals. Following the work of Hart (8), there have 

been many attempts (see for example Ref. 9, 10) to take into 

consideration the structure of the material. However, because the 

dislocation configuration, and therefore the structure, of a deformed 

material is not in thermodynamic equilibrium there could be no physical 

validity to a mechanical equation of state (11). It is well known 

that the structure of a deformed material depends on its previous 

strain-temperature history. 

The establishment of the relationship, even though it may be 

valid only under specific conditions, between the various parameters 

that govern plastic deformation is extremely valuable for engineering 

purposes. A sound relationship must be based on a rigorous theory, 

and conform to experimental observations. As will be shown later, 

the fundamental physical processes of plastic deformation and chemical 

reaction are identical. Chemical kinetics, based on statistical 

mechanics, should therefore be utilized to study plasticity. 

The experimental part of this thesis describes the behavior of 

lithium fluoride during stress relaxation experiments. This material 

has been selected because its dislocation structure has been thoroughly 

studied, large single crystals of high purity may be easily obtained, 
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and it presents a well-pronounced yield drop. The deformation kinetics 

analysis of the experimental results has led in this study to the 

further development of the steady state and non-steady state kinetics 

associated with consecutive energy barrier systems. 

1.1 THEORY OF DEFORMATION KINETICS 

The fundamental physical process of both chemical reactions and 

plastic deformations is the breaking of atomic bonds and establishment 

of new bonds. A chemical reaction produces a change in the chemical 

composition of substances, and a "deformation reaction" produces a 

change of shape. Similarly to plastic deformation, an isomerization 

reaction changes only the atomic configuration of the reacting substance. 

A deforming body may thus be conceived as a giant molecule, the 

isomerization of which is the plastic flow. Deformation kinetics must 

therefore be identical to chemical reaction kinetics. 

1.1.1 DEFORMATION OF CRYSTALLINE MATERIALS 

The bond breaking process in crystalline materials at low 

temperature occurs with high probability at line defects - the 

dislocations. The concept of dislocation was introduced in 1934 by 

Orowan (12), Polanyi (13), and Taylor (14) to explain the discrepancy 

between the calculated (see for example Ref. 15) and observed yield 

stress of metal single crystals. The effect of an applied stress on 

the potential energy along a dislocation slip plane is shown in 

Fig. 1 (14). It was already recognized that thermal fluctuations can 
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FIGURE 1. The effect of a shear stress on the potential 
energy along a dislocation slip plane (14). 

facilitate the displacement of the dislocations in the direction 

favored by the shear stress. Extensive studies of the properties of 

dislocations have since been carried out (16-21), and numerous 

observations have been made (22). 

A dislocation moving in a crystal produces in the swept area a 

relative displacement equal to the magnitude of its Burgers vector, b. 

The plastic strain rate, k. , resulting from the displacement of 

dislocations at the average velocity v is given by Orowan's equation 

(23) as: 

e = a b p V (1.1) 

where a is a geometrical factor, and p is the total length of dislocations 
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per unit volume. The limiting velocity of a dislocation is the speed 

of transverse-sound-waves (Ref. 21 p. 156). In the usual stress and 

temperature ranges, the motion of dislocations occurs at a much lower 

rate because it is impeded by obstacles. A dislocation passes over an 

obstacle when it can acquire enough energy, either from the applied 

stress or from the random fluctuations of energy in the crystal, that 

is from thermal activation. 

Following Seeger (24), two types of obstacles to dislocation motion 

are usually considered: those that raise long-range stress fields, 

and those that raise short range stress fields. It is generally 

considered (25-29) that the large amount of energy required to overcome 

the former type of obstacles can be acquired only through the applied 

stress. Thermal activation can assist dislocations in overcoming only 

the short range obstacles. The applied stress, T , is accordingly the 

sum of two components: the internal (or athermal) stress, x-, that is 

needed to overcome long range obstacles, and the effective (or thermal) 

stress, x, that is needed to overcome short range obstacles. The 

athermal stress depends weakly on the temperature through the elastic 

modulus, and the thermal stress depends strongly on the strain rate 

and the temperature. 

According to Conrad (27), some common thermally activated 

dislocation mechanisms are illustrated in Fig. 2. Obstacles to the 

motion of dislocations in the slip plane are the Peierls-Nabarro stress 

(periodic stress field of the lattice), the "forest dislocations" 



kink kink 

7" 
dislocation 

/ glide dislocation 

forest dislocation 
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(b) 

(c) 

(d) 

dislocation 

(e) 

edge dislocation 

dislocation 

FIGURE 2: Thermally activated dislocation mechanisms (27). 
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(dislocations threading the glide plane), the motion of jogs in screw 

dislocations. Mechanisms that produce motion of dislocations out of 

the slip plane are the cross-slip of extended screw dislocations, and 

the climb of edge dislocations. 

The plastic strain rate produced by the motion of dislocations 

over an average distance I is expressed as (23) 

e = a b p V = a b p l f c . = <5p k 

where k is the net rate of activation over the velocity-limiting energy 

barrier, and 5 is the average contribution to the strain. The rate of 

activation k depends on the kinetics of the process, and is usually 

a combination of elementary rate constants. Each rate constant is 

obtained from the properties of each energy barrier, according to the 

transition state theory. 

1.1.2 THE TRANSITION STATE THEORY 

The first attempt to take into account the strong temperature 

dependence of the rate, k, of a chemical reaction was made by 

Arrhenius (30) who expressed it as 

k = Ae exp (- AEe/kT) 

where A is a frequency factor, AE is an empirical activation energy, 
6 " 

k is the Boltzmann's constant, and T is the absolute temperature. This 

was a purely empirical relationship, and theoretical justification had 

to wait for the development of statistical thermodynamics. Marcel 1 in 

(31) was the first to suggest that the reacting molecules should go 

through a critical surface in phase space. The concept that reactants 
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must be in an activated state before becoming products was further 

developed by Rodebush (32-35), Rice and Gershinowitz (36,37). The theory 

was brought to its present form by Eyring (38,39), Evans and Polanyi 

(40-42) and its relevance to plasticity was already considered (43,51). 

The transition state theory (44) and its application to deformation 

kinetics (45) are now firmly established. 

For dislocation movement, the reacting molecule is the group of N 

atoms around the dislocation. The potential energy of this molecule is 

represented in a configuration space of 3N-5 dimensions, and may 

theoretically be calculated from quantum mechanics. The configuration 

associated with the passage of the dislocation over an obstacle is 

shown schematically in two dimensions in Fig. 3. A molecule in the low 

energy level - indicated as R - corresponding to the reactant state can 

go to the low energy level - indicated as P - corresponding to the 

product state, only if it becomes activated to the transition state -

indicated as *. The activated state is a saddle point, that is, 

presents negative curvature in the direction corresponding to the 

reaction path - the reaction coordinate, indicated with a dashed line -

and positive curvature in all other orthogonal directions. The 

potential energy along the reaction coordinate is shown schematically 

in Fig. 4. The passage of the activated complexes over the top of 

the energy barrier may be treated as a translation or as a loose 

vibration (46). The frequency of decomposition of the activated complexes 

is found, in both cases, to be kT/h. The rate of the reaction in the 

forward direction, that is from reactant to product, is obtained as (44-46): 
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FIGURE 3: Equipotential lines in phase space, and the 
reaction path. 
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FIGURE 4: Variation of the potential energy along the 
reaction coordinate. 
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R , t e f - p r t * - p r K f ^ e x p ( - ^ ) 

where AE is the energy of activation at OK, that is the difference 

between the zero-point energy of the activated complexes and that of 

the reactants, Q represents the partition functions of the 3N-7 degrees 

of vibrational freedom in the activated state (the degree of freedom 

corresponding to the reaction coordinate has been utilized), Q 

represents the partition functions of the reactant state, Pp is the 

number of reacting molecules (atom groups forming dislocations), k and h 

are respectively the Boltzmann and Planck constants, T is the absolute 

temperature, and < is a transmission coefficient that takes into account 

the possibility that a complex may be reflected back or tunnel through 

the energy barrier. From the statistical thermodynamics definition of 

the Gibbs free energy AG, the rate constant fef may be written as 

.* kT Q* , AE*x kT , AGfx kf = K TT % exp (" kT-} = K F" exp {" FH • 

Because the passage of a dislocation over an energy barrier 

produces strain, the effective stress, x, acting on the dislocation 

does the work Wf(-r). The potential energy surface is then modified, 

and the rate constant fc, is expressed as 

,* 

fer = K p exp 
AG* - Wf(x)-

kT 
= fef exp 

Wf(0-
kT 

1.1.3 DEFORMATION KINETICS 

The first step of a deformation kinetics analysis is to consider 

the effect of "backward activation", that is the reaction from product 
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to reactant. In fact, the transition state theory is rigorously exact 

only for equilibrium states, that is when forward and backward rates 

are equal. The two basic combinations of elementary processes - in 

parallel and in series - should then be investigated. The corresponding 

behavior has been described by Gifkins (47) and Li (48). Krausz and 

Eyring (45,49) have developed the associated kinetics, and Hanley and 

Krausz (50) a method for the analysis of deformation kinetics. 

In the following description of deformation kinetics theory, only 

kinetics associated with fundamental processes will be discussed: 

backward activation over a single energy barrier, parallel and 

consecutive systems. When necessary, more elaborate systems may be 

easily constructed. 

SINGLE BARRIER KINETICS 

The net rate of any reaction, that is the difference between 

forward and backward rates, is expressed as 

Rate = Ratef - Rateb = p_ k - pb fc , 

where the subscripts f and b indicate that the process is associated 

with the forward and backward activation, respectively. In plastic flow 

there is no difference between product and reactant states, because, 

after overcoming an energy barrier, the dislocations, which are the 

reacting molecules are usually stopped in front of a similar energy 

barrier. This situation, as outlined by Gifkins (47) is very different 

from chemical kinetics. The difference between forward and backward 

directions results only from the work, W, done by the effective stress, 
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x, during activation. A dislocation moving in the forward direction 

"sees" the energy barrier reduced by W(x), and moving in the backward 

direction sees the same energy barrier increased by W(x), as illustrated 

in Fig. 5. The plastic strain rate is then expressed as 

kT J exp L k T J J <5pfe = Sp (fc_ - k.) = 6pfe*l exp 

E = 26Pfe s inh W(x)/kT (1 .2 ) 

a> 
c 

CD 
CD 

to 
X ) 

W ( T ) 

Product 

Reaction coordinate 

FIGURE 5: Schematic representation of the effect of the 
shear stress on the energy barrier associated 
with the plastic flow. 
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This expression was used by Orowan (51), Eyring (43), Kauzmann (52) 

with a linear stress dependence of the work, that is 

W(x) = V.x 

where the "activation volume" V is defined as 

At low stress level or high temperature, when W(x) is much less than 

kT, Eq. (1.2) becomes 

e = 26pfe* sinh (Vx/kT) - Zfipfe* ̂  . 

This relation expresses the often observed proportionality between the 

plastic strain rate and the stress. At high stress level, or low 

temperature, when W(x) is much larger than kT, the plastic strain rate 

is obtained as 

e = 26Pfc* sinh (Vx/kT) - 6pfe* exp (Vx/kT) . 

This relation expresses the fact that activation in the backward 

direction is then negligible. According to Schoeck (53), backward 

activation is effective only when the dislocation does not move too 

far away from the barrier, and in the case of point defect controlled 

plastic flow. 

Alefeld (54) showed that even with constant activation volume, 

Eq.(l .2)could describe adequately some experimental results. Krausz (55) 

considered the more general case of a non-symmetrical energy barrier. 

The plastic strain rate is then expressed as 

ep = 6f p fef - 6b p feb 

where 
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fef = K k i e x p ( _ A G f k - v f T
) = 4 e xp(y/ k T ) 

kT AG* + V, x , 

kb = K TT exp (" kT ) - k
b
 exP ("VbT/kT) 

Non-symmetrical energy barrier takes into account the facts that the 

structure, hence the energy, of the group of atoms around the 

dislocation may change after activation, and that the activation 

distance, hence the activation volume, may be different for forward 

and backward activation. Krausz was thus able to explain the observed 

stress dependence of dislocation velocity in LiF, Ge, Si ... (55), as 

well as the effect of temperature on the behavior of Ge, Si, CaF2 ••• 

(56). Backward activation over non-symmetrical energy barrier could 

also explain the stress dependence of the experimental activation 

volume measured in bcc metals (57). 

PARALLEL SYSTEMS 

In general, plastic deformation occurs over several slip planes, 

while simultaneous processes may occur in one slip plane. The 

macroscopically observed strain rate is the sum of all individual 

events (45, 47-50, 59, 60): 

* p " ? ° 1 bi pi V i = ? 6i Pi fei °' 3 ) 

where the k-'s are of the form 

feT=feif " feib • 
The largest term in Eq. (1.3) controls the rate of deformation, and, 

in general, is sufficient to describe the plastic strain rate at a given 

temperature. Kauzmann (52) found that two terms were needed to 

explain the creep behavior of tin single crystals (61). The experimental 
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results of Heard, obtained on Yule marble (62), were analyzed by 

Eyring and co-workers (63). They found that the stress dependence of 

the deformation rate could be explained only by considering two 

mechanisms, dislocation glide and grain boundary glide associated with 

vacancy diffusion. Li (48) refers to a large number of materials in 

which deformation is thought to be controlled by parallel processes. 

CONSECUTIVE SYSTEMS 

A system of consecutive energy barriers may be represented by a 

series such as ABCABCA ... Dislocations pass successively over each 

barrier A, B, and C. In a specific stress range, one of the barriers 

may be higher than the others and would, therefore, control the rate. 

The Peierls-Nabarro mechanism, diffusive climb, and glide of jogged 

dislocations are processes associated with consecutive energy barrier 

systems. 

The Peierls-Nabarro mechanism, which results from the periodical 

stress field of the lattice, operates by the nucleation of a double 

kink that propagates along the dislocation line (64). Celli et al. (65) 

have considered that the spreading may be retarded by dragging points. 

Figure 6a illustrates the system of two consecutive energy barriers 

corresponding to the nucleation and point defect pinning of the double 

kink. Hanley, Krausz and Krishna (66) have shown that dragging due to 

n identical point defects has formally the same effect as a single energy 

barrier. Hirth (60) has delimited the stress range where either kink 

nucleation or kink diffusion is rate controlling. The contribution 
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FIGURE 6: Two examples of consecutive energy barriers, (a) Peierls 
mechanism (65). The first barrier is associated with the 
Peierls stress and the second with the dragging by point 
defects, (b) Two alternatives for the glide of jogged 
dislocations (Ref. 21 p. 538). The first barrier is 
associated with the motion of the jog and the subsequent 
with the diffusion of the vacancy in the lattice. 
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of dislocation climb to plastic deformation becomes significant at 

high temperature (67,68). Dislocation climb proceeds by the formation 

of a jog that grows by vacancy (or interstitial) emission. The emission 

of the point defect and its following diffusion over a short distance 

(17,21) constitute a consecutive system. Similarly, the glide of 

jogged dislocations occurs by the emission of vacancies that diffuse 

into the lattice (69,70). Consequently, the glide of jogged dislocations 

(Fig. 6b) is controlled by consecutive energy barriers kinetics. 

The plastic strain rate associated with consecutive energy barriers 

is often written as (47,48,71,72) 

{p-'„Vi (1-4) 

where t. is the waiting time in front of the i-th energy barrier. The 

kinetics analysis (45,49) takes into account backward activation. For 

the two-consecutive-energy-barrier system shown in Fig. 7, the net 

flow F-, and F? over each individual barrier is (73) 

1 = pl 1 " p2 2 = 2 = p2 2 ~ pl 1 

where .fcJ represents the rate of activation in the forward direction 

from barrier i to the top of barrier j, and Jfc. represents the rate of 

activation in the backward direction. Because the total number of 

dislocations is 

pt = p l + p2 

it follows that 

ofe + fen 

P-l = Pf " Po = Pf T O T O (1.5) 
1 * l X

 1fe' + ^ + 'fe + ̂ fe] 
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FIGURE 7: Schematic representation of a system of two consecutive 
energy barriers under the influence of a shear stress. 

The plastic strain rate is then 
-,fe Jl - fen fe-j 

<5F = 6p n n =j n— 
t X + Jl + 'fen + zfe 

1 1 

or 

V 5 p t l 

fen fe-I 

1 f e 1 n f e 2 

fe 

+ _ L + J L + J _ 
1

 2fe ^ 2 f e ' 

(1.6) 

where xfe
2 = ife1 2k

2/lfe2 and ^ = 2fe2 ifel/2fei 

In this equation the numerator is 

1 - exp 
^ G * 1

 + 2AG*
2 - ] AG* - 2AG* - [1W

1(x)+2W
2(T)+

1W2(x)+
2W1(x)_ 

kT 
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Since the strain rate is zero when the stress is zero, it follows 

immediately that, for the investigated system, 

^G * 1
 + 2 A G *

2 = ]AG* + 2AG* 

The two first terms in the denominator of Eq. (1.6) are of the form 

,*i 

(1.7) 

1 
V 

h 
kT e x p 

:AG-" - .W^T)-, 

kT 

They are waiting times for activation over each of the energy barriers 

in the forward direction. The third term is expressed explicitly as 

1, 
1 

1 
fe< 

lc2 h - 1AG*"
I+ 2AG

: , : 2- 1AG*- 1W
1(X)- 2W

1(X)- 2W
2(T) 1 

or using Eq. (1.7) 

1 

1 fe< 
kT e x p 

kT 

2AG* - / ( x ) - 2W^x) - 2W
2(x). 

kT 

This term is identical to a waiting time for activation over an energy 

barrier corresponding to the forward free energy difference between 

position 1 and the top of the second barrier. Similarly, the fourth 

term in the denominator of Eq. (1.6) is identical to a waiting time 

for activation over an energy barrier corresponding to the forward 

free energy difference between position 2 and the top of the first 

barrier. 

Equation (1.6) describes the properties of a system of two 

consecutive energy barriers. It can be generalized to systems of more 

than two energy barriers (58) and it can be included in the equation 

describing parallel processes. Although more general and more 

satisfactory than Eq. (1.4), equation (1.6) has been derived under the 
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condition of steady state flow. Because steady state is only an 

approximation, its validity will be determined from a non-steady state 

analysis. 

1.2 EXPERIMENTAL METHODS 

Several experimental techniques were developed for the determination 

of the deformation kinetics of materials. Mechanical models help the 

visualization of the behavior of materials under these various 

experimental conditions. The elastic deformation is represented by a 

spring, and the time dependent plastic deformation by a dashpot. The 

behavior of materials may then be represented by the combination of 

springs and dashpots shown in Fig. 8 (Ref. 45 p. 129). The deformation 

of the dashpot is usually non-Newtonian and is described by a constitutive 

relation between the stress, a, deformation, e , rate e , and 
p p 

temperature, T, as 

F (a, e , e , T) = 0 (1.8) 

The exact form of Eq. (1.8) depends on the kinetics associated with 

the mechanisms that control plastic flow. Equation (1.8) defines a 

deformation surface (74), shown in Fig. 9. The surface is determined 

by various tests during which one of the variables is usually kept 

constant. The tests are represented by intersections of the surface 

with planes perpendicular to the axis: constant strain rate test 

(or tensile test), constant stress (or creep test), and constant strain 

(or stress relaxation test). 
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FIGURE 8: The mechanical model used 
in the study of plastic 
deformation, e and e 

e p 
are, respectively, the 
elastic and plastic strain 
a, a . , and 

wcr0 

V a are the a 
effective, internal, 
applied stress. 

and 

FIGURE 9: Deformation surface for the model of Fig. 
(Ref. 74 p. 418). 
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CONSTANT STRAIN RATE TEST 

Figure 10a shows the input corresponding to a constant strain 

rate test, and the response of the model of Fig. 8. The elongation 

rate of the dashpot is zero at the beginning of the test, and reaches 

the imposed rate at the end of the test. The elastic modulus of the 

specimen, E (initial slope in Fig. 10a), is represented by the spring 

K-j, and spring K2 represents the work-hardening coefficient, H (final 

slope). Depending on the properties of the dashpot, materials may 

exhibit an upper and lower yield stress as indicated with the dashed 

line in Fig. 10a. 

The tensile test is probably the oldest method used for the 

investigation of the plastic properties of materials (74). It is now 

usually carried out in hard testing machines at constant crosshead 

velocity. These machines provide a good approximation of the constant 

strain rate condition at small elongations. Tensile tests may be 

carried out over a very large temperature range and at various strain 

rates. A variant, the strain rate change test, facilitates the 

determination of the experimental activation volume, V , defined as 

V = kT (-^i) . 
exp 8x 

The yield drop phenomena that are observed during constant 

strain rate tests have been explained by Cottrell (16) and Johnston (75). 
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FIGURE 10: Schematic representation of the constant strain rate 
(a), creep (b), and stress relaxation (c) experiments 
(Input) and of the response of the model of Fig. 8. 
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CREEP TEST 

The constant stress input and the response typical of low 

temperature creep are shown in Fig. 10b. The initial strain results 

from the deformation of the spring K,. As the dashpot displaces, the 

load is transferred to spring K? until no more load acts on the dashpot. 

Phillips (76) and Andrade (77) were among the first to investigate the 

creep behavior of various materials. Creep test is usually approximated 

by a constant load test, even if the applied stress changes as a result 

of the deformation of the specimen. Even when the applied stress is 

constant, the effective stress does change during a creep experiment. 

Discrete stress change tests in creep (78,79) allow the determination 

of the experimental activation volume, similarly to strain rate change 

tests. Experimental activation energies may be calculated from 

temperature change tests in creep (80-82). 

STRESS RELAXATION TEST 

The behavior under constant strain condition is shown in Fig. 10c. 

The specimen is first deformed under constant strain rate, then, after 

time t , the elongation is kept constant. Just before t , the dashpot 

deforms at the imposed rate under the effect of a stress a . Just after 

t , the stress a , is still acting on the dashpot that keeps on 

elongating. The constant elongation condition requires a contraction 

of the spring K-, equal to the elongation of the dashpot. The applied 

stress, therefore, decreases until no more load acts on the dashpot. 

One of the first investigations was made as early as 1904 by 
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Trouton and Rankine (83). Extensive studies have since been made by 

Feltham (84,85) and others. Stress relaxation tests are usually carried 

out in a hard testing machine. The decrease of the load following the 

arrest of the crosshead produces a small deformation of the machine. 

The analysis of the test, following Guiu and Pratt (86), takes into 

consideration the interrelation between the machine and the specimen. 

This is represented in Fig. 11, where the machine deforms only 

elastically with a stiffness K, and the specimen deforms both elastically 

and plastically according to the model of Fig. 8. The combined elastic 

modulus E1 takes into account the elastic deformation of the machine, 

£ , and of the specimen, e . It is defined as 
m r e 

a 
ice V* 

v//////// 

Machine 

Specimen 

o-a 

7777777T7. cra 

FIGURE 11: Schematic representation of the interaction between 
the machine and the specimen. 
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where a and I are, respectively, the initial cross-sectional area 

and length of the specimen, K is the stiffness of the testing machine, 

and E is the elastic modulus of the specimen. The plastic strain rate, 

e , is the difference between the constant pulling rate of the machine, 

S, and the elastic rates: 

J
P

 = S u, 
'm 
) = S - aa/E 

hence 

°a = E' (S " V ' °'9) 

Because the applied stress is the sum of the effective and the internal 

stresses, 

d a = a + 6. = 6 + H epl 

the effective stress rate is obtained from Eq. (1.9) as 
a = E ' (S - ep) - H ep = E ' 

In stress relaxation S = 0, then 

(1+rH 

a =- V (1 + \x) £p = - (E' + H) £p 

When the deformation of the machine is not purely elastic, the total 

strain of the specimen, e, should be measured. The plastic strain rate 

is then expressed as 

S - * - * e - £ - V E (1-10) 

This relation holds in all situations and shows that the plastic strain 

rate can be determined from a knowledge of the total strain rate and 

the stress rate. 

Combining Eqs. (1.9) when S = 0 and (1.10), the total strain rate 

during stress relaxation is expressed as 
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This equation shows that the relation between the stress and the total 

strain measured during stress relaxation should be linear if the 

deformation of the machine is linearly elastic. It could also be used 

for the measurement of the combined elastic modulus. 

Because plastic deformation is kept to a minimum during stress 

relaxation experiments, structural changes are minimized. The plastic 

strain rate is measured over a wide range as the stress decreases. 

The stress relaxation test appears, therefore, to be well suited for 

the determination of the deformation surface. 

INTERNAL STRESS 

Only the effective stress does work when a dislocation surmounts 

an obstacle by thermal activation. Because the effective stress is 

the difference between applied stress - easily measured - and internal 

stress, the latter must be known in order to determine activation 

parameters. The first method developed by Seeger (24) is based on the 

fact that the internal stress depends on the temperature only through 

the shear modulus. The temperature dependence of the ratio of the flow 

stress to the shear modulus yields the values of internal stress and 

effective stress at each temperature (Fig. 12). This method, however, 

presents certain shortcomings: a large number of tests are required 

over a wide range of temperature, the internal structure may change with 

the temperature (72). 

The incremental unloading method avoids these shortcomings and is 



Temperature 
FIGURE 12: x IS 

a 
Schematic temperature dependence on x /y. 

a 
the flow stress corresponding to the strain rate 
e, and y is the shear modulus at the same 
temperature. 

Time 
FIGURE 13: Schematic representation of the incremental unloadi 

method to measure the internal stress. 
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widely used (87-93). The principle of this method is shown in Fig. 13. 

At zero effective stress, the plastic strain rate must be zero. At 

stress below the internal stress level negative relaxation occurs. 

The internal stress is then simply the applied stress at zero strain 

rate. Besides the fact that machine relaxation may render the 

measurement very difficult (91), the determination of zero rate is a 

practical impossibility. The method brackets only a stress range within 

which the strain rate is vanishingly small (92). The width of this 

stress range depends on the sensitivity of the equipment and the 

properties of the material: a specific material will have a more or 

less broad stress range within which its plastic strain rate will be 

less than the sensitivity of the equipment. The precaution required 

to use the method is further illustrated by the recent observation of 

a positive relaxation that followed a negative relaxation (93). The 

advantage of this method is that the evaluation is made on the same 

specimen that was used in a preceding test. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURE AND RESULTS 

2.1 EXPERIMENTAL SPECIFICATIONS 

2.1.1 MATERIAL 

Two batches of lithium fluoride single crystals of vacuum 

ultraviolet quality were obtained from the Harshaw Chemical Company. 

The crystals were cleaved along {100} planes to a square cross-section 
2 

of about 10 mm , and a length of 5 cm. The specimens were cemented 

to the grips of the tensile machine, as shown in Fig. 14, with 

methyl-2-cyanoacrylate type cement (loctite 12). The contact length 

was 12 mm on two sides at each end. The load was, therefore, 

2 
transmitted through a contact area of twice 12 x 3.2 mm . The 

specimens had a pale yellowish coloration, and a relatively high 

elastic limit. They yielded at a normal stress of about 18 MPa, 

fractured before 2% strain could be achieved, and did not work-harden. 

2.1.2 EQUIPMENT 

TESTING MACHINES 

Most of the tests were performed on an Instron TTCM machine, with 

a 50 lb. capacity load cell. The combined elastic modulus, E', with 

this load cell, was 5000 MPa, which corresponds to a stiffness of 

2 MN/m. Some tests were made with a stiffer, 100 kg capacity, load 

cell with which E' was 10,000 MPa, A few tests were carried out in a 
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FIGURE 14: Grips used to load LiF single crystals in tension. 
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Hounsfield tensometer to decrease E' to 2000 MPa. The nominal cross-

-3 -1 
head velocity of the machines was 2 x 10 min . The specified full 

load and time scale accuracy of the Instron recorder is 0.25%. The 

load cell of the Hounsfield was modified to allow a direct recording 

of the load: a Hewlett-Packard 7DCDT-050 transducer was used to 

measure the deflection of the spring beam (94). The control of the 

synchronous stepping motor, that replaced the manual loading device 

-3 -1 
(95), was modified to obtain a nominal strain rate of 2 x 10 min . 

The accuracy of the load measurement on the modified Hounsfield was 

estimated to be only 5%. Hysteresis resulting from friction in 

various parts of the Hounsfield load cell was significant at the 

beginning of the relaxation test. 

STRAIN MEASUREMENT 

The total strain of the specimens was measured with an Instron 

G51-11MA strain gauge extensometer, that was mounted on teflon pads 

attached to the specimen (Fig. 15). This arrangement reduced the 

damage to the specimen, and prevented the slippage of the extensometer. 

The strain of the extensometer was measured with an Intertechnology 

P-350 strain indicator set to a gauge factor of 1.03 and maximum 

sensitivity. The calibration, that was made with an Instron A18-3C 

extensometer calibrator, did not change by more than 1% in the 

temperature range of 258-303K. The output of the strain indicator 

(10.05±0.05 V/mm) depended weakly on the operating range of the 

apparatus, and was linear over a ± 250 mV range. The voltage was 

recorded with a Hewlett-Packard 7100B strip chart recorder. The noise 
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FIGURE 15: Detail of the specimen arrangement. 

of the strain indicator was about 1 mV, which limited the sensitivity 

of the strain measurements to 4 x 10 . With the selected gauge 

factor the strain indicated by the strain indicator was about ten 

times less than the actual strain of the specimen. Because the 

specified accuracy of the strain indicator is 0.1%, the accuracy of 

the total strain was estimated to be 1%. 

TEMPERATURE CONTROL 

The stress relaxation measured during constant elongation tests 

results from the elastic contractions of the machine and the specimen 

that compensate the plastic elongation of the specimen. Because a 



35 

small strain change produces a large stress change (the ratio is the 

combined elastic modulus), it is important to minimize the length 

changes caused by temperature fluctuations. Furthermore, to be able to 

measure low strain rates, the temperature has to be stable over a long 

period of time. This was accomplished by surrounding the test frame 

of the machine with a double styrofoam insulation. During tests above 

room temperature, the temperature between the two enclosures was 

controlled with a Thermoelectric 400 temperature controller, model 32422. 

During tests below room temperature, the machine and the double 

insulation were placed in a cold room. During each test the temperature 

was monitored by a thermocouple placed near the specimen. The 

fluctuations were typically within a 0.2°C range, and their effect was 

not noticeable. 

EQUIPMENT PERFORMANCE 

Stress relaxation tests were carried out at 29°C and -17°C with 

steel dummy specimens to determine the performance of the equipment. 

The specimens were submitted to a load corresponding to the yield stress of 

LiF (about 200N), and their relaxation was measured during 100 hours. 

The observed load relaxation corresponded to an apparent negative strain 

rate that was orders of magnitude less than the relaxation rate of LiF. 

This apparent rate was typically of the order of 10" min" at the 

beginning of the test, and decreased afterwards. After a few minutes 

-8 -1 
the maximum apparent strain rate was less than 4 x 10" min" . The 

-7 -1 
lower limit of strain measurement was set at 2 x 10 min . Comparison 

-3 -1 
of this value with the initial value of 2 x 10 min - the nominal 
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crosshead speed - indicates that the strain rate could be measured 

with at least 10% accuracy over four orders of magnitude range. 

2.1.3 EXPERIMENTAL PROCEDURE AND DATA PROCESSING 

The specimens were submitted to two different types of test: 

"conventional" and "repeated" stress relaxation. In conventional 

relaxation, the specimen was strained until a predetermined strain was 

reached. The crosshead was then stopped and the subsequent load 

relaxation and elongation were recorded. In repeated relaxation the 

specimen was reloaded elastically to a predetermined load, and the 

relaxation test repeated. Figure 16 illustrates the difference between 

the two test types. The duration of the tests was, in general, one 

day. 

The plastic strain rates were calculated according to Eq. (1.10): 

ep - B - da/E. 

The stress and strain rates were determined from smooth spline functions 

fitted to the experimental load and elongation recordings (Appendix A). 

The elastic modulus of LiF was obtained from the data of Briscoe and 

Squire (95). Because it changes only from 103 GPa to 88 GPa as the 

temperature changes from 0 to 300 K, an average value of 98 GPa was 

used at each testing temperature. 
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2.2 EXPERIMENTAL RESULTS 

Stress relaxation results are often represented in the log (-d)-

vs-x coordinate system, in which the slope of the curve is proportional 

to the experimental activation volume. Because useful information can 

be also obtained from the shape of these rate diagrams, some typical 

results will be presented in the log e -vs-(x -x ) coordinate system. 

The use of e eliminates the non-elastic behavior of the machine. The 

difference x -x is utilized to obtain a reference, the initial applied 

stress x , that will allow a comparison of the results regardless of 

the value of the internal stress. 

EFFECT OF DEFORMATION 

The first group of tests was carried out to determine the effect 

of deformation on the relaxation behavior of LiF. As many tests as 

possible were carried out on each specimen before it fractured; a 

typical sequence is shown in Fig. 16. These tests were made on 

specimens 2, 4, 6, and 7 of the first batch of crystals, at 302 K in 

the Instron machine with a combined elastic modulus of 5000 MPa. The 

initial conditions are shown in Table I, and the results in Appendix B. 

Figure 18 shows the characteristic features of the rate diagrams 

obtained in conventional relaxation: a long straight line at low 

strain rates (2-3 orders of magnitude), and a convex curvature at higher 

rates. The observed scatter is well within the limits of experimental 

error, and the results indicate that deformation of less than 2% has 

no measurable effect on the relaxation of LiF. 



TABLE I 

The initial conditions of group I 
is illustrated in 

tests. Each quantity 
Fig. 17. 

TEST NO 

2.01 
2.02 
2.03 
2.04 
2.05 
2.06 
4.0L 
4.02 
4.03 
4.04 
4.05 
4,06 
4.07 
4.08 
4.09 
4.30 
6.01 
6.02 
6.03 
6.04 
7.01 
7.02 
7.03 

TEMFERAFURE 

(l\) 

302 
302 
302 
302 
302 
302 
J02 
302 
302 
302 
302 
302 
302 
302 
302 
302 
302 
302 
302 
302 
302 
302 
302 

INITIAL 
STRAIN 
<FCT) 

0.20 
0.23 
0.20 
0.00 
0.00 
0.21 
0.20 
0.00 
0.00 
0.00 
0.20 
0.10 
0.20 
0.00 
0.00 
0.20 
0.12 
0.00 
0.00 
0.00 
0,08 
0.00 
0.00 

TOTAL 
STRAIN 
(PCT) 

0.20 
0.47 
0.70 
0.74 
0.76 
1.00 
0.20 
0.23 
0.26 
0.29 
0.51 
0.64 
0.88 
0.92 
0.95 
1.19 
0.12 
0.15 
0.18 
0.18 
0.08 
0.11 
0.11 

INITIAL 
SHEAR STRESS 

(MI'A) 

8.360 
8.290 
8.272 
8.197 
8.199 
8.232 
9\432 
9.369 
9.379 
9,379 
9.297 
9.262 
9.213 
9.201 
9.215 
9.170 
8.735 
8.716 
8.718 
8.716 
8.955 
8.958 
8.923 

Strain 

FIGURE 17: Schematic illustration of the initial conditions. 
x is the initial stress, e„ is the initial strain 
o 
(the 

o 
initial strain of repeated relaxation tests if 

is the total strain. 



-0.4 -0.3 
T-T0 /MPa 

FIGURE 18: Typical behavior observed in conventional 
stress relaxation. Tests 4.01 (o), 
4.05 (O), 4.06 (A), 4.07 (•), and 4.10 (v), 
at room temperature. 
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EFFECT OF TEMPERATURE 

A second group of tests was carried out to measure the effect of 

temperature on the relaxation of lithium fluoride. Tests were made on 

specimens 20 to 26 of the second batch of crystals. Each specimen was 

submitted to a test sequence similar to that shown in Fig. 16. The tests 

were carried out in the Instron machine (E' = 5000 MPa), in the temperature 

range of 258-319 K. Specimen 26 was tested at various temperatures. The 

initials conditions are shown in Table II, and the results in Appendix B. 

TABLE II 

The initial conditions of group II tests. 

1EST NO 

20.01 
20.02 
20.03 
21.01 
21.02 
21.03 
21 .04 
21.05 
21.06 
21.07 
21.08 
21 .09 
21 . 10 
n.ii 
21.12 
22.01 
23.01 
23.02 
24.03 
2 3.01 
24.01 
24.02 
24.03 
24.04 
24.05 
24.06 
25.0] 
25.02 
25 . 03 
26.01 
26,02 
26,03 
26.04 
26.05 
26.06 
26,07 
26.08 
26.09 

TtMFFRATURE 

<l\> 

300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
281 
2B1 
281 
281 
281 
258 
258 
258 
258 
258 
2S8 
258 
258 
258 
3 IV 
319 
319 
319 
319 
305 
294 
282 
274 

INITIAL 
STRAIN 
(FCT) 

0.07 
0.00 
0.00 
0.06 
0.00 
0.00 
0.00 
0.00 
0.18 
0.00 
0.00 
0.20 
0.21 
0.18 
0.21 
0.06 
0.08 
0,00 
0. 10 
0.20 
0,00 
0.21 
0.00 
0.17 
0.16 
0.11 
0.0/ 
0.20 
0.00 
0.14 
0.00 
0.19 
0.00 
0.19 
0.12 
0.17 
0.20 
0.20 

TOTAL 
STRAIN 
< F CT) 

0.07 
0. 14 
0.19 
0.06 
0.10 
0.12 
0. 14 
0.20 
0.43 
0.48 
0,54 
0.78 
1 .05 
1.28 
1.53 
0,06 
0.08 
0.17 
0.34 
0.63 
0.04 
0.35 
0,45 
0.70 
0,92 
1.12 
0.07 
0.38 
0.46 
0.14 
0.22 
0.50 
0,56 
0.82 
1.00 
1.23 
1.49 
1.75 

INITIAL 
SHEAR STRESS 

<I"IFA> 

8.729 
8.474 
8.488 
8.592 
7.646 
7.931 
8.208 
8.329 
8.237 
8.225 
8.238 
B.239 
8.327 
0.322 
8.327 
8.564 
8. 4^0 
8.389 
8.472 
8.543 
10.181 
9.347 
9. 182 
9.045 
9.025 
9. 118 
11.133 
10.137 
10.154 
9.082 
9.161 
8,524 
8.529 
0.353 
7.600 
7,913 
8.141 
8.376 
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Figure 19 shows the effect of temperature on the relaxation behavior 

of specimen 26. All curves, except those at 319 K in the low strain rate 

range, are identical. The experimental activation volume, therefore, 

increases with temperature because the slope is proportional to V/kT. 

1.4 

FIGURE 19 

0.8 0.6 
(T-r0)/MPa 

0.4 0.2 

Effect of temperature on relaxation behavior. 
Tests 26.03 ( A ) , 26.05 (v) at 319 K, 26.06 (a) 
at 305 K, 26.07 (o) at 294 K, 26.08 (•) at 282 K, 
and 26.09 (A) at 274 K. 
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EFFECT OF MACHINE STIFFNESS 

A third group of tests were carried out to determine the effect of 

machine stiffness on the relaxation behavior of LiF. The tests were made 

on specimen 33 of the second batch of crystals at about 305 K. The specimen 

was tested alternatively in the Instron (E' = 10,000 MPa) and in the 

Hounsfield tensile machine (E' =2000 MPa). The initial conditions are 

shown in Table III. 

TABLE III 

The initial conditions of group III tests. 

TEST NO 

33.01* 
33.02* 
33.03 
33.05 
33.06 
33.07* 
33.08* 
33.09* 
33.10 
33.11 

TEMPERATURE 

<K> 

305 
305 
305 
305 
305 
303 
303 
303 
306 
306 

INITIAL 
STRAIN 
(PCT) 

0.13 
0.00 
0.14 
0.18 
0.00 
0.17 
0.00 
0.17 
0.19 
0.17 

TOTAL 
STRAIN 
(PCT) 

0.13 
0.24 
0.46 
0.67 
0.70 
0.90 
1.00 
1.30 
1.60 
1.80 

INITIAL 
SHEAR STRESS 

(MPA) 

7.897 
7.897 
7.446 
7.387 
7.409 
8.240 
7.946 
8.314 
7.933 
7.949 

* Tests carried out in the Hounsfield tensometer. 

It appears from Fig. 20 that the softer is the machine, the larger 

is the experimental activation volume (slope). This effect, however, is 

weak and difficult to establish. That would require a more accurate method 

of load measurement than was possible with the Hounsfield tensometer. 
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1.0 0.8 0.6 0.4 0.2 0 
(T-T0)/MPa 

FIGURE 20: Effect of machine stiffness on relaxation behavior. 
The combined elastic modulus of tests 33.01 (•), 
33.07 ( A ) , and 33.09 (•), was 2000 MPa. That of 
tests 33.03 (o), 33.05 ( A ) , 33.10 (v), and 
33.11 (•) was 10,000 MPa. 

REPEATED RELAXATION 

Most specimens were submitted to repeated relaxation, as indicated 

in Tables I to III by 0 initial strain. The behavior of the first batch 

of crystals is shown in Fig. 21. At the beginning of the repeated 
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relaxation, the strain rate increases as the stress decreases, an 

unusual behavior. At low strain rates, however, the curves become 

similar to those obtained in conventional relaxation. In general, this 

increasing plastic strain rate was not observed in specimens of the 

second batch of crystals. The exceptions have been noticed at the two 

extreme testing temperatures: tests 24.01 and 25.03 at 258 K, and 

tests 26.02 and 26.04 at 319 K. 

10" 

10 
-3 

10 

E 
s 

10 
-5 

10 
.-6 

10 
.-7 

• > * * ' ; • 

1*. 
• v-

t 

• * 

A 

A 

#* 

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 
x-T0 /MPa 

FIGURE 21: Typical behavior observed in repeated relaxation. 
Tests 4.02 (•), 4.03 (•), 4.04 ( A ) , 4.08 (•), and 
4.09 (T), at 302 K. 
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CHAPTER 3 

DISCUSSION 

SYSTEMS OF TWO CONSECUTIVE ENERGY BARRIERS 

The first step in the identification of the process that governs 

the plastic flow of a specific material must be the determination of 

the deformation kinetics. Only then is it possible to relate the energy 

barriers to particular mechanisms. This study is, accordingly, 

concerned with the development of deformation kinetics in general, and 

with the application of these results to the plastic flow of solids. 

The analysis of the deformation process in LiF gave the impetus to 

theoretical developments that are of interest for other materials. 

Some of the conclusions are thus fully general. 

The analysis will be guided by two characteristic features of the 

rate diagrams: the long straight line in the low stress region, and 

the convex curvature. A straight line in a rate diagram denotes a 

constant activation volume; it indicates that the Gibbs free energy 

is a linear function of the stress, and can be expressed, in this 

range, as 

AG(x) = AG* - W(x) = AG* - Vx (3.1) 

where AG is the value - or the extrapolated value - of AG(X) at zero 

stress. The straight line also implies that the preexponential factor 

in the rate equation is constant. Deformation kinetics analysis (45,50) 
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have shown that in case of constant activation volume a convex curvature 

results either from backward activation at low stress level, or from the 

motion of dislocations over a system of consecutive energy barriers. 

Figure 22 demonstrates that the characteristic features of the rate 

diagrams obtained during conventional relaxation (Figs. 18 and 19) are 

those of a consecutive system. It is thus appropriate to study the 

properties of systems of two consecutive energy barriers. 

(a) (b) 

FIGURE 22: Schematic rate diagrams for backward activation over 
a single energy barrier (a), and activation over a 
consecutive system (b), in case of constant activation 
volumes. The results of conventional relaxation are 
well described by the part of the curve in the dashed 
rectangle in (b). 
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3.1 STEADY STATE ANALYSIS OF CONSECUTIVE PROCESSES 

3.1.1 PROPERTIES OF THE SYSTEM (73) 

A system composed of two consecutive energy barriers is schematically 

represented in Fig. 7 p. 19, and the associated plastic strain rate is 

given by Eq. (1.6). In case of linearly stress-dependent Gibbs free 

energies the plastic strain rate is written as 

1 - exp [- ^ V ^ v ^ V ^ ^ ) x/kT] kT 
P t h .AG1 0AG

2
 nAG

2 .AG1 

exp (\=r-) + exp ( ^ H + exp (\T-) + exp {-rj-) 

where 

^ G 1 = ^ G 1 * - iV
1 x, i =1,2 

^ G 2 = .jAG1 + 2AG
2 - ]AG2 = ^ G ^ - (1V

1 + 2V
2 + ]V2) x 

2AG
] = \G^ - (1V

1 + 2V
2 + \ ) x. 

The properties of a consecutive system of two energy barriers 

will be determined from Eq. (3.2) for constant 6pt (constant structure) 

An experimental activation energy, AG , may be defined from the 

relation 

kT 
S - 6?t TT exP 

r AG (x)-exp ' 
kT 

that is 

4G e x p(0 = - kT m (!fi-4r) 

The stress dependence of AG represents in an essentially temperature 

independent form the stress dependence of the plastic strain rate. 

From Eq. (3.2) the experimental activation energy may be written as 
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\ 1 - exp [- LV^-V^V^i) x/kf] ] 
-AG = k T £ n L 1 2 2 ] { - (3.3) 

eXp ^ G 1
 2AG^ ,AG^ 2AG' I 

i exp (-£j-) + exp (-^p) + exp (-^p) + exp (-^p) -> 

This relation is represented in Fig. 23. Because the exponential 

in the numerator of Eq. (3.3) is much less than 1, it may be neglected 

except in the low stress range, where the strain rate becomes very 

small. 

In the region where the first term in the denominator, exp (,AG /kT), 

is much larger than the others, Eq. (3.2) reduces to 

kT 1 A G 

from which 

AG = - ,AG] = - ,AG U + y x exp 1 1 1 
2 

In the region where the second term, exp (9AG /kT) is much larger 

2 2* 2 
- A G Q n = - 9 A G = - 9AG^* + 0T x . exp 2 2 2 

These two straight lines intercept at 
* 9 A G

2 * - , A G U * y 9 A G *
2 - 9V

2 TAG*1 

Tl = - o —— and AG, - ' L L ' 1 — n 1 a M U "U1 2 1 
1
 2 r - 1v

l ' 2 r - -,v' 
The intercept will be noticed when x, and AG-, are positive. In the 

region where the third term is much larger than the others, 

- * 6 e x p - - l A 6 Z - - 2 i 4 + < l y l + 2v2 + ,V ' • 
This straight line intercepts the second one at 

* 2AG* - 2AG
2* 

To = 

? 1 1 
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Stress 

s\oV e Z 

A G ? — -

=S* 

A V 

3 

3> 

/^r 

FIGURE 23: Stress dependence of the experimental activation 
energy for a system of two consecutive energy 
barriers. 
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This third term will be effective only when x2 is positive, that is 

when AG* is greater than 2 A G
2 * . From Eq. (1.7) it follows that 

1 * 1 + 

A G 2 will be smaller than ,AG and as a result the fourth straight 

line corresponding to the fourth term in the denominator of Eq. (3.3) 

will intercept the previous lines at a negative stress. Therefore, the 

fourth term cannot have any separate effect on the resultant strain 

rate. 

It also follows from the analysis that when three terms are 

separately controlling the rate in each of the specific stress ranges, 

x9 is smaller than x-,. Thus 

1 (2V
2 - jV1) 2AG* - (2V

2
 2AG

2* - 1V
1 ^G 1*) 

9AG - ,AG 

* * 2 ± 

When x2 is larger than x-,, which may be the case when AG, is large 

and V9 small, only the first and third term in the denominator of 

Eq. 3.2 will have an effect on the strain rate. 

The three different possibilities are illustrated in Fig. 24, as 

well as the corresponding stress dependence of the dislocation density 

obtained from Eq. (1.5). In case (T) only the first transition at 
* 
x-, is noticeable. This happens for 

^ G 1 < JAGi < .AG
J" 

In case (2) both transitions at x.. and x2 are noticeable. A differentiati 

is made between Q) and (2j) which depends on the nature of the transition 

at x2- This difference does not appear in the rate diagrams and comes 

only from the dislocation density distribution. For a transition from 

on 
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i,j=l,2 i*j ( 

FIGURE 24: (a) The three different rate diagrams for a system of 
two consecutive energy barriers. The full line 
corresponds to x, > 0 and x2 < 0, the dashed line 

to T-* > 0 and 0 < x* < x*, and the broken line 1 ' w / l2 
with a dot to x9 > x-,. 

T 

(b) The associated dislocation densities. 
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•feJ to .fc , the dislocation distribution changes rapidly at x2 

(case (2)); for a transition from .k to -k there is no change in the 
J J 

dislocation distribution (case (2) ). Case (3) corresponds to x2 

* * 

larger than x-, ; only the transition at x3 is observed on the rate 

diagram but again the dislocation distribution introduces a difference 

similar to the previous one. It is of interest to note that, from an 

analytical point of view, cases (l), (3), and (3j) are identical. The 

steady state analysis leads to only two types of rate diagrams associated 

with systems of two consecutive energy barriers: according to the 

properties of the system considered, the rate diagram will consist of 

two straight lines and one transition, or three straight lines and two 

transitions. 

It is also of interest to note that while the analysis was presented 

for systems characterized by linearly stress-dependent activation free 

energies (Eq. 3.1), the theory can be extended to systems in which 

AGi (x) = AG* ± m. f (x) . 

In this case, the analysis should be developed in function of f (x) 

instead of x. In particular, when f (x) = In (x/x ), it can be shown 

that the stress exponent n, defined from the relation 

'P - '0 '^" e*e t" ^T> 

is related to the various m.. The analysis is developed in function of 

£n x, and the conclusions are similar to those obtained. 
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3.1.2 APPLICATION TO EXPERIMENTAL RESULTS 

The rate diagram associated with a system of two consecutive 

energy barriers consists of straight lines connected by transition 

regions. In general, the plastic strain rate is controlled by two terms 

in the transition region, and can be expressed as 

6p, Sp kT 
t h 

P TT + IT" AG*- - VT x AG* - VTT x kl hi exp ( I„ T
 l ) + exp (

 n „ T
 H ) 

(3.4) 

kT / • - K v k T 

This equation has the same form as Eq. (1.4) that is often used to 

describe consecutive systems. It should be noted, however, that l/fe. 

and I A T T do not necessarily represent the waiting time in front of 

each energy barrier; one of them may be a composite term, in case of 

transitions of type (?) or Q). 

The transition stress, x , may be defined from the relation 
* . * 

kT 
fex = p- exp 

AGj (x )• 

k T - feII=rf exp 

r A G n (x )-

kT 

that is 

hence 

± * 
AG* - Vj x AGII " VII 

* * 

x = AG 

T* - < ' < and 4 G * -
V > 4 G " 

VII 4Gt 
V! " VII VI " VII 

The plastic strain rate at the transition stress is given by Eq. (3.4) as 

If £ is defined as twice e (x ), that is, 

.* P kT / AG*^ 
e = 6 p t p e x P (-r^p) (3.5) 



55 

then, Eq. (3.4) may be writ ten as 
.* 

A = £ 
* 

X -Ti 
* 

X -Ti 

(3 

exp (V, Itf.) + exp (v„ ^ ) 

This relation is represented in Fig. 25, and shows that the plastic 

strain rate is fully determined in the transition region by four 
ic -k 

quantities Vj, VJJ, x , e . Although identical to Eq. (3.4), this 

later description presents two main advantages: 

Q. 

FIGURE 25: Schematic rate diagram at the transition stress, 
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1) - The analysis is valid for non-linear stress dependence of 

the activation energies. Both functions AG,(T) and AG n(x) may be 

developed in series with respect to the transition stress: 

AG(x) = AG(X*) + V (x-x*) + ... 

AG(x) = AG + V (x-x*) 

thus Eq. (3.6) is always valid in the vicinity of x . 

2) - Of the four quantities defining the plastic strain rate, 
* 

three are temperature independent: VT, VJT, x . The temperature 
* * 

dependence of e allows the determination of AG . From Eq. (3.5), the 

free energy at the transition stress is 

tif-.yU^Pl (3.7) 

Then, A G T and AG,, are obtained from 

AG* n = AG* + Vj n x*. (3.8) 

The constancy of VT ,, may serve to verify the validity of the analysis, 
* 

and the constancy of x may be useful in providing a reference for the 

effective stress. 

CONVENTIONAL RELAXATION 

All conventional relaxation experiments (Appendix B) have been 

analyzed according to Eq. (3.6). The results, together with the initial 

conditions, are shown in Tables IV, V, VI for tests of groups 1, 2, 3 

respectively. A steepest descent method has been utilized to minimize 

the subjectivity in the graphical method (66,96,97) used to determine 

the activation parameters. The activation volumes are given in units 
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ir<»i NO 

2 .01 
2 .02 
2 .03 
2 j 0 i 
4 .01 
4 ,05 
4 .0o 
4 .07 
4 .10 
O.01 
7 .01 

It Ml t |.,1IUKC INi rTAI i n 1,11 INI 1 Inl 
STRAIN OIRAIN SHF Alv ' IM V, 

^ > (MCI) a C I I <h!A> 

302 0 .20 0.20 8.360 
302 0 .23 0,47 8.290 
•502 0 .20 0.70 8 . 2 / 3 

-. - ->02 0 ,2 1 1 ,00 8.23 •• 
*i02 0 .20 0.20 9,- l>. ' 
302 0 .20 0 .51 9.~'y7 
30 2 0 ,10 O.o4 9 .2c2 
•'02 0 .20 0.80 9.213 
3 : >- 0 .20 1.19 9.170 
•502 0.12 0.12 0 , - 3 3 
302 0 .0J 0.08 8.935 

il I H M I i|IN IRAN'-I I H'N 
vui inn :; siii ,,R n iM' .s M R A I N RAIT 

( I n ' ) (Ml'A) </M IN) 

1202 .-..V,.' 8.30') 2.03E 03 
2714 4653 7,ll '-V 8.75t-:"06 
l / 'V j 3.',4' 0 .007 4,43L--"01 
29 <0 ' , / . " ! 7. /44 1 , Wl 06 

lir,,' 3J'.,A 9 .391 1 .21E 03 
177S 415 / G.96B 9.39E~05 
1471 364'j 9 .011 2.90h~04 
14J 1 0 < '5 8 .950 3,34C"04 
1074 30 f3 rs. . f .s 3 .33E"05 
1303 3054 8 .519 6.14E~04 
1439 4310 0 . 6 6 " 2 . 1 / E " 0 4 

IH V]r1l J UN 

<l'( 7 ) 

4 . 90 
4 . 22 
3 .05 
6 . B7 
7 . 84 
5 .35 
5 .69 
7 . 6 / 
5 .96 
2 .48 
7 .33 

TEST NO 

2 0 . 0 1 
21 . 01 
21 .06 
21 .09 
21 .10 
21 .11 
21 .12 
22 .01 
23 .01 
23.03 
23 .04 
24 .02 
24 .04 
24 .05 
24 .06 
2 5 . 0 1 
25 .02 
26 .01 
26 .03 
26 .05 
26 .06 
26 .07 
26 .08 
26 .09 
26 .09 

TEMPERATURE INIT IAL TOTAL INIT IA1 
STRAIN STRAIN SHEAR STRESS 

(R) (PCT) <TCT) (MPA) 

300 0.07 0.07 8.729 
300 0.06 0.06 8.592 
300 0 .18 0.43 8.237 
300 0,20 0.78 8.239 
300 0 .21 1.05 8.327 
3'">0 0 .18 1.28 8 .322 
300 0.21 1,53 8,327 
2C1 0.06 0.06 8.564 
281 0 .03 COS 8.450 
281 0.10 0.34 8.472 
281 0.20 0.63 8.543 
258 0 .21 0.35 9,347 
258 0.17 0.70 9.045 
259 0.16 0.92 9.025 
250 0 .11 1.12 9.118 
253 0 .07 0.07 11.133 
253 0 .20 0.38 10.137 
319 0.14 0-14 9,002 
319 0,19 0,50 8.524 
319 0 .19 0.82 8.353 
305 0 .12 1.00 7.600 
294 0.17 1.23 7.913 
282 0.20 1.49 8 .141 
274 0,20 1.75 8.376 
274 0,20 1.75 8.376 

ACTIVATION TRANSITION 
VOLUMES SHEAR STRESS STRAIN RATE 

<B*3) (MPA) ( /MIN) 

1001 1662 8.314 2.00E"04 
878 1809 8.184 3.86E"04 

1323 2070 7,775 8.70E~05 
116 / 1925 8.004 5.85E"04 
1330 1989 7.856 8 .07E"05 
1358 1921 8.008 2 .90E"04 
1283 1784 8,439 1,32E"02 

774 1178 7.812 6 .96£ -05 
759 1281 7.412 1,27E"05 
588 1188 8.006 5.03E~04 
862 1659 6.900 4 .01E"07 
579 1153 8.332 4.59E~05 
599 1126 8.352 1.31E"04 
639 1153 8.262 8 .44E"05 
586 1083 8.542 4 .66r~04 
464 1117 10.036 3.05E~05 
609 1394 9 .591 2.75E _04 
80J 2100 8,538 2.80E"04 

1041 2433 8,000 1.37E~04 
1089 2467 7.783 9.57E"05 
1135 1948 6.903 2 ,94E"05 
1194 1867 6.985 3.83E"06 
1133 1700 7.294 7.65E"06 
1029 1528 7,805 7,13E"05 

737 1419 8.203 1.36E_03 

DLU1ATION 

(PCT) 

4 .19 
4 .46 
3 .83 
3 .93 
3 ,90 
4 .70 
5 .66 
3 .99 
3 .20 
3 .16 
7 .96 
2 • 72 
1.74 
2 . 2 1 
1.29 

10 .11 
4 . 3 1 
6 .30 
3 .85 
3 .44 
3 .08 
2 ,28 
2 ,40 
5 .65 
4 .98 

TEST HO 

33 ,01 
33 ,03 
33 .05 
33.07 
33.09 
33 ,10 
3 '.. 11 

rrr-il-Er'ATIJRE INIT IAL TOTAL TNIT1AL 
STPAIN STRAIN SHEAR STRESS 

(|<) (PCT) (PCT) (MPA) 

305 0.13 0.13 7.097 
305 0.14 0,46 7,446 
305 0.18 0.67 7 2 07 
303 0.17 0.90 8,240 
303 0 . 1 / 1.30 8.314 
306 0.19 1.60 7.933 
306 0.17 1.00 7,749 

ACTIVATION TRANSITION 
VOLUflf.S SHEAR STRESS STRAIN RAIE 

(P*3) (MrA) ( /MIN) 

806 1909 7.300 2.97E"04 
986 1744 6.907 2 . 0 3 C 0 5 

J 022 10 1 / 6 .715 3.73E"05 
466 2070 8.014 7.73E"04 

124 / 212H 7.964 l .O7E"04 
1100 1 0 1 / 6 .940 4 ,40E"06 
1136 2151 6.902 2 .71E"06 

DFVIAT10N 

(PCT) 

3 ,51 
4 ,30 
1 .76 
6 .34 
2 . 4 1 
3 .24 
3 .00 

TABLE IV, V, VI 
The analysis of conventional relaxation tests, according to Eq. (3.6). 
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of cubic Burgers vector (b3). In lithium fluoride b is |- [110] and 
o 

because the side of the fee unit cell is a = 4.03A, the value 

b = 2.85M was used. The last column presents the standard error of 

estimate, s. This is the quantity that was minimized by the steepest 

descent method, and was defined as 
n 
E 

i=l s = 100 

Ucal ~ ki)/li 

N - 2 

where e. are the N experimental strain rate values, and I -. are the 
i cal 

corresponding calculated values. The factor N-2 has been used because 

the method served to determine V, and V,,. Utilizing the notation 

A1 2 = E*"
1 exp (Vj n T*/kT) (3.9) 

m l ,2 = V I , I I / k T » 

Eq. (3.6) may be writ ten as 

4--A-, e"V + A9 e"V , 
£P 2 

Multiplying each side by exp (m,x) results in 

V ( m r m j x 
^ — = A, + A9 e ' L ( 3 . 10 ) 

EP ] 2 

For any selected values of V, and V,,, Eq. (3.10) may be read as 

Y = A1 + A2 X , 

and A, and A„ can be determined from least square fit. Because this 

least square analysis did not always lead to the smallest value of s, 

a second steepest descent method was used for the determination of 

A, and A?. After the best values - in the least square sense - of 

VT and VTT were determined, e and x could be calculated from Eqs. (3.9). 

The activation volumes Vj and Vj, are shown as the function of temperature 

in Fig. 26 for all tests. The experimental scatter is partly caused 
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FIGURE 26: Temperature dependence of both activation volumes 
calculated from the analysis of usual relaxations. 
Specimens 20 to 25 (o), 26 ( A ) , and 33 (•). For 
specimen 33, the tests were carried out with the 
Hounsfield (H) and Instron (I) machines. Jhe open 
symbols are for the high stress range (x>x ) and the 
full symbols (high values) are for the low stress 
range (x<x ). 
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by the use of different specimens that have different structure and 

partly by the inaccuracy that results from fitting a sum of exponential 

terms to experimental data. Test 26.09 (Fig. 26 and Table IV) illustrates 

an extreme case to the point: the analysis yielded two minima. 

Nevertheless, the analysis can provide information on the effect of 

machine stiffness and temperature. 

MACHINE STIFFNESS 

Tests on specimen 33 were carried out in either the Instron 

(E1 = 10,000 MPa) or the Hounsfield testing machine (E1 = 2000 MPa). 

The results shown in Figs. 19,25 and Table VI indicate that there is 

a large scatter in the calculated activation volumes. Furthermore, 

the precision of load measurement at the beginning of relaxation 

experiments with the Hounsfield extensometer was poor. Therefore, it 

can be only concluded that there is no apparent effect of the machine 

stiffness on the relaxation behavior of LiF. 

This conclusion is in agreement with the observation that the 

specimens did not work-harden (Fig. 16). When the analysis is done in 

function of the applied stress the calculated activation volume, V , is 
a 

defined as 

v - d AG 

Because the true activation volume, V, is defined as 

these two quantities are not equal. During stress relaxation the 

internal stress changes as (Fig. 27) 
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in 

Strain 

FIGURE 27: Change in internal stress, A c , during a 

stress relaxation experiment (98). 

and 

Ac = H AE 
1 P 

H 
di = H ^p ~ " E' V 

The relation between the measured and true activation volumes is 

then obtained as 

_ J_AG _ 3 AG 9x _ w 3x _ v 9a 
Va 3 xa 9x 8xa 9xa 8aa 

The applied stress is the sum of the internal and effective stress: 

aa=a + a. . 
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Thus 

9aa Ga da °a 
and the relation between measured and true activation volumes becomes 

V a = V (1 + Hj m 

This relation, first derived by Sargent (99), shows that the activation 

volumes V , determined from change of the applied stress must be 

corrected to take into account the stiffness of the testing machine. 

However, because E' is large, and H was very small, in the present 

study V = V. 
ct 

Rhode and Nordstrom (100) used this correction for activation 

volumes determined from stress relaxation. Nevertheless, they found 

that the activation volume of several metals depends on the stiffness 

of the testing machine. They claimed that this was a result of 

dislocation density change. Because the strain rate is 

E = 6 p k, 

the experimental activation volume, V , measured in stress relaxation 

when p changes, is 

v = kT
 8 ^ *P _ kT (U*LB. + 3 I" k) Vexp 9 x v 9 x 9 x ; 

Because the stress rate is proportional to the strain rate during 

relaxation, V O Y n can be expressed as 
C A \-f 

\i = J<T 8 In p 9 a , ., 
Vexp ' E' 9 E 9 x v' 

when only one rate constant controls the deformation. Considering the 
9 

linear relation p = p + 10 E, established by Gilman and Johnston in 

LiF (101), the correction factor would be 
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0 kT 9 In p 9 kj_ 
6 E' 9 E * L V e • 

At 305°K, with E' = 2000 MPa and e = 0.1% (test 33.01), the correction 
3 

factor is only 18 b . This small correction factor is negligible 

and proves that it was legitimate to neglect dislocation multiplication 

in the analysis of the stress relaxation behavior of LiF. 

TEMPERATURE EFFECTS 

The measured activation volumes seem to increase with temperature. 

The increase of V,,, the activation volume at low stress level, is 

more pronounced (Fig. 26). It has been shown before (73) that this 

effect is a general feature of consecutive energy barrier systems, even 

if the true activation volumes are constant. From Fig. 23 p. 50, it is 

seen that the measured activation volume, that is the slope of the 

curve, is a decreasing function of the stress. Furthermore, the stress 

needed to achieve a fixed strain rate is a decreasing function of the 

temperature. The activation volume measured at a fixed strain rate is, 

therefore, an increasing function of the temperature. Because the true 

activation volumes that are associated with each of the free energies 

are constant, the temperature dependence of the measured activation 

volume is only an apparent effect that results from the properties of 

consecutive energy barrier systems. This observation was considered 

in the analysis of the results obtained with the single specimen (26) 

tested at various temperatures. The steepest descent method was 

changed so that all tests could be analyzed simultaneously with the 

same activation volumes, and that the sum of the standard errors of 

estimate be minimum. Test 26.01 was excluded because its large deviation 
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would have biased the analysis. The results (Table VII) indicate that 

the behavior of LiF can be well described with two terms in the rate 

equation for consecutive energy barriers, and temperature independent 

activation volumes. The use of a third term in the rate equation would 

yield a better fit. Because the average deviation (last column in 

Table VII) was already less than 10%, that is of the same order as the 

error in the measurement of the rates, this was not deemed necessary 

in the temperature range considered. The activation energy at the 

transition stress is obtained from the temperature dependence of the 

transition strain rate. According to Eq. (3.5) p. 54, the least square 

analysis of the results (Fig. 28) gave the values 

AG* = 11363 k = 1.6 10"19 J = 1.0 eV 

6pt = 1.86 10"
4 

with a correlation factor of 0.97. The activation energies at zero 

stress, AG , may be determined from the equation (Eq. 3.8): 

I,II (Ta ' V AGI,II AG + VI,II 

-k ~k 

x = AG + Vn 

The applied transition stress, x . is obtained from Table VII, but the 
a 

internal stress, x., must be determined for each test since it may be 

a function of the strain. Some attempts were made to measure the level 

The analysis with 

TEST NO 

2 6 . 0 3 
2 6 . 0 5 
2 6 .06 
2 6 . 0 7 
2 6 , 0 8 
2 6 , 0 9 

TEMFEf.AriinE r n i T i r . i . 
STMiUI 

(K) (PCD 

319 0.19 
319 0.19 
335 0.12 
294 0 . 1 / 
282 0.20 
274 0.20 

TABLE VII 

temperature independent 

TUiAI. I N / I I A I 
MTAfN SHEAR 517,1.55 

(PCD (MT A) 

2 .45 8.524 
4.02 0.353 
4 .90 7.600 
6.03 7,913 
7 .31 8 .141 
8.53 8 .376 

ACTIVA JlOii 
'.'OLUMCS 

' B » A) 

l ' ' / 3 23 /2 
12/3 2572 
1273 2572 
1273 2577 
1273 2572 
1273 2572 

activation volumes. 

IPAIIblTIUN 
SI EAR STFESS STRAIN hATE 

(MPA) ( / H i l l ) 

7.878 4.03E 05 
7 . 6 0 / 3 .55E"05 
6.620 2 .34E-06 
6 . 7 / 1 5 . 4 2 E 0 7 
6.922 2.46E~07 
7.055 9,58E"08 

DEVI AT JON 

(POT) 

8,83 
7.21 
7.53 
6.34 
6 .11 

U .13 
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-14 

3.3 3.4 

1000 K/T 

FIGURE 28: Determination of the activation energy at the 
transition stress for specimen 26. 

of internal stress. It was found that the stress range where the plastic 

strain rate is negligible (that is between ± 10" min" , the limit of 

sensitivity of the equipment) was too large to yield meaningful results. 

The effective transition stress was estimated to be 

T* = (3 ± 2) MPa, 

± 
whence 

-19 AGj = (2.5 ± 0.6) x 10 " J = 1.5 ± 0.4 eV 

AGjj = (3.4 ± 1.2) x 10"19 J = 2.1 ± 0.7 eV. 

The plastic deformation of LiF is then described by the relation 

2 x 10"4 kT/h 
£P" ,2.5xl0"19-2.95x10"2^ , PYn ,3.4xl0"19-5.95xl0"2^ { jTf I exp ^ rj } 

(3.11) 

exp v ^T > • - r v kT 

where x is the effective shear stress in Pascals. This relation is in 

excellent agreement with the experimental values as shown in Fig. 29. 
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FIGURE 29: Effect of temperature on the relaxation behavior of 
specimen 26. The symbols represent the experimental 
values (Appendix B and Fig. 19), and the curves are 
calculated with Eq. 3.11. 
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Because of the variation in specimens (see for example specimens 

24 and 25, Table V, p. 57), the temperature dependence of the flow 

stress is difficult to establish. It is, however, possible to use the 

results of specimen 26 that was tested at various temperatures. Table 

VII shows that the applied flow stress has a minimum at 305K. Such 

minimum has been observed by Reppich (108), although at a higher 

temperature. The applied stress is the sum of the internal stress, 

which is temperature independent, and of the effective stress which 

increases as the temperature decreases. Because sp. was considered 

constant, the minimum in the applied flow stress can result only from 

a decrease in the internal stress as the elongation increases (the 

low temperature tests were carried out at large strains). Utilizing 

the fact that the transition stress is temperature independent, it is 

possible to determine the temperature dependence of the effective flow 

stress, x , without evaluating the internal stress, x.. The applied 

flow stress, x , measured at the beginning of the relaxation test is 
ya 

T = X , + X • ya y i 
* 

and the transition stress, x . obtained from the analysis of the test, 
a 

is 
* * 

Ta = T + Ti 
The internal stress, x., does not change appreciably during the test; 
thus the difference of the stresses gives 

* * 
T
y " T = Tya " Ta • 

•k 

Because dx /dT = 0, the temperature dependence of the effective flow 

stress is 
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t 

260 270 280 290 300 310 320 330 

T / K 

FIGURE 30: Temperature dependence of the effective flow stress 
(the effective transition stress, x , is temperature 
independent). 

The results, obtained from the data listed in Table VII, are shown in 

Fig. 30. 

DEFORMATION OF LITHIUM FLUORIDE 

Since the work of Gilman and Johnston (101) it is well established 

that single crystals of LiF deform by slip on {110} planes in the 

<IT0> direction. For axially loaded specimen, slip may start on any 

of the four {110} planes shown in Fig. 31, and deformation develops by 

the broadening of glide bands parallel to these planes (101-103). 

I.;J 

o 
Q. 

I 

0.5 
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FIGURE 31: The four 
possible slip planes 
for rocksalt structure 
single crystals stressed 
along [001] direction. 

FIGURE 32: The effect 
of the grips in axial 
loading under tension 
(a), and compression 
(b). 
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In most tensile machines the deformation of the specimen must 

accommodate the displacement of the grips, so that the ends remain 

aligned, as illustrated in Fig. 32. This effect creates a parasitic 

stress, that is proportional to the square of the ratio w/£ between 

the width, w, and the length, £, of the specimen (102). Even the most 

recent studies on the flow properties of pure lithium fluoride (103-104), 

doped with Mg (105-108), or irradiated (109) were made in compression 

with a ratio of £/w between 2.5 and 3. The present experiments were 

carried out in tension with a ratio £/w of 8. Although it has been 

shown (103) that the critical resolved shear stress and the work-

hardening coefficient do not change appreciably with the ratio £/w when 

it is larger than 2.4, the use of a larger ratio certainly minimizes 

the end effect and yields more dependable results. Contrary to the 

tests carried out in compression (103-108), there is no work-hardening 

in tension (Fig. 16, and Tables IV-VI). This absence of work-hardening -

up to 2% strain - may be due to end effects, or geometric effects, or 

to differences in crystals. In fact the crystals utilized had a yield 

stress of about one order of magnitude larger than the usual pure 

crystals (103-109). Because it is necessary to irradiate LiF pure 

single crystals to be able to cleave them, the high yield stress could 

correspond to an incompletely annealed specimen (110). This is 

substantiated by the pale yellowish coloration of the crystals. 

The increase in the flow stress of LiF due to the presence of 

2+ 
Mg impurities has been attributed by Fleischer (111) to the interaction 

2+ 
of dislocations with tetragonal distortions produced by Mg -^vacancy 
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dipoles. This theory was refined by Gibbs (112) and Barnett and Nix 

(113), and has been applied successfully to the temperature dependence 

of the flow stress of LiF (104, 105, 107-109). Deviations from the 

theory have been found to be significant at about 200K (105). More 

recently, Fotedar and Stoebe (104) arrived to the conclusion that in 

pure LiF Fleischer's mechanism was probably rate controlling in the 

temperature range of 196-250K. They concluded that at higher temperatu 

several rate controlling mechanisms are present, although without 

identifying them. Reppich (108) found that Fleischer's mechanism was 

operating at temperatures below 200°C and that at higher temperatures 

other mechanisms were rate controlling. These observations are in 

excellent agreement with the present analysis which, even though it is 

not complete, has shown that two consecutive energy barriers are rate 

controlling in the temperature range of 260-320K. A more detailed 

analysis would require to carry out a larger number of tests, temperatu 

change tests and to take into account the temperature dependence of 

the elastic modulus. The activation energies that were determined in 

this analysis are, however, comparable to the values already published 

for pure crystals (Table VIII). Activation volumes as low as 300b 

(105, 107) and higher than 2500b3 (104, 105) have been determined in 

the temperature range of 77-400K. These values may be compared to the 
3 

calculated values of 1300 and 2600b , but it has been observed that 

they may change drastically from crystal to crystal as can be seen, 

for example, by comparing Tables IV and V. 
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TABLE VIII 

Activation energies for plastic flow of lithium fluoride 

Investigators 

Fotedar and Stoebe (104) 

Gaiduchenya et al. (105) 

Guiu and Langdon (107) 

Cagnon (109) 

Present study 

AG/eV 

1.1 to 1.5 

2.0 

1.2 

1.33. Increasing 

up to 2.25 by 
irradiation 

1.5 and 2.1 

Mechanisms may be associated with the consecutive energy barriers 

that control the plastic deformation of LiF. At small strain level, 

LiF deforms by slip band broadening (101-103, 114), that occurs by 

double cross-slip. Dislocation dipoles produced by double cross-slip 

harden the slip plane and prevent dislocation movement within the band. 

Only the dislocations at the side of the band can move (114, 115). The 

mobile dislocation density, therefore, remains unchanged as long as the 

number of glide bands is constant. The first energy barrier of the 

consecutive system may be associated with the broadening of the glide 

bands by the double cross-slip mechanism (or other), and the second 

energy barrier may be associated with obstacles to dislocation motion. 

The general softening that results from straining may be caused by an 

increase in the number of slip bands. A more detailed and definitive 

study would be outside of the scope of this report. 
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3.2 NON-STEADY STATE ANALYSIS 

The results obtained in repeated relaxation can not be explained 

with the preceding analysis. The increasing, or sometimes constant, 

strain rate noticed at the beginning of the repeated test is clearly 

associated with the yield drop observed in reloading (Fig. 16). Such 

yield drops, that occur after a relaxation period, have been noticed 

before in LiF (106). It has been proposed that they are the consequence 

of strain ageing, more specifically, that the dislocations are weakly 

pinned by tetragonal strain fields around impurity - vacancy dipoles. 

This explanation is similar to the Cottrell theory (116 ) - the 

breakaway of dislocations from their impurity clouds - that accounts 

for yield drops in steel. The other cause of yield drop, dislocation 

multiplication, has been proposed by Johnston (117), to explain the 

behavior of LiF during constant strain rate tests. Both explanations 

of yield drop would also be capable of describing the behavior in 

repeated relaxation. It will be shown, however, that there is no 

need to resort to any of these mechanisms; yield drops as well as a 

maximum in repeated relaxation are the direct consequence of the 

properties of consecutive energy barrier systems. 

The steady state proportion of dislocations waiting in front of 

one of the two consecutive energy barriers is shown schematically as a 

function of stress in Fig. 33. When, during an experiment, the stress 

changes from x, to x~> the dislocations, that were waiting in front of 

the second energy barrier at x-,, will be redistributed so that they will 
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1.0 

or 
ĉ - 0.5 
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FIGURE 33: Schematic stress dependence of the ratio of 
dislocations waiting in front of barrier 1, 
in steady state. 

be waiting in front of the first energy barrier at x?. The 

redistribution occurs by non-steady state flow. The associated effects 

will depend on the amount of redistribution, that is on the values of 

x, and x? with respect to the transition stress and the type of 

transition (For types (2j) and (v) in Fig. 24b, p. 52 there is no 

redistribution), and on the time required for the redistribution. This 

time, which depends on the rate constants, was always assumed to be 

negligible in consecutive energy barrier system studies (45, 49, 58, 

66, 73). The validity of this assumption will be re-investigated 

following the derivation of the non-steady state kinetics. The results 

will then be applied successfully to the description of yield drop and 

repeated relaxation. 
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3.2.1 NON-STEADY STATE KINETICS (118) 

Similarly to paragraph 1.1.3, the net flow of dislocations over 

each of the two consecutive energy barriers (Fig. 7, p. 19) is 

described as 

F.j = p, ,fc - p fe (3.12.a) 

F2 = p 2 ?^ " pi 1̂ (3.12.b) 

where the k's are functions of stress and temperature. When dislocation 

multiplication may be neglected, the rate of dislocation density change 

is simply the difference between the flow in and the flow out: 

p-| = F2 - F.j = - p^ (3.13) 

The plastic strain rate resulting from these flows is given by the 

relation: 

S = Sl Fl + 62 F2 (3J4) 

where 6. is the strain produced by activation over the i-th barrier. 

The non-steady state behavior is fully described by Eqs. (3.13) and 

(3.14), and the flows are obtained from Eqs. (3.12). The solution of 

the system of differential equations (3.13) and (3.14) requires an 

additional relation between the stress rate and the strain rate. This 

relation depends on the testing condition. 

The importance of the non-steady state effects, and therefore the 

limit of validity of the steady state analysis, will be demonstrated 

for constant effective stress. For this condition, that may be 

achieved during a constant rate test, the individual activation rates 

in Eqs. (3.12) are constant. The dislocation density change is obtained 

from Eqs. (3.12) and (3.13) as 
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1 1 2 2 
P>2 = F i " F2 = p l 1^ " p2 k2 ~ p2 2^ + p l ^1 

The tota l number of dislocations, p., is 

p t = p l + p2 
thus 

p2 = p t ( l f e l + 2 f e l } " p2 lk ( 3 J 5 ) 

where zfe = ]fe
1 + 2fc

2 + ''fe- + 2fe,. 

For constant stress condition, the solution of Eq. (3.15) is expressed 

as a function of time, t , as 

_ ss , , o ss., -(zfc) t , , 1(.\ 
p2 _ p2 ^p2 " p2 ' (3.16) 

where p 2 is the initial dislocation density and p!
Sis defined as 

p 2 S = p t (lfe1 + \)'lk-
The steady state dislocation density, p2 , can be obtained by taking 

P 2 = 0 in Eq. (3.15), that is when F, = F?. The non-steady state 

solution at constant stress (Eq. 3.16), illustrated in Fig. 34, shows 

that p ? approaches its steady state value, p ?
s, exponentially with a 

relaxation time equal to 1/Efe. The sum of exponential terms, 

Efe, can be estimated by considering the rate constant with the 

largest value, that is, the k that corresponds to the lowest 

energy barrier. At 300K, for example, 90% of the redistribution 

occurs in 0.09 ms when the smallest energy barrier is 0.5 eV, 

in 0.2 s when it is 0.7 eV, but in 8 min when it is 0.9 eV. 
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FIGURE 34: Schematic time dependence of the dislocation 
density at constant stress. 

In general the stress is a function of time, and p? is a quasi-

steady state value that is time dependent through its stress dependence. 

The quasi-steady state approximation is valid only if the rate of 

dislocation density change can follow the stress rate. If the stress 

rate is "too large", the system is in non-steady state, and its 

response is described by Eqs. (3.13) and (3.14). Steady state analysis 

is also a good approximation for studies of type (2j) and (v) 

transitions that are associated with small dislocation redistribution. 



78 

3.2.2 YIELD POINT BEHAVIOR (118) 

Yield drops are observed when specimens are tested in a hard 

machine at constant crosshead velocity. At the beginning of the test, 

that is for small strain, the relation between plastic strain rate and 

stress rate is given by Eq. (1.9). Neglecting the work hardening, this 

relation is written as 

a = E ' (S - e p). 

Equations (3.13) and (3.14), that describe the behavior of a system of 

two consecutive energy barriers, become 

y = 1fe
1 + \ - y E k (3.17) 

d = E' {S-6pt [r, (1-y) 1fe
1 + (l-n)y ^ - ny ]fe2 - (l-n)O-y) \ ] } (3.18) 

where the following notations were used: 

y = P2/P+ > 6 = 5-j + ^2 » n = 6-j/6. 

For illustration purposes the numerical solutions shown in Figs. 

35 to 38 have been obtained for a system of symmetrical energy barriers 

associated with Ge. The activation parameters were found to be (73) 

^ A G V = 2(AG +) 1 = 3.6 10"
19 J, 2(AG*)

2 = 1(AG*)2 = 2.9 10"
19 J, 

]W
1 = \ = V] x, 2W

2 = ]W 2 = V2 x, V1 = 6500 A
3, V2 = 393 A

3. 

To represent the condition that most of the contribution to the strain 

is produced after activation over the second energy barrier, the 

parameter n was chosen to be equal to 0.01. The initial values were: 

a (t = 0) = 0 

y (t = 0) = p 2
S (a =0)/p . 
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The calculations were stopped when the plastic strain rate was close to 

the crosshead velocity and, simultaneously, the stress close to its 

corresponding steady state value. The results are shown for a wide range 

of values for each parameter. Figure 35 shows that at low crosshead 

velocity, the steady state stress is small and no yield drop occurs. As 

the crosshead velocity increases, the steady state stress increases and the 

yield drop becomes more pronounced with oscillations around the steady 

state value. At high crosshead velocity, however, when the steady state 

stress is large, the yield drop disappears. As expected, the effect of 

decreasing temperature (Fig. 36) is identical to the effect of increasing 

crosshead velocity. Figure 37 shows that a soft machine, that is, the 

effect of small combined elastic modulus also causes the yield drop to 

disappear. As shown in Fig. 38, the effect of decreasing the product 6p. 

is identical to increasing the crosshead velocity. 

Non-steady state behavior is controlled by two factors: the amount 

of dislocation redistribution associated with a given stress change and 
_1 

the relaxation time (sfe) that controls the rate of redistribution. 

Figure 39 shows that the extent of redistribution is small at low stress 

level, increases very rapidly as the stress increases, and levels off at 

high stress level. Figure 40 shows that the relaxation time is almost 

constant until the transition stress is reached, then decreases very rapidly 

as the stress increases. Non-steady state effects are important when the 

amount of dislocation redistribution is large or when the relaxation time 

is long. Because these two factors change in opposite directions when the 

steady state stress level increases, the amplitude of the yield drop goes 

through a maximum, at about the transition stress. 
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FIGURE 35 

Calculated yield behavior as a 
function of strain rate. The 

. activation parameters are those 
of Ge. E' = 200 GPa; T = 650 K; 
6p. = 0.1; S (from A to F) = 

r -1 -2 -4 -1 2, 1, 10 ', 10 , 10 H min . 

005 O.IO 0.15 
Crosshead displacement/ % 

0 20 

FIGURE 36 

Calculated yield behavior as a 
function of temperature. Parameters 

-2 -1 as in Fig. 35; S = 10 min ; 
T (from A to F) = 560, 580, 600, 
650, 700, 750 K. 

0X35 010 0.15 
Crosshead displacement / % 

0.20 
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FIGURE 37: Calculated yield behavior as a function of machine 
stiffness. Parameters as in Fig. 35; 

S = 10"2 min-1 E' (from A to D) = 200, 20, 5, 2 GPa. 

0.05 010 015 
Crosshead displacement / % 

FIGURE 38 

Calculated yield behavior as a 
function of the product <Sp. . 

Parameters as in Fig. 35; S = 10 

min" ; 6p. (from A to F) = 5x10" 
,-3 10-5 ln-l 10 10 10 1, 10. 

0.20 
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FIGURE 39: Stress dependence of the steady state 
dislocation density at 650 K. 

FIGURE 40: Shear stress 
dependence of the steady 
state strain rate and of 
the relaxation time at 
650 K. The shear stress 
x has been considered to 
be equal to one half of 
the normal stress. 
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3.2.3 REPEATED RELAXATION (119) 

In a stress relaxation experiment, the stress is decreasing 

continuously, and consequently, in consecutive systems of energy barriers, 

dislocation redistribution occurs that may lead to non-steady state 

effects. These effects can be analyzed with Eqs. (3.17) and (3.18) that 

were used to determine yield drop effects. In stress relaxation, the 

pulling rate is zero. Using a Schmid factor of 1/2 to relate the shear 

stress to the normal stress, the behavior of the consecutive system is 

described as 

y 1fe
1 + \ - y Efe 

x = - 1/2 E' 6pt n(l-y) 1fe
1 + (l-n)y 2k

2-ny ^ - O - n W - y ) \ 

The numerical solutions of Eqs. 3.19a and b have been obtained for a 

system of two consecutive energy barriers associated with the first 

group of crystals. When the stress is expressed in MPa and the 

temperature in K, the activation parameters are: 

^ A G ) 1 / ^ = (13383 - 1747xx)/T, 2(AG)
2/kT = (17940 - 4026xx)/T, 

](AG)2/kT = (9600 + 436 x x)/T,
 2(AG)]/kT = (21723 + 4026xx)/T. 

The temperature was 302 K, the combined elastic modulus E' was equal to 

5000 MPa, and the product 6pt equal to 0.0029. To represent the condition 

that most of the contribution to the strain is produced after activation 

over the second energy barrier, the parameter n was chosen to be 0.01. 

The initial values y and x were equal to the steady-state values 

which would give a plastic strain rate of 0.002/min. For repeated 

relaxations, the initial density y was equal to its value at the end 

of the preceding test. 

(3.19a) 

(3.19b) 
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Figure 41 shows the effect of the initial dislocation density, y , 

on the stress dependence of the strain rate in the log e -vs-x coordinate 

system. When y is equal to its steady state value, the non-steady state 

analysis gives almost the same result (curve A) as the steady state. The 

slope of the curve is proportional to the experimental activation volume 

and increases, characteristically, as the stress decreases. Because the 

dislocation density is a function of the stress, the initial value y in 

repeated relaxation depends on the duration of the preceding test. For 

the system considered, when the preceding test is long y is small, and the 

strain rate goes through a maximum in repeated relaxation (curves E and F). 

After sufficiently long time, however, the behavior becomes identical to 

the steady state prediction, independently of the preceding test. 

1.5 1.6 1.7 1.8 1.9 2.0 ^ l 
Resolved shear stress /MPa 

FIGURE 41: Effect of previous test duration on repeated stress 
relaxation. Curve A has been obtained from the 
steady-state initial conditions. From B to F the curves 
have been obtained after a preceding test of respectively 
2 min, 12 min, 2 hours, 1 day, 1 week. Steady-state 
analysis gives always the same result (dashed curve). 
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This non-steady state behavior results, as in the case of yield-

drop study, from the dislocation redistribution that should occur 

according to the relative heights of the consecutive energy barriers. 

The dislocation distribution lags behind its limiting value, the steady 

state value. This is illustrated for the system studied in Fig. 42, 

where the stress dependence of the dislocations ratio is represented 

for steady-state analysis and for stress relaxations corresponding to 

curves A, C, and E of Fig. 41. At the beginning of the repeated 

relaxation, the number of dislocations in front of the second energy 

barrier, p 2, is less than the steady-state concentration because it was 

or 
X. 
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FIGURE 42: Stress dependence of dislocation distribution as 
obtained in stress relaxation. The dashed curve 
shows the steady state value. The curves correspond 
to curves A, C, E of Fig. 41. 
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taken equal to its value at the end of the previous relaxation. Because 

the strain is produced mainly after activation over the second energy 

barrier, the strain rate is low. However, at the high initial stress, 

the rate of activation over the first barrier is large and p ? increases 

rapidly, producing the increasing plastic strain rate. 

Figure 43 shows that the shape of the curve in the log e-vs-x 

coordinate system does not depend on the initial stress, x Because 

of work-hardening, the same applied stress in repeated relaxation 

corresponds to a smaller effective stress. With the same initial 

dislocation density, the strain rate becomes smaller. When the strain 

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 
T-T0 /MPa 

FIGURE 43: Effect of reloading stress on relaxation behavior. The 
curves have been plotted as a function of the relaxed 
stress. Curve A is the same as in Fig. 41 and its 
initial stress of 2.03 MPa corresponds to a steady-state 

-3 -1 
strain rate of 2x10 min ; from B to E the initial stress, 
T , is respectively 2.03, 1.9, 1.8, 1.7 MPa. 
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rate is plotted as a function of the stress change (T-T ) and not as a 

function of the effective stress, after appropriately long time, the 

curves become parallel rather than identical. 

3.2.4 EXPERIMENTAL RESULTS 

In Fig. 44 typical experimental results are compared to the 

calculated curves. Curve A of Fig. 43 has been fitted to the results of 

test 4.07 - a conventional relaxation. The curve has been shifted to the 

left by 0.05 MPa. An equivalent decrease of the load occurs in less than 

one second at the beginning of a conventional relaxation. The observed 

difference may thus result from transition effects in the equipment just 

after stopping the crosshead. A curve similar to curve C of Fig. 43 

but starting at an initial stress of 1.93 MPa has been fitted, with a 

shift of 0.015 MPa, to the results of test 4.08 - a repeated relaxation. 

The good agreement between calculated curves and experimental results 

confirms the conclusion that the plastic flow in LiF is controlled by a 

system of two consecutive energy barriers. 

It must be noticed that there is a difference of 0.1 MPa between 

the initial stresses of the calculated curves corresponding to the 

conventional and repeated relaxations, although the initial stresses of 

both tests were identical. This difference between measured and 

calculated results could be explained by a change of internal stress 

during the relaxation tests. This explanation, however, would not 

account for the identity of two consecutive repeated tests (tests 

4.03-4.04 and 4.08-4.09 in Fig. 21 p. 45). The elucidation of this 

problem could lead to a better understanding of the deformation process 

in LiF, but is outside of the scope of this thesis. 



*E 

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 

I-T0 /MPa 

-0.1 0 

FIGURE 44: Calculated (curves) and experimental (points) 
rate diagrams during conventional (•) and 
repeated (•) stress relaxation. 
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It is interesting to compare the results obtained with crystals 
3 

of two different batches. The activation volumes, 1300 and 2600 b , 

determined from the steady state analysis of the experimental results 

of specimen 26 are close to those obtained with specimens of the first 

batch (1V
1 = 1050 b3 and 2V

2 =2400 b 3 ) . The large experimental value, 
3 

3700 b , observed at low stress level with specimens of the first batch 

2 1 1 2 
is a composite activation volume, ,V = ,V + V? + 2V . The product 

-4 
Sp. of the second batch was 2 x 10 , that is one order of magnitude 

_3 
lower than that of the first group, 3 x 10 . To attain a specific 

strain rate, a low 6pt must be compensated by a high rate of activation, 

that is a high effective stress. The high rate of activation could be 

responsible for the weak non-steady effects observed in specimen of 

groups II and III: at high stress level, the relaxation time is small 

and thus the dislocation redistribution is almost instantaneous. 
3 

Furthermore, it is possible that the large activation volume (3700 b ) 

was not observed in these groups because the stress was too large. 

Only a few investigators have reported increasing strain rates at 

the beginning of stress relaxation experiments. This was noticed during 

relaxation of hair in low concentration of sodium sulfide. The proposed 

explanation involved a system of consecutive energy barriers: the 

sodium sulfide must diffuse into the hair before the reaction that 

leads to stress relaxation can take place. A well pronounced maximum 

has been reported recently (121) during pre-yield relaxation of pure 

iron. Formerly, delay time (122) had been observed in the same conditions, 

It is not fortuitous that in previous studies (123) it was concluded 

that the plastic deformation in iron is controlled by a consecutive 

energy barrier system. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

A functional relationship between parameters that control plastic 

flow is useful for engineering purposes. When plastic deformation 

results from thermally activated motion of dislocations, the plastic 

strain rate is usually expressed as 

£p = e oexp[- (AGexp/kT)] . 

The analysis of the stress and temperature dependence of the two 

experimental terms, t and AG . must be based on deformation kinetics. 
o exp 

This approach was utilized to study the behavior of LiF in stress 

relaxation experiments. The analysis has led to a comprehensive 

investigation of the properties of systems of two consecutive energy 

barriers. 

It has been found that 

1. In steady state flow there are two or three separate stress ranges 

where the rate of deformation is described by only one of the four 

.fe1, .feJ rate constants. 

2. No more than one of the two composite .kJ rate constants has an 

independent effect on the plastic strain rate. The four rate 

constants are effective only at low stress level when the plastic 

strain rate becomes very small. 

3. Between two independent stress ranges there is a transition region 

where the strain rate is controlled by two rate constants. The 
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transition stress is temperature independent, and well defined by 

the properties of the system. 

A methodology based on the transition stress can be utilized to 

determine the activation parameters. It has been applied to the 

analysis of the stress relaxation data of lithium fluoride. 

The number of dislocations waiting in front of each energy barrier 

is stress dependent. Stress changes in a transition region may 

produce large redistributions of the dislocations. The 

redistribution occurs by non-steady state flow. 

The non-steady state kinetics is described by a system of two 

differential equations. Non-steady state behavior is time 

dependent, and also depends on the testing condition: accordingly, 

the behavior of materials in which plastic flow is controlled by 

a consecutive energy barrier system can not be described by an 

"equation of state". 

Non-steady state effects are well pronounced when the amount of 

dislocation redistribution is large, and when the relaxation time 

that controls the rate of redistribution is large. 

In constant rate tests, the dislocation redistribution can produce 

yield drop effects. This is a new explanation of this phenomenon. 

Dislocation redistribution can cause the strain rate to increase at 

the beginning of repeated stress relaxation experiments. 

The behavior of LiF in stress relaxation is controlled by a system 

of two consecutive energy barriers. The properties of this system 

would explain both the stress and temperature dependence of the 

experimental activation volume, as well as the behavior in repeated 

relaxation. The calculated activation volumes and energies are in 
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agreement with the published values. 

The theoretical and experimental parts of this study may be 

extended: 

The application of the non-steady state kinetics to other testing 

conditions, for example creep and strain rate change tests, may 

elucidate behaviors that are now insufficiently understood. 

The behavior of systems of two consecutive energy barriers remains 

to be investigated at low stress level. 

The properties of systems of more than two consecutive energy 

barriers are to be determined, utilizing either the discrete approach 

(66) or a continuous method (124). This should be done for steady 

state and non-steady state conditions. 

More experiments should be carried out on lithium fluoride. It 

would be interesting to compare the actual results with those of tests 

in compression. The effect of annealing and various doses of 

irradiation on the kinetics could be explored. The absence of 

difference between the first and second repeated relaxations remains to 

be elucidated. 

Finally, this kinetics analysis could be utilized to analyze all 

published results that present a character associated with consecutive 

energy barriers. 
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APPENDIX A 

NUMERICAL DIFFERENTIATION OF EXPERIMENTAL DATA 

The smoothing of experimental data by spline functions developed by 

Reinsch has been applied to the determination of stress and strain rates 

from experimental recordings. 

Considering n experimental points (x., y.), i = 1, 

smoothing function f(x) shall minimize 
x„ 

, n the 

; 

1 

n "<r q(x) n2 

dx 
dx (A.l) 

among all functions g(x) such that 

n r9 (x^ - yii2 
i 
i=l ^ 

s S, g e C [x r xn] (A.2) 

where 6y. are the estimated errors or standard deviations, S is a 

redundant smoothing index that may be used to control the extent of 

smoothing. Utilizing the methods of the calculus of variation, it is 

found that the function f(x) that satisfies Eqs. (A.l) and (A.2) is 

composed of cubic parabolas: 

2 3 
f(x) = ai+bi (x-x..) + ci (x-x..) + di (x-x^ x. $ x $ x.+^ 

which join at their common end points such that f(x), — g - ^ -

-—W^-' are continuous and 
dx o o 

lim d f(xi - h> l i m d 3 f ( x ^ h ) _ f ( X l ) - y . 
h+0 j 3 " h->0 ^ ^ 

(A.3) 

T (A.4) 
dx dx 6yT 

where p is a Lagrangian parameter. The spline coefficients in Eq. (A.3) 

are determined from Eq. (A.4) and the continuity conditions. The 

1. C. H. Reinsch, Num. Mathem. 10, (1967), D. G. Berghaus, J. P. Cannon, 
Exp. Mech. 13, 38 (1973). 



A.2 

Lagrangian parameter is then determined by iteration from the relation 

n f(x.) - y. 2 

£ ( h I) = S . (A.5) 
i=l 6yi 

In application to stress relaxation data, the function f is the 

stress or the corresponding value of the strain. Because the curvature 

of the smoothed-spline function is minimized, and because the stress 

and the strain are exponentially decreasing functions of the time, the 

variable x has been chosen equal to the logarithm of the time. The 

rates corresponding to the n data points are 

(f) .=b i . i - = b. . e " x i {A.6) 

Reinsch set the second and third derivative at the first and last data 

points equal to zero. It was found more satisfactory to measure the 

first derivative at the first point and to use this value in the 

calculation of the spline coefficients. The continuity conditions and 

Eq. (A.4) yield the relation 

A2 y = A . c 

where c = (C Q, c-j, ... , cn+1) 

A 2 y = ( A 2 , A2_, ... A2 ) T 

•'o Ji Jn+1 

... A2
 yi+l " yi yi " yi-l 

with A,, = y. x. , - x. x. - x. , Ji i+l I i i-l 

and A is a (n+2) x (n+2) band form matrix with five non-zero diagonals. 

-1 2 
The spline coefficients c. obtained from c = A A y , are functions of 

the Lagrangian parameter p. The derivatives b. are calculated when 

Eq. (A.5) is satisfied. 
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In the following APL program, A is the matrix A, C is the vector 

c and B the derivatives calculated according to Eq. (A.6). The 

determination of the Lagrangian parameter is started with L = — = 0 

and stopped when Eq. (A.5), which has been rewritten as F(L) = L, is 

satisfied within .01%. The calculated rates were always within the 

uncertainty of the measured derivatives. The program gives smooth curves 

as illustrated in the rate diagrams and it has been widely used (95, 97). 
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[D2] B 2 * ( ( 2 t " l * £ ) - l + "2+£)xf ( " l+?y*2 ) + l+F' r*2 Uff 
[ 4 3 ] 2 » ( ( ( ( £ l x B l + B2) + ( l + y > - ~ n y ) * / n - ( f l « ' 2 * l + ~ 2 * £ W 2 + " l * 0 » 3 ) t ~ l * * 7 
[DD] »<FL=0)/63 
[D5] - ( 7 = F £ ) / S 1 
[D6] DSIO-S. 
[D7] ?->-EI 
[D8] SWO+ELO 
[D9] ET+NpEEL 
[ 5 0 ] -20 
[ 5 1 ] FM-UffD 
[ 5 2 ] " 
[ 5 3 ] DEP-B-DSICtEtA 
[5D] *<-<»( 6 . (N- 1 ) ) p ( ~ l • S/G ) . ("1+FL ) . ( ~ 1 W ) , D5v!7?. P . PFP 
( • 5 5 ] t STRESS STRAIN TIt-'E STRESS nATE STPATN »ATF COPRFCTED' 
[ 5 6 ] ID D EFT X C ( i L ( J f - l ) t 2 ) ; 1 
[ 5 7 ] ID D EFT X [ ( ( L ( J V - l U 2 H i r ( / V - l ) * 2 ) ; l 
[ 6 0 ] 'COMB. FLAST. t'OV. = ' ; * f *ELA ) - U U - 1 ; 2 ] - * H ; 2] H *[ fl>-l; 1 ] -X[ l ; 1 ] 
[61] '-Slfi/e ' i ' 9 9 9 9 . ' $ Z , ( + / Z ) * p Z * - . Y r ; D l * / r ; 6 ] 
[6"2] -67 
[ 6 3 ] r ^ ( 3 . ( . V - l ) ) p ( " l + . ' 7 7 ( ; ) , ( l t * T ) , 5 
[6D] • STRESS TIPE STRESS RATE' 

[ 6 5 ] ID D FFT n ( i L ( « - l > » 2 ) ; ] 
[ 5 6 ] ID D FfT X [ f ( L ( f f - l ) * 2 ) + i r U - n * 2 ) ; ] 
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APPENDIX B 

THE EXPERIMENTAL RESULTS 

TEST LIF- 2 . 0 1 

TEPPERATURE • 
INITIAL STRAIN = 
TOTAL STRAIN =• 

3 0 2 (X) 
0 . 2 0 ( P C D 
0 . 2 0 {PCT) 

INITIAL SHEAR STRESS - 8 . 3 6 0 (»PA) 

SHEAR STRESS 
( ''PA ) 

8 . 3 1 D * 
8 . 2 9 1 
8 . 2 6 8 
8 . 2D5 
8 . 2 2 2 
8 . 1 9 9 
8 . 1 7 6 
8 . 1 5 3 
8 . 1 3 0 
8 . 1 0 7 
8 . 0 8 D 
8 . 0 6 1 
8 . 0 3 8 
8 . 0 1 5 
7 . 9 9 2 
7 . 9 6 9 
7 . 9 U 6 
7 . 9 2 3 
7 . 9 0 0 
7 . 8 7 7 
7 . 8 5 5 
7 . 8 3 2 
7 . 8 0 9 
7 . 7 8 6 
7 . 7 6 3 

STRAIN RATE 
(/MIN) 

1 . 7 0 F ~ 0 3 
1 , 1 8 F " 0 3 
8 . 0 0 F ~ 0 D 
6 . 0 0 F ~ O D 
D . 5 O F ~ 0 D 
3 . 3 0 F " O D 
2 . 2 5 F " f ) D 
l . D 6 F ~ 0 D 
9 . 8 0 F " 0 5 
6 . D 0 F ~ 0 5 
D . 6 0 F ~ 0 5 
2 . 9 7 F ~ 0 5 
1 . 9 8 5 ~ 0 S 
1 . 2 9 S " " 0 5 
8 . 8 0 F ~ 0 6 
5 . 5 0 F " 0 6 
3 . 3 2 F " 0 6 
2 . 2 3 F " " 0 6 
1 . 5 1 S " 0 6 
1 . 0 1 f " 0 6 
6 . D 0 F * 0 7 
D. r i o r " o 7 
2 . 6 0 F " 0 7 
1 . 9 0 F " 0 7 
1 . 3 0 F " 0 7 

TEST LIF: 2 . 0 2 

TEPPERATURE * 
INITIAL STPAIN « 
TOTAL STRAIN -

3 0 2 (X) 
0 . 2 3 (PCT) 
0 . D 7 (PCT) 

INITIAL SHEAR STRESS a 8 . 2 9 0 (PPA ) 

SHEAR STRESS 
(P"A) 

8 . 2 D D 
8 . 2 2 1 
8 . 1 9 e 
8 . 1 7 5 
8 . 1 5 2 
8 . 1 2 9 
8 . 1 0 6 
8 . 0 8 3 
8 . 0 6 0 
8 . 0 3 7 
8 01D 
7 . 9 9 1 
7 . 9 6 8 
7 . 9 * 5 
7 . 9 2 2 
7 . 8 9 9 
7 . 8 7 6 
7 . 8 5 3 
7 8 3 0 
7 . 8 0 7 
7 . 7 8 D 
7 . 7 6 1 
7 . 7 3 8 

STRAIN PATE 
(/"IN) 

1 . 8 5 F ~ 0 3 
1 . 2 3 F " 0 3 
8 . 2 0 F ~ 0 D 
5 . D 0 F " 0 D 
D.OOF"OD 
2 . e S F " O D 
2 . l D r " O D 
l . D 3 F " 0 H 
9 . 5 0 " " O 5 
6 . 5 0 F ~ 0 5 
D . 3 n f - 0 5 
2 . 8 3 F " 0 5 
1 . 8 2 F ~ 0 S 
1 1 8 F " 0 5 
8 . 0 0 2 7 * 0 6 
5 . 2 0 f " 0 6 
3 . 1 0 F " 0 6 
1 . 9 0 f f " 0 6 
1 . 2 1 F ~ 0 5 
7 . 3 0 F " n 7 
D . 0 0 F " 0 7 
2 . 3 0 F * 0 7 
1 . 3 0 £ ~ 0 7 

TEST LIF: 2 . 0 3 TEST LIF: 2.0D 

302 (X) 
0 . 2 0 (PCT) 
0 . 7 0 (PCT) 

INITIAL SHEAR STRESS = 8 . 2 7 2 (VPA ) 

TEMPERATURE -
INITIAL STRAIN -
TOTAL STPAIN = 

'AP STRESS 
( >'PA ) 

8 . 2 D 0 
8 . 2 1 7 
8 . 1 9 D 
8 . 1 7 1 
8 . 1 D 8 
8 . 1 2 5 
8 . 1 0 1 
8 . 0 7 8 
8 . 0 5 5 
8 . 0 3 2 
8 . 0 0 9 
7 . 9 8 6 
7 . 9 6 3 
7 . 9 D 0 
7 . 9 1 7 
7 . 89D 
7 . 8 7 1 
7 . 8 D 8 
7 . e2D 
7 . 8 0 1 
7 . 7 7 8 
7 . 7 5 5 
7 . 7 3 2 
7 . 7 0 9 
7 . 6 8 6 

STRAIN PATE 
!/PIN) 

1 . 5 8 F " 0 3 
1 . 2 7 F " 0 3 
9 . 9 0 F " 0 D 
7 . D 0 F " 0 D 
5 . 3 0 F " 0 D 
3 . 8 0 F " 0 D 
2 . 7 2 F " 0 D 
1 . 8 9 F " 0 D 
1 . 3 0 F " 0 D 
8 . 9 0 F " 0 5 
6 . 1 0 F " 0 5 
D . 2 0 F " 0 5 
2 . 7 9 F " 0 5 
1 . 8 6 F ~ 0 5 
1 . 1 8 F " 0 5 
7 . D 0 F " 0 6 
5 . 2 0 F ~ 0 6 
3 . 3 2 F " 0 6 
2 . 1 3 F ~ 0 6 
1 . 3 5 F ~ 0 6 
8 . D 0 C ' " 0 7 
s . o o r ' o ? 
3 . 0 0 F ~ 0 7 
1 . 9 0 F ~ 0 7 
1 . 3 0 F " 0 7 

TFPPERATURE = 
INITIAL STRAIN -
TOTAL STRAIN = 

3 0 2 (X) 
0 . 0 0 (PCT) 
0 . 7 D tPCT) 

INITIAL SHEAR STRESS - e . 1 9 7 (PPA ) 

SHEAR STRESS 
(yrA) 

8 . 1 7 D 
8 . 1 5 1 
8 . 1 2 8 
8 . 1 0 5 
8 . 0 8 2 
8 . 0 5 8 
8 . 0 1 5 
8 . 0 1 2 
7 . 9 8 9 
7 . 9 6 6 
7 . 9 D 3 
7 . 9 2 0 
7 . 8 9 7 
7 . 8 7 D 
7 . 8 5 1 
7 . 8 2 8 
7 . 8 0 D 
7 . 7 8 1 
7 . 7 5 8 
7 . 7 3 5 
7 . 7 1 2 

STRAIN RATE 
(/PIN) 

5 . 9 0 F ~ 0 D 
D . 8 0 F " 0 D 
2 . 9 D F " 0 D 
1 . 8 2 F " 0 D 
l . l l F ' O D 
7 . 0 0 F ~ 0 5 
D . D 0 F " 0 5 
2 . 8 5 F " 0 5 
1 . 8 7 c ' ~ 0 5 
1 . 1 8 F " 0 5 
7 . 3 0 F ~ 0 6 
D . 7 0 F " 0 6 
3 . 1 2 F " 0 6 
2 . 0 6 F " 0 6 
1 . 3 5 F ~ 0 6 
8 . 8 0 F " 0 7 
5 . 9 0 F " 0 7 
D . 1 0 r " 0 7 
2 . 9 0 F " 0 7 
1 . 9 0 F " 0 7 
1 . 2 3 F " 0 7 

The accuracy of the stress values is of the order of 1%, 
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TEST LIF: 2 . 0 5 TEST LIP: 2 . 0 6 

TEPPERATURE = 
INITIAL STRAIN . 
TOTAL STRAIN = 
INITIAL SREAR STRESS 

302 
0. 00 
0.76 
8.199 

(X) 
(PCT) 
(PCT) 
(PPA) 

TEMPERATURE = 
INITIAL STRAIN 
TOTAL STPAIN -
INITIAL SHEAR STRESS 

302 (X) 
0 . 2 1 (PCT) 
1.00 (PCT) 

8 . 2 3 2 <PPA) 

SHEAR STRESS 
(PPA) 

8.176 
8.152 
8.129 
8.106 
8.083 
8.060 
8.037 
8.01D 
7.991 
7.968 
7.9D5 
7.922 
7.898 
7. 875 
7. 852 
7. 829 
7.806 
7.783 

STRAIN PATE 
(/PIN) 

3.31F~05 
3.53F~05 
3.22F""05 
2.82F~05 
2.38F~05 
1.92F"05 
l.D2F"05 
1.06F~05 
7.10F~06 
D.81F"06 
3.12F~06 
1.95F~06 
1.2DF"06 
7.60F"07 
D.90F~07 
3.00F~07 
1.90F~07 
1.20F"07 

SHEAR STRESS 
(MPA) 

8. 172 
8.1D9 
8.126 
8. 102 
8.079 
8. 056 
8. 033 
8.010 
7. 987 
7.96D 
7. 9D0 
7.917 
7. B9D 
7. 871 
7. 8D8 
7.825 
7.801 
7. 778 
7.755 
7.732 
7.709 
7.686 

STPAIN PATE 
(/PIN) 

1.3DF"03 
9.20F"0D 
6.60F~OD 
5.20Z7~0D 
3.11F"0D 
2.19F~04 
1.5DF"0D 
l.ODF'OD 
7.00F~05 
D.80F"05 
3.22F~05 
2.17F"05 
1.38F~05 
8.70F"06 
5.50F~0f 
3.52F~0S 
2.31F"06 
1.52F"06 
9.80F"07 
5.70F"07 
2.70F~07 
l.DOf"07 

TEST LIF: D .01 

TEMPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN -
INITIAL SHEAR STRESS 

TEST LIF: D.0 2 

302 (X) 
0 . 2 0 (PCT) 
0 . 2 0 (PCT) 

9 . D 3 2 (PPA) 

SHEAR STRESS 
(PPA) 

9.385 
9.362 
9.338 
9. 315 
9.291 
9.268 
9.2D5 
9.221 
9.198 
9.17D 
9.151 
9.128 
9.10D 
9.081 
9.057 
9.03D 
1.010 
8.987 
8.96D 
8.9DO 
8.917 
8.893 
8.870 
8.847 
8.823 
8.800 
8.776 

STRAIN RATE 
(/MIN) 

1.50F"03 
1.26F"03 
9.70F~0D 
7.D0F~0D 
5.8OF~0D 
D.D0F""0D 
3.31/?~0D 
2. 51F~0D 
1.83F~0D 
1.3DF~0D 
9 . 5r>r~05 
6.70F"05 
D.54F~05 
3.0DF~05 
2.01F~05 
i . 3or"i r i 
8.20F"06 
5.20F~06 
3.60F"06 
2.22F"06 
l.D7F~06 
1.00F"06 
6.90F"07 
D.80F"07 
3.50F~07 
2.D0F~07 
1.70F"07 

TEMPERATURE = 
INITIAL STPAIN 
TOTAL STRAIN -

302 (K) 
0.0 0 (PC) 
0.2 3 (PCT) 

INITIAL SHEAR STRESS 9.369 (PPA) 

SHEAR STRESS 
(PPA) 

9. 3D1 
9.318 
9.29D 
9.271 
9.2D7 
9.22D 
9. 200 
9.177 
9.15D 
9.130 
9.107 
9.083 
9.060 
9.037 
9.013 
8. 990 
8.966 
8.9D3 
8. 920 
8. 896 
8.873 
8.8D9 

STRAIN PATF 
(/PIN) 

3.35F~0D 
2.98F~0D 
2.50F"0D 
2.13F"0D 
1.79F OD 
1.50F OD 
1.?DF"0D 
1.01F"0D 
8.29F"05 
fi.?0n"0 5 
D.70F"05 
3.36F"05 
2.3DF"05 
1.60F"05 
1.0RF"05 
6.60F"06 
3.90F"06 
2.33T"06 
1.28F"06 
7.30F~07 
D.OOF"07 
2.20F"07 
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TEST LIF: D.0 3 TEST LIF: D.OD 

TFVPFRATURF. = 
INITIAL STRAIN 
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

302 (X) 
0 . 0 0 (PCT) 
0 . 2 6 (PCT) 

9 . 3 7 9 (PPA) 

TEMPERATURE -
INITIAL STPAIN 
TOTAL STRAIN = 
INITIAL "HEAR STRESS 

302 (X) 
0 . 0 0 (PCT) 
0 . 2 9 'PCT) 

9 . 3 7 9 f PPA ) 

SHEAR STRESS 
(PPA ) 

9. 3DD 
9.320 
9.297 
9.273 
9.250 
9. 227 
9.203 
9. 180 
9.156 
9.133 
9.110 
9.086 
9.063 
9.039 
9.016 
8.992 
8. 969 
8.9D6 
8.922 
8.899 
8.875 
8.852 

STPAIN PATE 
(/PIN) 

5.90F"05 
7.50F"05 
7.50F"05 
7.10F"05 
6.D0F"05 
6.00F"05 
5.35F~05 
D.60F"05 
3.85F"05 
3.05F~05 
2.25F~0S 
1.56F"05 
1.02F~05 
6.50F~06 
D.30r~06 
2.61F"06 
1.56F"06 
9.80F"07 
5.80F"07 
3.D0F"07 
2.20F~07 
1.70F"07 

SHEAR STRFSS 
(PPA) 

9. 3D7 
9.323 
9.300 
9.276 
9.253 
9.229 
9.206 
9. 183 
9.159 
9.136 
9.112 
9.Of 9 
9.065 
9.0D2 
9.019 
8.995 
8. 972 
8. 9D8 
8.925 
8.901 
8.878 

STRAIN PATE 
(/PIN) 

5.50F~05 
7.70F~05 
7.70F"05 
8.30r"05 
7.30F~05 
6.30F"05 
5.60F~05 
D.50F"05 
3.50F"05 
2.7DF~05 
2.0 6F"0 5 
l.D9F"05 
1.02F~05 
7.OOF~06 
D.70F"06 
3.10F~06 
1.92F"06 
1.20F"06 
7.10F~07 
D.20F"07 
2.D0F"07 

TEST LIF: D.05 TEST LIF: D.06 

TEMPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN -

302 (K) 
0 . 2 0 (PCT) 
0 . 5 1 (PCT) 

TEMPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN = 

INITIAL SR^AR STRESS 9 . 2 9 7 (PPA ) 

302 (X) 
0 . 1 0 (PCT) 
0.6D (PCT) 

INITIAL FHFAR STRFSS 9 . 2 6 2 (PPA) 

VAR STRESS 
("PA ) 

9. 297 
9.273 
9.250 
9.226 
°.203 
9.179 
9.156 
9.132 
9.109 
9.085 
9.062 
9.038 
9.015 
8.991 
8.968 
8. 9DD 
8.921 
8.898 
8.87D 
8.851 
8.827 
8.80D 
8.780 
8. 757 
8.733 
8.710 

STRAIN RATE 
(/PIN) 

2.00F"n3 
1.8nr"03 
1.59F"03 
1.23F"03 
9.D0F~0D 
7.30F"OD 
5.70F"0D 
D.33F"0D 
3.23F"0D 
2.D11=,~0D 
1.80F~0D 
1.31F~0D 
9.30F"05 
6.50r"05 
D.55F~05 
3.01F~05 
2.03F"05 
1.32F"05 
8.60F"06 
5. 30"7"06 
3.3OF"06 
1.98F"06 
1.16F"06 
6.60T"07 
3.70F"07 
2.10F"07 

SHEAR STRESS 
(PPA) 

9. 262 
9. 238 
9.215 
9.191 
9.168 
9.1DD 
9.121 
9.097 
9.07D 
9.050 
9.027 
9.003 
8.930 
8. 956 
8.933 
8.909 
8.886 
8.862 
8.838 
8.815 
8.791 
8.768 
8.7DD 
8.721 
8.697 
8.67D 
8.650 

STRAIN RATE 
1/MIN) 

2.00r"03 
1.75F"03 
1.51F"03 
1.17F"03 
9.10F"0D 
7.10F"0D 
5.50F"0D 
D.23F*0D 
3.23F"0D 
2.39F"0D 
1.73F"0D 
1.22F"0D 
9.00F"05 
6.30F"05 
D.35F"05 
2.98F"05 
2.00F"05 
1.3OF"05 
7.90F~06 
5.00F~06 
3.05Z7~05 
1.86B"06 
1.09E"06 
7.00F"07 
D.80F"07 
3.30F"07 
2.10F"07 



A . 7 

TEST LIF: D.07 TEST LIF: D.OB 

TEPPERATUPE = 
I! STIAL STRAIN 
TOTAL STRAIN = 
Il'ITIAL ''''EAR STRESS 

3 0 2 (X) 

0 . 2 0 (PCT) 
0 . 8 8 ( P C D 

9 . 2 1 3 (PPA) 

TEPPERATUPE -
INITIAL STRAIN 
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

3 0 2 (X) 

0 . 0 0 ( P C D 
0 . 9 2 <PCT) 

9 . 2 0 1 (PPA) 

S1EAP STRESS 
(PPA) 

9.213 
9. 189 
9.166 
9.1D2 
9.119 
9.095 
9.072 
9.0D8 
9.025 
9.001 
8.977 
8.95D 
8.930 
8. 907 
8.883 
8. 860 
8. 836 
8.812 
8.789 
8.765 
8. 7D2 
8.718 
8.695 
8.671 
8 . 6 D 8 
8.62D 
8.600 
8.577 
8.553 

STPAIN RATE 
(/PIN) 

2.00F"03 
1.80F"03 
1.62E~03 
1.3DF"03 
1.06F"03 
8.20F"0D 
6.D0F'0D 
D.90F"0D 
3.76F"0D 
2.82F"0D 
2.10F"0D 
1.58F"0D 
1.14F"0D 
8.00F"05 
5.30F"05 
3.50F~05 
2.D0r~05 
1.60F"05 
1.20F"05 
8.50F"06 
5.70E"06 
3.70F"06 
2.D8F~06 
1.60F 06 
i.oor"os 
6.50F~07 
3.90F"07 
2.20E"07 
1,D0F 07 

SHEAR STRESS 
(PPA) 

9.193 
9.170 
9.1D6 
9.122 
9.099 
9.075 
9.052 
9.028 
9.005 
8.981 
8.957 
8. 93D 
8. 910 
8.887 
8. 863 
8.8D0 
8. 816 
8.792 
8.769 
8.7D5 
8.722 
8.698 
8.675 

STRAIN RATE 
(/MIN) 

6.00F~05 
9.90F"05 
9.00F"05 
8.00F"05 
7.107'-05 
6.20F"05 
5.3<ir~0S 
D.D0F~05 
3.63F"05 
2.88F"05 
2.23F"05 
1.67F"05 
1.20T"05 
8.D0F~06 
5.60F"06 
3.60r"06 
2.30F~06 
l.DDF"06 
8.90F"07 
5.D0F"07 
3.20F"07 
2.00E"07 
1.20F"07 

TEST LI": D.09 

yy^F^ATUPF = 
INITI L STRAIN 
mOTAL STRAIN = 

302 (X) 
0.00 (PCD 
0.9 5 (PCD 

INITTAL SHFA" STRESS 9.215 (PPA) 

SHEAF STRESS 
( PPA ) 

9.196 
9.172 
9.1D9 
9.125 
9.102 
9.078 
9.05D 
9.031 
9.007 
8. 98D 
8.960 
8.936 
8. 913 
8.889 
8. 866 
8.8D2 
8.819 
8.795 
8.771 
8.7D8 
8.72D 
8.701 
8.677 

STRAIN RATE 
(/PIN) 

6.D0F"05 
5.50F"05 
D.50F"05 
7.?0F"05 
7.60F"05 
6.80F"05 
5.70F"05 
5.20F"05 
3.90F"05 
3.02F"05 
2.2DF"05 
1.6DF"05 
1.16F"05 
8.20^-06 
5.60F"06 
3.83r"06 
2.63F~06 
1.67F~06 
1.15F~06 
7.30F"07 
D.30F"07 
2.80F"07 
1.80F"07 

TEST LIP: D.10 

TEPPERATURE = 302 (X) 
INITIAL STRAIN 0 . 2 0 <PCT) 
TOTAL STRAIN = 1 .19 ( P C D 
INITIAL SHEAR STRESS - 9 . 1 7 0 (PPA) 

SHFAR STPESS 
(PPA) 

9.123 
9. 100 
9.076 
9.052 
9.029 
9.005 
8.981 
8.958 
8. 93D 
8.910 
8.887 
0.863 
8. 8D0 
8. 816 
8.792 
8.769 
8.7D5 
8.721 
8. 698 
8.67D 
8. 650 
8.627 
8.603 
8. 580 
8. 556 
8. 532 

STRAIN RATE 
(/PIN) 

l.D0F"03 
9.DOF"0D 
7.8OF"0D 
6.DOF~0D 
5.2Or"0D 
D.00F"0D 
3.nr"0D 
2.3DF"0D 
1.75r"0D 
1.30F"0D 
9.DOF~05 
6.60F"05 
D.75F"05 
3.DOF"05 
2.D0F"05 
1.68C"05 
1.16F"05 
8.00F"06 
S.HV'OF, 

3.60F"06 
2.38T"06 
1.51F"06 
9.30r"07 
5.50F"07 
3.20F"07 
1.80F"07 
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TEST LIE- 6 . 0 1 
TEST LIP: 6 . 0 2 

TEPPSHATU1F. = 
INITIAL STPAIN -
TOTAL STPAIN = 
TNITT4L SHEAR STRESS 

3 0 2 (X) 

0 . 1 2 ( P C D 
0 . 1 2 ( P C D 

8 . 7 3 5 ( 'TA) 

TEPPERATURE = 30 2 (X) 
INITIAL STRAIN 0 . 0 0 f P C D 
TOTAL STRAIN = 0 . 1 5 ( P C D 
INITIAL SREAR STRESS - 8 . 7 1 6 ("PA) 

• HEAR STRESS 
( *"M ) 

8.701 
8.677 
8.65D 
8. 630 
8. 606 
8.582 
8. 558 
8. 53D 
8. 511 
8.D87 
8.D63 
8.D39 
8.D15 
8. 391 
8. 368 
8. 3DD 
8.320 
8.296 
8.272 
8.2D8 
8.225 
8.201 
8.177 
8.153 
8.129 
8.105 
8.082 
8.058 
8.03D 
8. 010 

STRAIN PATE 
(/"IN) 

1.88F"03 
1.68F"03 
1.30F"03 
1.02F"03 
8.10F~0D 
6.20F"0D 
D.80F"0D 
3.55F"0D 
2.73F~0D 
2.02F"0D 
1.50F"0D 
1 .lO^OD 
7.70F"05 
5.50F"05 
3.80F"05 
2.65?"05 
1.82F"05 
1.2DF"05 
8.30F"06 
5.80F"06 
3.93F"06 
2.68F"05 
1.77F"06 
1.22F"06 
8.0OF_O7 
5.30F"07 
3.60F~07 
2.D0F"07 
1.70F 07 
1.00""07 

•AR STRESS 
(PPA) 

8.680 
8.656 
8.532 
8.609 
8. 585 
8. 561 
8.537 
8. 513 
8.D89 
8 . D f, 5 
8.DD2 
8.D18 
8.39D 
8. 370 
8. 3D6 
8. 322 
8. 299 
8. 275 
8.251 
8.227 
8.203 
8.179 
8.155 
8.132 
8.108 

STRAIN RATE 
1/PIN) 

1.3OE"0D 
1.D0F"04 
1.35F~0D 
1.23F"0D 
1.10F~0D 
9.60F"05 
8.30F"05 
7.20F"05 
6.00F"05 
5.00F~05 
D.l;F"05 
3.27F"05 
2.58F~05 
1.97F~05 
1.DDF"05 
1.05F"05 
7.20F"06 
D.90F"06 
3.23F"06 
2.1DF~06 
1.39E"06 
8.70F"07 
5.50F"07 
3,DOF*07 
2.10F"07 

TEST LIF: 6.0D 

TEST LIF: 6 . 0 3 

TEMPERATURE = 
INITIAL STPAIN 
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

3 0 2 (X) 

0 . 0 0 ( P C D 
0 . 1 8 ( P C D 

8 . 7 1 6 ("PA ) 

TE"PERATURE = 
INITIAL STPAIN 
TOTAL STRAIN -
INITIAL SHEAR STRESS 

3 0 2 (X) 

0 .0 0 ( P C D 
0 . 1 8 ( P C D 

8 . 7 1 8 (PPA) 

•AR STRESS 
(PPA) 

8.683 
8.659 
8.635 
8.611 
8. 587 
8.563 
8.5D0 
8.516 
8.D92 
8.D68 

STRAIN RATE 
(/PIN) 

9.70F"05 
9.70F"05 
9.70F"05 
1.02F"0D 
1.02F"0D 
9.70F"05 
8.90F"05 
7.80F"05 
6.50F~05 
6.00F"05 

•REAR STRESS 
(MPA) 

8.683 
8 .659 
8.635 
8.611 
8. 587 
8. 563 
8. 5D0 
8.516 
8.D92 
8.D68 
8.DDD 
8.D20 
8.396 
8.373 
8. 3D9 
8.325 
8.301 
8.277 
8.253 
8.229 
8.206 
8.182 
8.158 
8.13D 
8. 110 
8.086 
8. 062 
8. 039 
8.015 

STPAIN PATE 
(/PIN) 

9.80F'0D 
9.00F"0D 
8.00F"OD 
7.D0F"0D 
6.D0F"0D 
5.60r~0D 
D.90F"0D 
D.05F"0D 
3.D1F"0D 
2 ̂ S^-QD 
2.19F"0D 
1.73F"0D 
1.31F OD 
9.80F"05 
7.10r"05 
5.19F"05 
3.5eF"05 
2.D5F"05 
1.66F~95 
1.O6F~05 
6.80F~06 
D . 24 '""O 6 
2.72F"06 
1.71F 06 
1.96F~06 
6.D0F"07 
3.70F~97 
2.1OF"07 
1.10F~07 



A . 9 

TEST LIF 7 . 0 2 

TfMPFPATVRF -
INITIAL STRAIN 
TOTAL STPAIN = 
INITIAL SHEAR STRESS 

302 (X) 
0 . 0 0 ( P C D 
0 . 1 1 ( P C D 

8 . 9 5 8 ("PA ) 

TEST LIF: 7 . 0 1 

TEPPERATUPE -
INITIAL STRAIN 
TOTAL STRAIN • 
INITIAL SPEAR STPESS 

302 (K) 
0 . 0 8 (PCT) 
0 . 0 8 ( P C D 

8 . 9 5 5 (PPA) 

SHEAR STPESS 
(PPA) 

8.911 
8.889 
8.867 
8.8D5 
8.823 
8.801 
8.779 
8.756 
8.73D 
8.712 
8.690 
8.668 
8.6D6 
8.62D 
8.602 
8.580 
8.557 
8.535 
8.513 
B.D91 
8.D69 
8.DD7 
8.D25 
8.D03 
8.381 
8.358 

STRAIN PATE 
(/PIN) 

1.29F"03 
1.20F"03 
1.09F"03 
9.D0F 0D 
7.70F"0D 
S.DOr'OD 
D.90F"0D 
3.78F~0D 
2.86F"0D 
2.12F"0D 
l.SSF'OD 
1.112'OD 
7.60E"05 
5.20F~05 
3.D2F"05 
2.20F"05 
1.39E"05 
9.10F"06 
5.70F"06 
3.D7F~06 
2.11F"06 
1.27E~06 
7.3OE"07 
D.10F"07 
2.20E"07 
1.20F"07 

•AR STRESS 
(MPA) 

8.936 
8.91D 
8.892 
8.870 
8.8D8 
8.825 
8.803 
8.781 
8.759 
8.737 
8.715 

STPAIN RATE 
(/PIN) 

8.00E"05 
1.32F"0D 
1.66F"0D 
1.87E"0D 
1.96E"0D 
1.9DF"0D 
1.86F~0D 
1.71E"0D 
1.53F"0D 
1.35E"0D 
1.20E"0D 

TEST LIP: 7 . 0 3 

TEPPERATUPE = 
INITIAL STPAIN 
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

302 (X) 
0 . 0 0 ( P C D 
0 . 1 1 ( P C D 

8 . 9 2 3 (MPA) 

SHEAR STRESS 
(MPA) 

8.870 
8.8D8 
8.825 
8.803 
8.781 
8.759 
8.737 
8.715 
8.693 
8.671 
8.6D8 
8 .626 
8.60D 
8.582 
8.560 
8. 538 
8.516 
e.D9D 
8.D72 
8.DD9 
8.D27 
8.D05 
8.383 
8.361 
8. 339 
8.317 
8.295 

STRAIN RATE 
(/MIN) 

2.00£"03 
1.80E"03 
1.60F"03 
1.30F"03 
1.07E"03 
8.90E"OD 
7.00E"OD 
S.70E~0D 
D.70E"0D 
3.55F"0D 
2.79F"0D 
2.1DE"0D 
1.61E~0D 
1.15F"0D 
8.20F"05 
5.60F~05 
3.80F"05 
2.D5F"05 
1.53F"05 
9.30F"06 
S.D0F~0fi 
3.10E"06 
1.76F"06 
9.D0F"07 

t^n^'m 
2.30F"07 
1.30F"07 



A.10 

TEST LIF:20.01 TEST LIF-.70.02 

TEMPERATURE = 
INITIAL STRAIN = 
TOTAL STPATN = 

300 (K) 
0 . 0 7 ( P C D 
0 . 0 7 (PCD 

INITIAL SHEAR STRESS 8 .7 29 (MPA) 

SHEAR STRESS 
(MPA) 

8.670 
8.624 
8.578 
8.532 
8.486 
0.DD0 
8.394 
8.349 
8.303 
8.257 
8.211 
8.165 
8.119 
8.073 
B.027 
7.982 
7.936 
7.890 
7.844 
7.798 
7.752 
7.706 
7.661 
7.615 
7.569 
7.523 

STRAIN RATE 
(/MIN) 

1.26E~03 
9.25E_0D 
6.80E~0D 
D.97F"04 
3.66F"0D 
?.70F_04 
1.95E~0D 
1.37E~0D 
9.D0E~05 
6.50F"05 
D.5DE~05 
3.15E~05 
2.0BF~O5 
l.D3E~05 
9.70E~06 
6,50E"06 
4.DOF"06 
3.00E"06 
2.00E"06 
1.37E"06 
9.60E"07 
6.60E~07 
4.50E"07 
2.80E"07 
1.80E"07 
1.10E~07 

TEMPERATURE = 
INITIAL STRAIN -
TOTAL STRAIN = 
INITIAL SHEAR STREI 

SHEAR STRESS 
(MPA) 

8.401 
8.355 
8.309 
8.263 
8.217 
8.171 
8.125 
8.079 
8.033 
7.988 
7.9D2 
7.896 
7.850 
7. BOD 
7.758 
7.712 
7.666 
7.620 
7.574 
7.528 
7.483 
7.437 

300 (X) 
0.00 (PCD 
0.14 (PCT) 

7.5 8.474 (PPA ) 

STPAIN RATE 
(/PIN) 

4.40K~04 
3.01E~04 
2.20E~04 
1.65E"04 
1.21E~04 
8.70E"05 
6.30E"05 
4.43E~05 
3.01E-05 
2.02E"05 
1.35E"05 
8.90E"06 
6.00E~06 
3.82E~06 
2.47E~06 
1.65E~06 
1.10E~06 
7.20E~07 
4.50E"07 
2.80E~07 
1.80E"07 
1.30E"07 

TEST LIF:20.03 TEST LIF:21.01 

TEPPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN 

300 (X) 
0.00 (PCD 
0.19 (PCD 

INITIAL SHEAR STRESS 8.4 88 (MPA) 

TEMPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN = 

300 (X) 
0 . 0 6 ( P C D 
0 . 0 6 ( P C D 

INITIAL SHEAR STRESS - 8 . 5 9 2 (MPA) 

SHEAR STRESS 
(PPA) 

8.405 
8.359 
8.313 
8.267 
8.221 
8.175 
8.129 
8.083 
8.037 
7.992 
7.9D6 
7.900 
7.854 
7.808 
7.762 
7.716 
7.670 
7.624 
7.578 
7.532 
7.486 
7.440 
7.394 
7.349 

STRAIN RATE 
(/PIN) 

6.40E~04 
4,S0E"04 
3.42E~04 
2.62E~04 
2.02E~04 
1.50E"04 
1.12E"04 
8.00^"05 
5.70E~O5 
3.92E"05 
2.68£"05 
1.80E"05 
1.20F~05 
8.00F'06 
5.40E~06 
3.50E"06 
2.31E"06 
1.49E~06 
1.01E"06 
6.80E~07 
4.50E"07 
3.20F"07 
2.20E~07 
1.50E"07 

SHEAR STRESS 
(MPA) 

8.497 
8.444 
8.391 
8.338 
8.285 
8.233 
8.180 
8.127 
8.074 
8.022 
7.969 
7.916 
7.863 
7.810 
7.758 
7.705 
7.652 
7.599 
7.547 
7.494 
7.441 
7.388 

STRAIN RATE 
(/PIN) 

1.63E~03 
1.06E~03 
7.60E"04 
5.50E"04 
3.90E"0D 
2.70E"04 
1.86E"0D 
1.27E"0D 
8.40E"05 
5.40E"05 
3.43E"05 
2.12E"05 
1.33E"05 
7.90E"06 
D.65E"06 
2.69E"06 
1.59E"06 
9.30E"07 
5.50E"07 
3.50B"07 
2.10E"07 
1.30E"07 



TEST LIF:21.02 
TEST LIF-.21.03 

TEPPERATURE = 
INITIAL '•TRAIN 
TOTAL STRAIN = 
INITi 'L SPEAR STRESS 

300 (X) 
0 . 0 0 ( P C D 
0 . 1 0 ( P C D 

7 . 6 4 6 (MPA) 

TEMPERATURE = 300 (X) 
INITIAL STRAIN - 0 . 0 0 ( P C D 
TOTAL STRAIN = 0 . 1 2 ( P C D 
INITIAL SHEAR STRESS - 7 . 9 3 1 (MPA ) 

SHEAR -TRESS 
(PPA) 

7.629 
7 .602 
7.576 
7. 550 
7.523 
7.D97 
7.D70 
7 . DDD 
7.D18 
7. 391 

STRAIN RATE 
(/PIN) 

2.60E"06 
1.06E"06 
6.D0F~07 
D.70F"07 
3.70E~07 
2.90F"07 
2.20F"07 
1.90E"07 
1.60F"07 
1.20E"07 

TEST LIF 21.0D 

SHEAR STRESS 
(PPA) 

7.89D 
7. B6B 
7.842 
7.815 
7.789 
7.762 
7. 736 
7.710 
7.683 
7.657 
7. 630 
7.60D 
7. 578 
7.551 
7. 525 
7.498 
7.D72 
7.DD6 
7.D19 
7.393 
7.366 
7.3D0 
7.314 
7.287 

TEST LIF-.21.05 

STRAIN RATE 
(/MIN) 

1.90F"05 
1.50E"05 
1.30F"05 
1.09E"05 
9.30r"06 
8.20E"06 
6.80C"06 
5.60F"06 
D.60E~06 
3.73E"06 
3.15E"06 
2.S3r"06 
1.93E"06 
1.52E"06 
1.1JE"06 
9.20E"07 
7.00r"07 
5.D0E~07 
D.OOE"07 
3.10E"07 
2.20E"07 
1.70E*07 
1.30E"07 
1.00E"07 

TEP"EPATUPE -
IVITAL STPAIN -
TOTAL STRAIN = 

300 (X) 
0 . 0 0 ( P C D 
0.1D ( P C D 

INITIAL SHEAP STRESS 8 . 2 0 8 (PPA) 

TEMPERATURE = 
INITIAL STRAIN » 
TOTAL STRAIN = 
INITIAL SHEAR STPESS 

300 (X) 
0 . 0 0 (PCD 
0 . 2 0 ( P C D 

8.329 (PPA) 

SHEAR STRESS 
( PPA ) 

8.186 
8.134 
8.081 
8.028 
7.975 
7.922 
7.870 
7.817 
7 .76D 
7. 711 
7.658 
7.605 
7. 553 
7. 500 
7.DD7 
7.39D 
7. 3D1 
7.289 

STRAIN RATE 
(/PIN) 

2.70E"0D 
2.D1E"04 
1.96F"04 
1.55E"0D 
1.17E"0D 
8.60F"05 
5.90E"05 
3 85F"05 
2.38E"05 
l.D0E"05 
8.20E"06 
6.50E"06 
2.51F"06 
1 D5E"06 
8.20E"07 
D.70C"07 
2.80r"07 
1.70F"07 

SHEAR STRESS 
(MPA) 

8. 297 
8.271 
8. 2DD 
8.218 
8.191 
8.165 
8. 139 
8.112 
8.086 
8.059 
8.033 
8. 006 

7. 980 
7.95D 

7.927 
7.901 
7 . 87D 
7.848 
7. 821 
7.795 
7.769 
7.7D2 
7.716 
7.689 
7.663 
7.636 
7.610 
7.58D 
7.557 
7.531 
7.50D 
7.478 
7.D51 

7 .425 
7. 399 
7.372 

7.3D6 
7.319 

7.293 

7.267 

STRAIN RATE 
( /MIN ) 

1,45E"03 
1.29E~03 
1.1DE"03 
1.00E"03 
9.00E"0D 
7.90F"0D 
6.90E~0D 
6.00E"0D 
5.15C"04 
D.D0E"0D 
3.72E"04 
3.13E"OD 
2.60F OD 
2.13E"0D 
1.76F"0D 
l.D3ff"0D 
1.15E"0D 
9.10E"05 
7.10C~05 
5.54£"05 
D.10E*05 
3.25E"05 
2.50E"05 
1.90E"05 
1 D6E"05 
1.18/. 0 5 
8.90C"06 
6.50E"06 
D.90E 06 
3.72E~06 
2.75E"06 
2.08F"06 
1.53r~06 
1.1DE~06 
8.D0E"07 
6 30E 07 
D.70E"07 
3.30E"07 
2.D0E"07 
1.70F*07 



TEST LIF:21.06 A . 1 2 

TE"PEP\TUPE = 
INITIAL STPAIN 
TOTAL STRAIN = 

300 (X) 
0.18 (PCD 
0.D3 (PCD 

INITIAL SHEAR STRESS « 8.237 (PPA) 

SHEAR STRESS 
("PA ) 

8.184 
8.157 
8.131 
8.10D 
8.078 
8.051 
8 .025 
7.998 
7.972 
7.945 
7.919 
7.892 
7.866 
7.839 
7.813 
7.786 
7.760 
7.733 
7.707 
7 680 
7.65M 
7 .627 
7.601 
7.575 
7.5D3 
7 .522 
7.D95 
7.D69 
7.DD2 
7.D16 
7.389 
7.363 
7.336 
7.310 
7.293 
7.257 
7.230 

TEST £7P:21.08 

STRAIN RATE 
(/PIN) 

1.75E"03 
1.2DE~03 
9.50F"0D 
7.D0E~0D 
5.90F"0D 
M.80F~04 
3.93F~0D 
3.19E"0D 
2.56F~OD 
2.05E"0D 
1.65F"0D 
1.29E"0D 
1.03F"0D 
8.00F~05 
6.30E"05 
D.90F~05 
3.83E"05 
2.92E~05 
2.22F~05 
1.70E~05 
1.29E"05 
1.00F~05 
7.80C"06 
6.00E~06 
D.50E"06 
3.DDF"06 
2.63E"06 
1.99E"06 
1.D9E"06 
1.13E"06 
8.50E"07 
6.20E"07 
D.70E"07 
3,D0E"07 
2.60E~07 
2.00E"07 
1.D0E"07 

TEST LIF-.21.07 

TEMPERATURE = 300 (K) 
INITIAL STRAIN = 0 . 0 0 (PCD 
TOTAL STRAIN = 0 . 4 8 ( P C D 
INITIAL SHEAR STRESS - 8 . 2 2 5 (MPA) 

SHEAR STRESS 
(MPA) 

8.188 
8.161 
8.135 
8.108 
8.082 
8.055 
8 .029 
8.002 
7.976 
7. 949 
7.923 
7. 896 
7.870 
7.843 
7. 817 
7.790 
7. 76D 
7. 737 
7.711 
7.68D 
7.658 
7.631 
7.605 
7.578 
7.552 
7.525 
7.D99 
7.472 
7.446 
7.D19 
7.393 
7.366 
7.3D0 
7.313 
7.287 
7. 260 

STRAIN RATE 
(/MIN) 

9.00E"0D 
7.20E~0D 
6.00E"0D 
5.10E~0D 
D.36E~0D 
3.70E~04 
3.13E"0D 
2.66C~0D 
2.21E"0D 
1.83E"0D 
1.52E"0D 
1.23E"0D 
1.00E OD 
8.00E~05 
6.D0F"05 
5.00Z7~05 
3.96F"05 
3.05E"05 
2.36E~05 
1.80E"05 
l.DDE"05 
1.10C"05 
8.00E"06 
6.20£~06 
D.66r"06 
3.55E"06 
2.70E"06 
2.0DE"06 
1.56F"06 
1.18E"06 
8.80E~07 
6.70E~07 
5.00E"07 
3.80E~07 
2.80E"07 
2.20E_07 

TEST £ 7 F : 2 1 . 0 9 

J7!T"-r/\r. STPAIN 
•POTT, srppin = 
INITIAL "HFAP STRESS 

300 (X) 
0 . 0 0 ( P C D 
0.5D f P C D 

8 . 2 3 8 IPPA) 

TEMPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN = 
INITIAL SHFAR STRESS 

3 0 0 <X) 

0 . 2 0 ( P C D 
0 . 7 8 fPCD 

8 . 2 3 9 (PPA) 

5 7 E * } P .TJ'tfE'?? 

1 "PA ) 

8.1<<3 
8.166 
8.140 
8.113 
8.087 
8.060 
8.03D 
8. 007 
7."81 
7.95D 
7.927 
7.901 
7.87D 
7. DD8 
7.821 
7.795 
7.768 
7. 74 2 
7.715 
7. 689 
7. 662 
7. 636 
7.609 
7. 583 
7.556 
7. 530 
7.503 
7 . D77 
7.450 
7.424 
7.397 
7.371 
7.3DD 
7. 318 
7.291 
„ „--

-~ 

STRAIN RATE 
(/PIN) 

9.60F"0D 
7.80F~0D 
6.60E"0D 
5.70F"0D 
D.8DF"0D 
D.1DF"0D 
3.D6F~0D 
2.93F"0D 
2.D3'='~0D 
2.0OF"OD 
1 ,6H '"M 
1.32F"0D 
1.06F~0D 
8.D0F"05 
F.6nF"05 
5.21F~05 
D.08F'05 
3.12F"0 5 
2.39F~05 
1.80F"05 
1 . SBF'O1; 
1.06F"05 
8. oor~06 
6.10F"06 
D.60F"06 
3.52F"06 
2. 655'"n6 
2.0DF~06 
1.5DF"06 
1.18F"06 
8.90"~07 
6.90T 07 
5.30F"07 
D.10F~07 
3.10F"07 
o DOF"07 
. fl(l?"07 

SHEAR STRESS 
(MPA) 

8.186 
8. 159 
8.132 
8. 106 
8.079 
8.053 
8.026 
8.000 
7.973 
7. 94 6 
7.920 
7.893 
7.867 
7.8D0 
7.814 
7.787 
7.760 
7.734 
7.707 
7.681 
7.654 
7.628 
7.601 
7.574 
7. 548 
7.521 
7.495 
7.468 
7.441 
7.415 
7. 388 
7. 362 
7.335 
7.309 
7.282 
7.255 
7 779 

STRAIN RATE 
(/MIN) 

1 .46E"03 
1.07T~03 
8.30E"04 
6.50E~0D 
5.?or~oD 
D.19F~0D 
3.D0F"0D 
2.71 <"~0D 
2.20F"0D 
1.77F"0D 
l.D0r"0D 
1.1?F~04 
8.70r"05 
6.°0F""05 
5.33F"05 
D.16F"05 
3.16P"05 
2.D6F"05 
1.87F"05 
l.D2F"05 
1.12F"05 
e.20F"06 
6.5 OF 0 6 
D.77F~06 
3.78F~06 
2.93F~06 
2.16F"06 
1.69F"06 
1.23F"06 
9.50F"07 
7.80F~07 
5.20f 07 
3.80F"07 
3.10F~07 
2.30F"07 
1.70F"07 
1 ufip'm 



A . 1 3 
TEST 7.7^:21.10 

TEST 

TEPPFPATURF, -
INITIAL STpaiN 
TOTAL STPAI'l 

300 (X) 
0.21 (PCT 
1.0 5 (PCT 

INITIAL PHEAR STRESS 8.327 (PPA 

S'iFf\Q STFFSS 

(.,,n,n 

8.261 
8.23D 

8.208 
8.181 
8. 154 

8. 128 
8.101 
9 . 074 

8.0DB 
8. 021 
7.99D 

7. 968 
7.9D1 
7. 91D 
7. 883 
7. 861 
7.83D 

7. 808 
7.7B1 

7.755 
7.728 
7. 701 
7.675 
7. 6D8 
7.621 
7. 595 
7.568 
7. 5D1 
7. 515 
7.DeS 
7.461 
7.D35 
7.D08 
7.3ei 
7.355 
7.328 

LI":71.12 

STRAIN RATE 
< /PTN) 

1.38F"03 
1.06F~03 
8.D0F~04 
6.80F"0D 
5.DOF'OD 
D.D2F"0D 
3.51F~04 
2.85F"0D 
2.30F"0D 
1.83F"0D 
l.D4F~04 
1.1DF"0D 
8.90F"05 
7.10r"05 
s.ss^'os 
4.21F"0 5 
3.26F~05 
2.53F 05 
1.97E~05 
1.55>7~05 
1.13F"05 
9.00F~06 
7.10F~06 
5.20E"06 
D.1DF"06 
3.27^"06 
2.61F"06 
1.OS^'OB 
1.34E"06 
1 .m*—06 
8.10F"07 
5.80F~07 
4.40F~07 
3.40F~07 
2.80E~07 
2.20E~07 

TEST LIF-.21.il 

TEPPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

300 (X) 
0 . 1 8 ( P C D 
1.2 8 ( P C D 

8 . 3 2 2 (PPA) 

SHEAR STRESS 
(PPA) 

8 .280 
8.253 
8.226 
8.200 
8.173 
8.1D6 
8.119 
8.093 
8.066 
8.039 
8.013 
7.986 
7. 959 
7. 932 
7.906 
7.879 
7. 852 
7. 826 
7 .799 
7.772 
7.7D5 
7.719 
7.692 
7. 665 
7.639 
7.612 
7.585 
7.559 
7.532 
7.505 
7.D78 
7.D52 
7.425 
7.398 
7.372 
7.345 

STRAIN PATE 
(/MIN) 

1.86F"03 
l.?9E"03 
9.60F~OD 
7.50F"04 
6.00F~0D 
4.7BF 04 
3.8DF"0D 
3.0UF"0D 
2 .DD^'O'I 
1.91F~04 
1.52F~04 
1.20F"0D 
9.30E"05 
7.30F"05 
5.60F 05 
D.D0F"05 
3.37F~05 
2.64F"05 
2.01F~05 
1.55F"05 
1.19F"05 
9.2OF~06 
7.10F~06 
5.D5E"06 
D.26F"06 
3.29F~06 
2.53E~06 
1.9DE"06 
1.50F"06 
1.1DF"06 
8.60E~07 
6.50F"07 
4.90F~07 
3.60F"07 
2.60F~07 
1.90E"07 

"T"PFPATUPE -
INITIAL STRAIN 
TOTAL .^TPAIV = 
irrriAL rarA" STRFSS 

300 (X) 
0 . 2 1 fPCD 
1 .53 (PCT) 

8 . 3 2 7 ( PPA) 

TEST LIF-.22.01 

1'.FAU STRESS 
1 "PA ) 

8 .273 
8. 2D7 
8.220 
8.193 
8. 166 
8.139 
8.113 
8.086 
8.059 
8. 032 
8.006 
7. 979 
7.952 
7. 925 
7.898 

7.872 
7.8D5 
7. 818 
7.791 
7. 765 
7.738 
7.711 
7. 684 

7.657 

7.631 
7.604 

7.577 
7.550 

7. 524 
7. 497 
7.470 

7. 443 
7.D17 

7.390 
7 . 363 
•* a | u 

STPAIN PATF 
(/PTN) 

1.87F"03 
1,19F"03 
8.8077'OM 
6.80F"0D 
5.D0r"0D 
D.27F"0D 
3.39r"0D 
2.7Dr"0U 
2.17F"0D 
1.72F"0D 
1.37F"04 
1.07F"04 
8.50F"05 
6.60F"05 
5.1DF"05 
4.00F"05 
3.09F"05 
2.35F"05 
1.81F"05 
1. i t" 05 
1.08F"O5 
8.20F~06 
6.30F~06 
4. 8377"06 
3.75F"06 
?.B1F~06 
2.16F*06 
1.66^-06 
1.29F"06 
1.00F"06 
7.80F~07 
5.90F"07 
4.50F"07 
3.40E"07 
7.70F"07 
> 3 0E"0 7 

TEPPERATURE = 
INITIAL STRAIN 
TOTAL STPAIN = 

281 (X) 
0 . 0 6 'PCT) 
0 . 0 6 ( P C D 

INITIAL SHEAR STRESS 8 . 5 6 4 IPPA) 

SHEAR STPESS 
(PPA) 

8.513 
8.463 
8.413 
8.363 
8.313 
8.263 
8.213 
8.163 
8.113 
8.063 
8.013 
7. 963 
7.912 
7.862 
7.812 
7.762 
7.712 
7.662 
7.612 
7.562 
7. 512 
7.462 
7.412 
7. 362 
7.312 
7.261 
7.211 
7.161 
7.111 
7.061 
7.011 
6.961 

STRAIN PATE 
(/PIN) 

1.41F"03 
1.10E"03 
B.70F"0D 
7.00F"04 
5.D0F"0D 
D .26E"0D 
3.32E"04 
2.57F"04 
1.99F"0D 
1,50F"04 
1.IDF'04 
8.6OF"05 
6.50F~05 
4.80F"05 
3.49F"05 
2.61F~05 
1.90F~05 
1.3HF"05 
9.70F"05 
7.20F~06 
5.50F"06 
D.10F"06 
2.90F 06 
2 . l i ^ ' O Z 
1.57F"06 
1.13F 06 
8.39F"07 
6.10E"07 
4.50F~07 
3.10?~O7 
2.20E"07 
1.60E"07 

http://LIF-.21.il


A . 1 4 

?*•<!* r 7 r . 2 3 . 0 1 TEST LIF-.23. 02 

. « -

" " " ' ^ H U f -

T"""IAL S"mr 
"OTAL STRAIN 
TIIT^AL SBFAP STP1 

SH^AP STPFSS 
( VPA 1 

8 .DOB 
8 . 3 5 6 
8 3 0 3 
8 . 2 5 1 
8 . 1 9 9 
8 . 1 4 7 
8 0 9 5 
8 . 0 4 2 
7 . 9 9 0 
7 . Q 3 8 
7 9 8 * 
7 . 8 3 3 
7 . 7 8 1 
7 . 7 2 9 
7 F 7 7 
7 . 6 2 4 
7 . 5 7 2 
7 . 5 2 0 
7 . D K 8 
7 . 4 1 6 
7 . 3 6 3 
7 . 3 1 1 
7 . 2 5 9 
7 . 2 0 7 
7 . ! 54 
7 . 1 0 2 
7 . 0 5 0 
f . 9 9 8 
6 . 9 4 6 
6 . 8 9 3 
6 . 8 4 1 

Lrp-23.03 

2 8 1 
0 . 0 8 
0 . 0 8 

="?<? 8 . 4 5 0 

(X) 
(PCT) 
(PCT) 
(PPA ) 

STRAIN RATE 
</PIN) 

1 . 1 0 F ~ 0 3 
8 . 6 0 F " 0 4 
6 . 7 0 F ~ 0 D 
5 . 2 0 F " 0 4 
4 . 1 3 r ~ 0 4 
3 . 2 3 r _ 0 4 
2 . 5 D r ~ 0 D 
1 . ° 8 F ~ 0 D 
1 . 5 3 r " 0 4 
1 . 1 8 ' " 04 
9.nov~QS 
6 . 9 0 F ~ 0 5 
5 . 2 0 P " 0 5 
3 . 9 0 r " 0 5 
2 . * s r ~ Q 5 
2 . 2 1 F ~ 0 5 
1 6 6 r ~ 0 5 
1 . 2 3 F " 0 5 
8 . Q O p 06 
6 . 3 0 " - ~ 0 6 
4 . 4 7 1 r ~ 0 f i 
3 . 1 7 F ~ 0 6 
2 s i ^ ' o e 
1 . 6 7 F " 0 6 
1 . 2 3 F " 0 6 
8 . 8 0 F " 0 7 
6 , 4 0 F " 0 7 
D. 5 0 ' " " 0 7 
3 . 0 0 E " 0 7 
2 . 0 0 E " 0 7 
1 . 3 0 F " 0 7 

TEMPERATURE -
INITIAL STRAIN 
TOTAL STRAIN -

2 8 1 (X) 
0 . 0 0 ( P C D 
0 . 1 7 ( P C D 

INITIAL SHEAR STRESS 8 . 3 89 (PPA) 

TEST LIF; 

SHEAR STRESS 

: 2 3 

(PPA) 

8 . 3 6 3 
8 . 3 1 1 
8 . 2 5 9 
8 . 2 0 6 
8 . 15D 
8 . 1 0 2 
8 . 0 5 0 
7 . 9 9 7 
7 . 9D5 
7 . 8 9 3 
7 . 8D0 
7 . 7 8 8 
7 . 7 3 6 
7 . 6 8 D 
7 . 6 3 1 
7 . 5 7 9 
7 . 5 2 7 
7 . 4 7 5 
7 . D22 
7 . 3 7 0 
7 . 3 1 8 
7 . 2 6 5 
7 . 2 1 3 
7 . 1 6 1 
7 . 1 0 9 
7 . 0 5 6 
7 . 0 0 D 
6 . 9 5 2 
6 . 9 0 0 
6 . 8 4 7 

. 0 4 

STRAIN PATF 
(/PIN) 

7 . 9 0 F ~ 0 D 
6 . 6 0 r " 0 4 
5 . 3 0 F ~ 0 D 
4 . 2 0 F " 0 D 
3 . 3 6 F ~ 0 D 
2 . 7 0 F " 0 D 
2 . 1 D F " 0 U 
1 . 7 0 F " 0 4 
1 . 3 D F " 0 D 
1 . 0 5 F " 0 D 
8 . 1 0 F ~ 0 5 
6 . 1 0 F " 0 5 
D . 5 7 F " 0 5 
3 . D 1 F " 0 5 
2 . D 6 F ~ 0 S 
1 . 7 7 F " 0 5 
1 . 2 6 F 05 
8 . 9 0 E " 0 6 
6 . D 0 F 06 
D . 5 0 F " 0 6 
3 . 2 0 F ~ 0 6 
2 . 2 0 F " 0 6 
1 . 5 0 E " 0 6 
1 . 0 3 r " 0 6 
7 . 0 0 F " 0 7 
D . 8 0 F ~ 0 7 
3 . 3 0 F " 0 7 
2 . 2 0 F " 0 7 
1 . 6 0 E " 0 7 
1 . 1 0 F " 0 7 

T—-TT>ATVPE -

T;I^IAL ST"AIN 
- C " " £ c ~ p . T V -
IVITIAL S^AP STRESS 

281 (X) 
0 . 1 0 (PCT) 
0.3D ( P C D 

8 . 4 7 2 (PPA) 

TFMPPRATURE -
INITIAL STPAIN 
TOTAL STRAIN -

281 (X) 
0.2 0 (PCD 
0.6 3 fPCD 

INITIAL SHEAR STRESS 8.543 (PPA) 

q<!t-A" c ' f f f " ? ' ' 
(PPA ) 

8 . D 3 0 
8 . ' 7 7 
8 . 3 2 5 
8 . 2 7 3 
8 . 2 2 0 
8 . 1 6 8 
8 . 1 1 6 
8 . 0 6 3 
8 . 0 1 1 
7 . ° S 8 
7 " 0 6 
7 . 3 5 4 
7 . 9 " 1 
7 . 7 4 0 
7 . 6 9 7 
7 . 6 4 4 

7 . 5 9 2 
7 . 5D0 
7 . 4 8 7 
7 . 4 3 5 
7 . 3 8 3 
7 . 3 3 0 
7 . 2 7 8 
7 . 2 2 5 
7 . 1 7 3 
7 . 1 2 1 
7 . 0 6 8 
7 . 0 1 6 
6 . 9 6 4 
6 . 9 1 1 
6 . 8 5 9 

"TPAIN PATE 
(/PIN) 

1 . 8 9 F " 0 3 
1 . D 7 " ~ 0 3 
1 , 1 2 F " 0 3 
8 . 9 0 F " 0 4 
7 . 0 0 r " 0 D 
5 . 6 0 F ~ 0 4 
4 . 4 i r " 0 4 
3 . 4 4 r " D l | 
2 . 6 8 r ~ 0 D 
2 . 0 5 F " 0 4 
1 . 5 6 F " 0 D 
1 . 1 ? F " 0 4 
B . 1 0 F " 0 5 
5 . 8 0 F " 0 5 
D . l l r " 0 5 
2 . 9 2 F ~ 0 5 
2 . o g ^ ' o s 
1 , D 8 F " 0 5 
1 . 0 6 F " 0 5 
7 . 6 0 r ~ 0 6 
5 5 0 F " 9 6 
3 86F~<"6 
?.70r"06 
1 . a e ^ ' o b 
1 . 3 1 r " n r 
9 . 4 0 F " 0 7 
6 . 3 0 P " 0 7 
D . 2 0 F " 0 7 
3 . 0 0 F " 0 7 
2 . 1 0 F " 0 7 
1 . 5 0 F " 0 7 

SHEAR STPFSS 
(MPA) 

8 . 5 0 7 
8 . D5D 
8 . 4 0 2 
8 . 3 4 9 
8 . 2 9 7 
8 . 2 4 4 
8 . 1 9 1 
8 . 1 3 9 
8 . 0 8 6 
8 . 0 3 4 
7 . 9 8 1 
7 . 9 2 9 
7 . 8 7 6 
7 . 8 2 D 
7 . 7 7 1 
7 . 7 1 9 
7 . 6 6 6 
7 . 6 1 D 
7 . 5 6 1 
7 . 5 0 9 
7 . D 5 6 
7 . D 0 4 
7 . 3 5 1 
7 . 2 9 9 
7 . 2 4 6 
7 . 1 9 4 
7 . 1 4 1 
7 . 0 8 9 
7 . 0 3 6 
6 . 9 8 4 
6 . 9 3 1 
6 . 8 7 9 
6 . 8 2 6 

STPAIN RATE 
(/PIN) 

1 . 8 3 F " 0 3 
1 . 3 8 r " 0 1 
1 . 0 5 E " 0 3 
B . O O T ' O D 
6 . 3 0 F " 0 4 
4 . 9 4 T " 0 D 
3 . 8 2 F " 0 4 
2 . 9 6 F " 0 4 
2 . 2 7 F " 0 D 
1 . 7 3 F " 0 4 
1 . 3 2 T ~ 0 4 
1 . 0 0 F " 0 4 
7 . 5 O F " 0 5 
5 . 6 0 E " 0 5 
D . 1 2 T " 0 5 
3 . 0 5 F " 0 5 
2 . 2 5 E " 0 5 
1 . 6 5 F " 0 5 
1 . 2 O F " 0 5 
9 . 7 O F " 0 6 
8 . 2 0 F " 0 6 
D . 7 D r " 0 6 
D . 3 9 F ~ 0 6 
3 . 7 1 F " 0 6 
2 . 9 S F ~ 0 6 
1 . 6 3 F " 0 6 
1 . 3 0 F * 0 6 
8 . 5 0 T 07 
6 . O 0 F " 0 7 
D . 1 0 F " 0 7 
2 . 9 0 F " 0 7 
2 . 1 0 E " 0 7 
1 . 4 0 F " 0 7 



TEST £ 7 F : 2 D . 0 2 

"•rvwpATUPF = 256 (X) 
T7T~TAtj 1T"AIN - o.OO ( P C D 
"-0-AL "T"ir<j = „ - 0 1 | (pCT) 

I'HTIAL STI£AQ <?j./>r<-<j = i o . l 8 1 ("PA) 

TFPPERATURE -
INITIAL STRAIN 
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

258 (X) 
0 . 2 1 ( P C D 
0 . 3 5 (PrT) 

9.3D7 (W/ l ) 

A . 1 5 

S^r^p f ^ p r ^ 

(""O 

10.111 

10.062 
10."13 
9.063 

9. °13 
9. 8f 3 
Q. BID 
9.764 

9.715 
9. ff 5 
9 * 1 6 

9. 566 
9.517 
Q . 4 fi** 

9.417 

9. 368 
9. 318 
9.26» 
9. 219 

9 . 1 •> 0 

9. 12" 
a. 070 

9. 021 

8. °71 
8. 922 

fi . 9 - 2 

e . 823 
B.7- 3 

8 .''23 
8.R7U 

8.624 

8.575 
e.525 
8.475 
8.426 
8. 377 
8.327 

8.277 

8.228 

8.178 

8.129 

8. "79 

8.030 

7.°80 

STRAIN "ATE 
f/PTR) 

9.50E"04 

1.00F*03 
°.°0F~0D 
9.60F~04 

9.10F"0D 
8. 60l""04 
8.00P"04 
7.40F"0D 
6.80r~04 

b.10 n"0D 
5.50 r~04 
5 . O C ' O D 
D.3° r"04 
3.89F~04 
3. 38''"04 

2.92F"0D 
2 . 49r,"04 
2.12F _0D 

1.7° r"04 
1.51"~0D 
1 .27c" 0D 
1.06F~04 

B.70P~05 

7.00F"05 
5.60F"05 
D . DO r~0 5 

3 . D7C'~05 
2.72F"05 
2.10" OS 

l.63"~os 
1 28 r"05 

1.00F"05 

7.70E~06 
5.S0 r"06 
4.30F"05 

3.17F"06 

2.31E"06 

1.69F"06 

1.22c-~06 

s^o^'o? 
6.20F"07 

4.50 r~O7 

3.30P"07 

2.40F"07 

SHFAR STPFSS 
(PPA ) 

9.297 

9.248 
9.198 
9.148 
9.099 
9.0D9 

8. 999 
8. 949 
8.900 
8. 850 
8.800 

8.751 
8. 701 

B. 651 
B.601 

8.552 
8. 502 
8 . 4 5 2 

8.402 
8. 353 

8.303 
8.253 
8. 204 
8.154 

8. 104 
8.054 

8.005 

7.955 
7. 905 
7. B56 

7.806 

7.756 
7.706 
7. 657 
7. 607 

7.557 

STRAIN PATF 
1/MIN) 

1.68E"03 

1.40F"03 

1.15F"03 
9.40F~0D 
7.70e-~0D 
6.D0r"0D 

5.20F"0D 
4.29F~0D 
3.56F~04 
2.90F"0D 
2. 3D/"~04 
1.89F~04 
1.51F"04 
1.18F~0D 

9.20F~05 

7.20F"05 
5.60F"05 
D.25F~05 
3.25F"05 
2.D5F"05 
1.87F"05 
1.41F 05 
1.07r"05 
8.00F"06 

6.00F~06 
D.44r""06 
3.20E"06 
2.30F"06 
1.60F~0R 
1.11E"06 
7.70I-~07 

5.50F"07 
3.80F"07 

2.60F~07 
1.80F"07 
1.30E"07 

TEST £ 7 ^ : 2 4 . 0 3 TEST £ 7 F : 2 4 . 0 4 

"•EPFEPATHPE = 
IHTTIAL STPAIN -
TOTAI "TVATN = 
Ihl^IAL '•PFAP STRFSS 

2 5 8 (X) 

0 . 0 0 ' P C D 
0.D5 ( P C D 

9 . 1 8 2 (PPA) 

TFPPFRATIIPF = 
INITIAL STRAIN 
TOTAL STPAIN = 

258 (X) 
0 . 1 7 ( P C D 
0 . 7 0 ( P C D 

INITIAL SHFAR STRESS 9 .0D5 '"PA) 

SRFA" STRFSS 
( PPA ) 

9.157 

9.108 
9.058 
9. 008 

8.958 
P. 909 
8.859 
8. 809 
8.759 

8.709 

8 . 660 
8 . •' 10 

8.560 

8.510 
8.D61 

8.411 

8. 361 

8.311 

8. 262 

8. 212 
8.162 

8.112 

8. 062 

8.013 
7. 963 

7.913 

7.863 
7. 81D 

7.76D 
7.71D 

STPAIN RATE 
1 /"IN) 

1.13F"03 

1.03F"03 
8.30?"0D 
6.80F"04 
5.60r"0D 

4.57F"0D 
3.75F~04 
3. 05/"~0D 

2.D8F 04 

1.98F"0D 
1.57E"0D 

1.23F"0D 

9.70r"05 
7.50F"05 

5.80T"05 
D.4 4F 0 5 

3.35F"05 
2.53F"05 

1.87F~05 

1.39E"05 
1.02F"05 
7. 50Z7"06 

5.50F"06 
D.05F 06 
2.8°F~06 
2.06E"06 

1.46F~0R 

1.OD^'oe 

7.DO£"07 

5.20E~07 

F"07 

SHEAR STRESS 
(PPA ) 

9.031 

8.981 
8.931 
8.881 
8.831 
8.781 
8.731 
8.681 
8.631 
8. 581 

8. 532 

8.482 

8.432 

8.382 
8. 332 

8. 282 
8. 232 

8.182 

8.132 
8. 083 

8.033 
7. 983 

7. 933 

7. 883 
7. 633 

7. 783 

7.733 
7. 683 

7.63D 

7. 50D 

7. 53D 

STRAIN PATE 
(/PIN) 

1.60E"03 

l.D0F""03 
1.10E~03 
8.90E~04 
7.20F"0D 

5.70r"04 
4.54F"0D 
3.57F"0D 
2.79F"04 
2.17T~0D 

1.69F"0D 
1.30F"04 

1.00F"04 

7.60r"05 

5.80 r"05 
1.34F"05 
3.23F"05 

2.D2F"05 
1.7er"05 

1.33F"05 
9.70F~06 
7.00r"06 

5.00"""06 

3.57F"06 
2.53F"06 

1. 79F"06 
1.27F OR 

B.80T"07 
6.10£"07 

D. 30F"07 

3.10F~07 



£ 7 t " : 2 D . 0 5 

TEVPFPATUPE = 25 8 (K) 
I'l'TIA'. ST"AIN 0 . 1 6 (PCT) 
TOTAL STPATN 0 . 9 2 (PCD 
INI-IAI S'^AR STRESS = 9 . 0 2 5 ("PA) 

TEST £ 7 F : 2 D . 0 6 

TEPPERATURE 
INITIAL STRAIN -
TOTAL STRAIN 
INITIAL SHEAR STRESS 

A . 1 6 
2 5 8 (X) 

0 . 1 1 ( P C D 
1.12 ( P C D 

9 . 1 1 8 (PPA) 

SHPAP STPESS 
( "PA ) 

9. 000 
8.950 
8. 900 
B.850 
8. 800 
9.75" 

8. 700 
8.650 

8. 600 
8. 550 
8. 500 
8.4^0 
8 . DO0 
8 .350 
8. 300 

8 . 25" 
8. 200 
8.150 
8. 100 
8.050 
8. 000 
7 .950 
7. 900 
7.850 
7. 8 0') 
7. 750 
7. 700 
7.650 

7. 600 
7. 550 
7. 500 
7. D50 

TEST LT":25.01 

STRAIN RATE 
1/PIN) 

1.62E~03 
1.36E"03 
1.10F"03 
8.60F"04 
6.9OF~0D 
5.DOF"OD 
1.3"F~04 
3.35F"OD 
2.60E"04 
2.03F"OD 
1.56F"04 

1.18 r"04 

8. gc^os 
6.70r~05 
5.11'"05 
3.8" F~05 
2.84F"05 
2.16f"05 
1.R0F"05 
1.17E"05 
8.5or"06 
6.10F"06 
4.43'' 06 
3.13 r~06 
2.21F"06 
1.57F"06 
1.08T"06 
7. f)'"07 
5.20F"07 
3.70F"07 
2.60F"07 
1.70F"07 

• " " ? » t W » 7 258 (X) 
IVITIAL ST"AIN 0 . 0 7 (PCT) 
TO-ai r?PAI" = 0 . 0 7 (PCD 
INITIAL STAR STRESS = 1 1 . 1 3 3 (PPA) 

SHEAR STRESS 
(PPA) 

9.068 
9.018 
8 .968 
8. 918 
8. 868 
8.818 
8.768 
8.717 
8.667 
8.617 
8. 567 
8. 517 
8.467 
B.417 
8. 367 
8.317 
8.267 
8. 216 
8.166 
8.116 
8. 066 
8.016 
7. 966 
7.916 
7.866 
7. 816 
7.766 
7.715 
7. 665 
7.615 
7. 565 
7. 515 

7.465 
7.415 

TEST £7F:25.02 

STRAIN RATE 
(/PIN) 

2.91E"03 
2.D1E"03 
1.9 2F"0 3 
1.50E"03 
1.20E"03 
9.D0F~04 
7.40F"0D 
5.80F"04 
4.4 5F"04 
3.D2F"04 
2.6DF"04 
2.01F"04 
1.53E"04 
1.14F"0D 
8.60F"05 
6.D0F~05 
4.70F~05 
3.48F~05 
2.55F~0S 
1.87F"05 
1.36F"05 
9.80E"06 
7.10F~96 
5.10F"06 
3.66F~06 
2.56F 06 
1.83F"0R 
1.28F"or> 
9.00F"07 

6.30F~07 
4.60F"07 
3.20E"07 
2.30F"07 

1.60E"07 

TEPPERATURE 
INITIAL STRAIN 
TOTAL STRAIN 
INITIAL SHEAR STRESS 

S°EAP "TPFPS 
1 "PA ) 

11.101 
11.055 
11.010 
10.964 
10.918 

1".P72 
10.826 
1".780 
10.734 
10.688 
1 0 . ' 4 3 
10.507 
10.551 
10.505 
10.459 
10.413 
10.357 

10.321 
10.276 
10.230 
10.184 

10.138 
10.092 
10.046 
10.000 
9. 954 

9 . 909 
9.863 
9. B17 
9.771 

9.725 
9. 679 

9.633 

9.588 

9.542 
9.496 

9.450 
9.404 

9. 358 

STPATN PATE 
(/PIN) 

9.80E"04 
7.30F"04 
5.90F"04 
4.60F"04 
3.71 p"04 

3. ouy'au 
2.60F~OD 
2.2R r"0D 

2.01F"04 
1 . c n ^ ' o t 
1.61P"04 
1.44F~04 
1 . 28'"~04 
l.llF'04 

9. 50 p"05 
8 . D 0." " 0 5 
7. 1 0 '""05 
6.OO r"05 
5.10F"05 

D.16 r"05 
3. 39 •'""OS 

2.7OF"05 
2.15F"05 

1.6 3F"0 5 
1.26F 05 
9.F0F"06 
7.30F"06 
5.RO^'OR 
D.16F"06 
3.13E"06 

2.34F 06 

1.75F"06 
1.30?"06 

9.70 r"07 
7.20 r"07 
5.D0F"07 

3.90F*07 
3.00F~O7 

2.30E~07 

0F"07 

258 (X) 
0 . 2 0 ( P C D 
0 . 3 8 ( P C D 

= 10 . 1 3 7 (MPA ) 

SHEAR STRESS 
(PPA) 

10.123 
10.077 

10.031 
9. 985 
9. 939 
9. 893 
9. 8D7 
9. 801 
9.755 
9.709 
9.663 
9.617 
9.571 

9. 525 
9 . D 7 9 
9.D33 
9. 387 
9. 3D1 
9.295 
9.2D9 
9.203 
9.157 

9.111 
9.065 
9.019 
8. 973 
8.927 

8.881 
8.835 
8.7B9 

8.743 

STRAIN RATE 
(/PIN) 

1.79F"03 
1.91E"03 
1.52F"03 
1.20F"03 
9.50F"04 
7.D0F"04 
5.90F"0D 
4.63E"nD 
3.6or"0D 
2.79F~04 
2.12F~04 
1.60r"04 
1.19F"0D 

8.80F"05 
6.D0F"05 
4.5BF 05 

3.30F"05 
2.30F"05 
1.59E"05 
1.08F"05 
7.30E"06 
4.92F~06 
3.29F"06 
2.18E"OR 
1.43F"06 
9.5OF"07 

6.10F"07 
4.20F"07 
2.80E"07 
1.90F"O7 

1.30F"07 



A 
TEST £ 7 « " : 2 5 . 0 3 TEST LIF:26.01 

TE'-'-EPATUPE - 258 (X) 
INITIAL STRAIN o.OO ( P C D 
T"TAL STPAIN - o.D6 ( P C D 
INITIAL SHFAR STPESS = 1 0 . 1 5 4 (PPA) 

TEPPERATURE -
INITIAL STRAIN 
TOTAL STPAIN = 
INITIAL SHEAR STRESS 

319 (K) 
0 . 1 4 (PCT) 
0 . 1 4 ( P C D 

9 . 0 8 2 (PPA) 

STFAR STPESS 
( "PA ) 

10.131 
10.1"8 

10.085 
10.062 
10.C39 
10.016 
9. 9<>3 
9. 970 
9. 947 
9. 924 

9. 901 

9. 878 
9. 855 
9. 909 
9 .763 
9.717 
9.671 

9.625 
9. 579 

9. 533 
9.497 
9.441 

9.395 

9.340 
9. 303 
9.256 
9.210 
9. 164 
9.118 
9.072 
9.026 
8. 9E0 
9.0TU 
8. B98 

B . 842 
8. 7"6 

8.750 
8.704 

8.658 

STPAIN PATE 
(/PIN) 

5.10E"04 
7.10F~0D 
8.2 OF"0 4 
8.70 r-04 
8.80F"04 
8.80F~04 
8.70F"04 
8.50F~OD 

B . ?n"""OD 
7.90F~0D 
7 . 50c,_04 
7.10F~04 
6.80F"04 
6.00E"04 

5.10F~0D 
4.41F"0D 
3.6C£"0D 

3.01F"04 
2.41F"04 
1.92F~04 
1.51F"04 

1.1<5F"0 4 

8.80F"05 

6.3CF~05 
4.43"" 05 

3.07F"05 
2.11«,"05 
1.4DF"95 

9 . oo.""06 
6.60F"06 

4, 47'""06 

2. 92'"~06 
1.8RF"05 

1.23E"06 
8.30F"07 
5 . tn^'m 
3.70F~07 
2.D0F~07 
1.60F"07 

',AP STRESS 
(PPA) 

9.065 
9.020 
8. 975 
8. 931 
8. 886 
8. 841 
8.797 
8. 752 
8. 707 
8.663 
8.616 
8.573 
8. 529 
8.484 
8.439 
8.395 
8. 350 
8. 306 
8. 261 
8.216 
8.172 
8.127 
8.082 
8.038 
7. 993 
7.948 
7. 904 
7. 859 
7. 81D 

STRAIN RATE 
(/PIN) 

2.33E"03 
2.1DE"03 
1.72E"03 
1.D1E"03 
1.11F"03 
8.90F"0D 
7.OOF'04 
5.50F"04 
4.27F 04 
3.24F"04 
2.45F"0D 
1.83F"04 
1.33F 04 
9.30F~05 
6.40£~05 
4.27E"05 
2.81E~05 
1.81F~05 
1.14F 05 
7.70F"06 
D.67F~06 
2.80F"05 
1.64F"06 
9.50E"07 
5.60F"07 
3.60F"07 
2.D0F"07 
1.60F"07 
1.10E"07 

TEST £ 7 F : 2 6 . 0 2 TEST £ 7 F : 2 6 . 0 3 

I'HTIAL STRAIN 
T"?AL STRAIN = 
INITIAL SPEAP STPESS 

319 (X) 
0 . 0 0 ( P C D 
0 . 2 2 ( P C D 

9 . 1 6 1 ("PA) 

TEPPERATURE -
INITIAL STRAIN 
TOTAL STRAIN = 

319 (X) 
0 . 1 9 ( P C D 
0 . 5 0 ( P C D 

INITIAL SHEAR STRESS 8 .52D (PPA) 

F1EAP srpFSS 
( "PA ) 

9.117 
9. 072 
9.027 
e.992 
8. 938 
8.893 
8. 848 
8. BOD 
8. 759 
8. 714 
8. 670 
8. 525 
8.580 
8.536 
8.491 
8.446 
8.402 
8. 357 
8.312 
8. 267 
8.223 
8.178 
8.133 
8. 089 
8. 044 
7. 999 
7.065 
7.910 
7.865 

- - - -

STRAIN PATE 
( /A"en 

1.83E"03 

2.12F"03 
2.21F"03 
2.18F"03 

2.09 r"03 
1.96F"03 
1.8 0F"0 3 
1.62F"03 

l.D3F"03 
1.25F"03 
1.06F~03 
8.90F"0D 
7.20F"0D 

5. 7 OF"0 4 
D . SB^'OD 

3.3OF"04 
2.D1F"04 

1.73 r"04 

1.23F"04 

8.50F"05 
5.70F"05 

3. 75c'"05 

2. 50F"05 

1.54F~0S 

9.30F~06 
5.40F"06 
3.05F"06 

1.73F"06 

9.70F"07 

S ;0F"07 

SHEAR STRESS 
(PPA ) 

8.515 
8.470 
8.D25 
8.380 
8.335 
8.291 
8.2D6 
8. 201 
8.156 
8.111 
8. 066 
8. 022 
7.977 
7. 932 
7. 887 
7. BD2 
7.798 
7.753 
7. 708 
7.663 
7.618 
7.57D 
7.529 
7.484 
7.439 

STRAIN PATE 
(/PIN) 

2.06F"03 
1.93F"03 
1.36F~03 
1.03E"03 
7.90F"04 
5.90F"O4 
4.47'""04 
3.33F"04 
2.D0F"04 
1.74F"04 
1.23F"04 
8.50F"05 
5.50F"05 
3.57P"05 
2.30F~05 
l.D5F"05 
8.70r"06 
5.1 OF 0 6 
2.90F~06 
l^e^'os 
9.3OF"07 
5.D0F"07 
3.10F"07 
1.80E"07 
1.10F"07 



A.18 

TEST £ . T r - 2 6 . 0 D 
TEST LIF:26.0 5 

TO"rE"ATUPE = 
INITIAL STRAIN 
- " ~ 4 r C*!? ]Ty _ 

I"ITTAL SVFAP STRESS 

319 (JO 
0 . 0 0 (PCT) 
0 . 5 6 fPCD 

8 . 5 2 9 (PPA) 

TEPPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

319 'AT) 
0 . 1 9 (PCD 
0 . 8 2 (PCT) 

8 . 3 5 3 (PPA) 

"VF/1F 5r"F^S 

(PPA) 

8. 520 
B. 475 
8.D30 
8. 385 
8. 34" 

8. 296 
e. 251 
8. 2"6 
8.161 
8. 116 
8. 071 

8."26 
7. 992 
7. "37 
7. BO" 
7. 8U7 

7. 8"2 
7. 757 
7. 713 
7. c 68 

7. F23 
7. 578 

7.533 

7.488 
7.444 

STRAIN RATE 
(/"IN) 

2.85F"04 
2.86F"04 
2.89F"04 
2.74F"04 

2.51*""CD 
2.25F"04 
1. 97c"~04 
1.65F"04 
1.37F""D 
1.12 r"04 
0 . 10 p~05 

6.7"r"05 
4.90 r""5 
s.ss'-'os 
2 . 48r'"05 

1.'8r"l5 
1.06F"05 
6. eo^'oe 
4.04F"06 

2.D2F"06 
1.39 r"06 
7.90F"07 
4.6"F"07 
2.8 0F"0 7 

1.70E"07 

SHEAP STRESS 
(PPA) 

8. 317 
8. 272 
8.227 
8. 182 
8. 137 
B.092 
8. 047 
8. 002 
7. 957 
7. 912 
7. 867 
7. 822 
7.777 
7. 733 
7.688 
7. 6D3 
7. 598 
7. 553 
7.508 
7.D63 
7.418 
7.373 
7.328 
7. 283 

STRAIN PATE 
'/PIN) 

2.0 5F"0 3 
1.52F"03 
1.17F"03 
8.90F""4 
6.70F"04 
5.00F"04 
3.85F"04 
2.79F"04 
1.99F~04 
1.41F"04 
1.00F"04 
6.60F"05 
4.38r"05 
2.89F"05 
l^l^'OS 
1 .19F"0 5 
7.20E"06 
4.20F"06 
2.30F"06 
1.30F"06 
7.20F"07 
4.30F"07 
2.50F"07 
1.50E"07 

LI":26.06 TEST LIF:26.07 

TC""EPATVF -
I-.ITIAI "TRAIN 
"OTAL STPAIN -
INITIAL ""ZAP STRESS 

305 (JO 
0 . 1 2 (P CD 
1 . 0 0 ( P C D 

7 . 6 0 0 (PPA) 

TEPPERATURE = 
INITIAL STPAIN 
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

294 (X) 
0 . 1 7 (PCD 
1 .2 3 ' P C D 

7 . 9 1 3 (PPA) 

SSEA" STPFSS 
( '">A ) 

7.559 
7. 51D 
7.4F9 
7.424 

7. 379 
7. 334 

7. 289 
7. 24D 

7.199 
7. 154 

7.109 
7. 064 

7.019 
6 . 97D 

f . 923 
6. 883 
6.838 
6.793 
5. 7D8 
6. 703 
6.658 
6. 613 

6. 568 
6. 523 

6.478 
6.433 

STRAIN RATE 
(/PIN) 

1.68F"03 
1.24F"03 
9.10F"0D 
6.eo^'OD 
D.85F""4 
3. R8''"04 

2.67F"0D 
1.9RF"0D 

1 . D4'""0D 
1.03F"0D 

7. 30F*O5 
5.10F*05 
3.52 r~05 
2.41F"05 
1.67F"05 
1.15F'05 
8.00F"06 
5.DrF~06 
3.70 r"06 

2.45F"06 
l.ss"~on 
1.03""06 
6.40r"07 
4.OO^'O? 
2.50F"07 

i. sn^'m 

SHEAR STPESS 
(PPA) 

7. 877 
7.832 
7. 787 
7. 741 
7.696 
7.651 
7. 606 
7. 561 
7. 516 
7.471 
7.425 
7. 380 
7.335 
7. 290 
7. 245 
7.200 
7.155 
7. 109 
7. 064 
7. 019 
6. 974 
6. 929 
6.884 
6.839 
6.793 
6. 748 
6.703 

STRAIN RATE 
( /PTN) 

1 . 5R P"03 
1. 15E"03 
8.60F"04 
6.30F"04 
4.65F"04 
3.40F"04 
2.49T"0D 
1.80F"04 
1 . 3"''"04 

9. 20F"05 
6.60F"05 
4.60F"05 
3.33F"05 
2.33F"05 
1.62E"05 

1.13F"05 
7.90F'06 
5.40F"06 

3.76F"06 
2.56F"06 

1.75 r"06 
1.1BF"06 

8.oo p"o7 
5.30F"07 
3.50T"07 

2.10 r 07 
1.40F"07 



A . 1 9 

TEST LIF-.2S.0B TEST LIF:26.09 

TE"PEPATURE = 
INITIAL STRAIN 
~nTAL STRAIN = 
INITIAL SHEAP STPESS 

2 8 2 (X) 

0 . 2 0 ( P C D 
1 .49 ( P C D 

8 . 1 4 1 (PPA ) 

TEMPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

2 7 4 (X) 

0 . 2 0 ( P C D 
1.75 ( P C D 

8 .376 (PPA) 

S"FAP STP"s<j 
• C 

8. 

e. 
8, 
7. 

7, 
7. 

7. 

7. 
7, 

7, 
7. 

7. 
7. 

7. 
7 , 

7. 
7, 

7, 
7. 

7. 
7, 

7. 
7 , 

7. 

7. 

6. 

6, 

'•\n 
, 110 
, 064 
, 019 
. 974 

.929 
, 883 

, 838 
. 793 
, 748 

, 702 
, 657 

. 612 
, 567 

521 
, D7P 

, D31 
, 386 
, 340 

, 295 

, 250 

.205 

, 159 
. 114 

, 069 
, 024 

, 979 

, 933 

STPATN PA TE 
(/PIN) 

1.81E"03 
1.23F"03 
9.00F~04 
6.60E"04 

4.93F~04 
3. 59'"-04 

2.66F"04 

1. 92.""0D 
1.3BF"0D 

9.8 0F"0 5 
6.90 p _O5 
D . 90c""05 

3.35E"05 

2.32F"05 
1.62F"05 

1.15F"05 
8.10F"06 
5.70 p"06 

3.85F"06 
2.63F"06 

1.79 p"08 

1.21F"06 
a.inp-07 
5.30F"07 
3. 6 0 p 07 
7.30 p"O7 

1.50F"07 

MP STRESS 
(PPA) 

8. 335 
8.289 
8. 244 
8.199 
8.153 
8. 108 

8.052 
8. 017 
7. 972 
7. 926 
7. 881 

7.836 
7. 790 

7.745 
7. 700 
7.654 

7. 609 

7. 563 
7. 51B 
7. D73 
7.427 

7.382 
7.337 
7.291 

7.246 

7.200 
7.155 

STRAIN RATE 
</PIN) 

1.62F"03 
1.20F"03 
8.80F"04 
6.40F"0D 

D.74F"0D 
3.D8F"0D 
2.56F~04 

1.83F~0D 
1.31E"04 

9.40F"05 
6.70F~05 
D.70F~05 
3.21F~05 

2.21F~05 
1.5 3F"0 5 

1.05F~05 
7.207?~06 
5.20F"06 

3.50F"0C 
2.D0F"06 

1.50F"06 
9.80F"07 
6.70F"07 
4.40F"07 
2.90F"07 
2.20F"07 
1.70F"07 

TEST LIF-.33. 02 

TC'"^P"ATUPE = 
I"TTrAL STRAIN 
TC7-L STPA17 
INITIAL S"EAR STRESS 

305 (X) 
0 . 1 3 ( P C D 
0 . 1 3 ( P C D 

7 . 8 97 (PPA) 

TEPPERATURE = 
INITIAL STRAIN 
TOTAL STRAIN 

305 (X) 
0 . 0 0 ( P C D 
0.2D ( P C D 

INITIAL SHEAR STPESS 7 . 8 9 7 (PPA) 

r"M 
f 

7 
7 

7 

7 

7 

7 

7. 
7 

7. 

7, 
7, 

7, 
7. 

7, 
7, 

7, 

7, 

6, 
6. 

6 , 

6. 

6. 
6. 
P , 

6. 

p "fpp^f; 

'"•4 1 

.799 

. 750 

.701 

.f 52 

.603 

.554 

.505 

. 456 

.407 

. 357 

, 308 

, 259 
, 210 
.161 

,112 

, 063 
, 014 

, 965 

, 916 
,867 

, 818 
7R9 
720 

671 

622 

STPATN RATE 
I /"TN) 

2.24F"03 
2.09""03 

1.73 p"03 
1.38F"03 

1.0D P~03 
8.00F"04 
5.70F"04 

u.1S P~0D 
2.98F"04 

2.15F"0D 
1.52F"0D 

1.05 r OD 

7.30 p"O5 
4.80F"05 

3.O8 p"05 
1.8R P"05 

1.08 p"05 
6. 8T""06 
4.07F"06 

2.56F"06 

1.51F"06 
8.DOF"07 
4.60F"07 

2.80F"07 
1.85E"07 

'/VE/IP STRESS 
(PPA) 

7. 873 
7. 848 

7. 823 
7.799 
7.77D 

7.750 

7.725 
7.701 
7.676 

7.652 
7. 627 

7.603 

7.578 
7. 55D 

7. 529 

7. 505 
7. 480 

7.456 

7.431 
7 .407 

7.382 
7. 357 

7.333 

7. 308 
7. 284 

7.259 

7.235 

STRAIN RATE 
(/PIN) 

6.70E"0D 
D.50E~OD 

3.5DE"0D 
2.81F"04 

2.33F"04 

1.89F"0D 

1.52F"0D 
1.25F"0D 
1.O'F'OD 

8.30F"05 

6.6OF 0 5 
5.20F 05 

4.30F"05 
3.36F"05 

2.64F"05 

2.10F"05 
1. r,RF"05 
1.29F"05 
9.80F"06 

7.70F"06 

6.20F"06 

D.70F"06 

3.67F"06 

2.83F"06 
2.21F"06 

1.60F"06 
1.13E"06 



A.20 

TEST LIF:33.03 

TE"PERATURE = 
INITIAL STRAIN 
TOTAL Srr-ATN = 

3 0 5 
0 . 14 
0 . 4 6 

INITIAL SHEAR STRESS 7 . 4 4 6 

•S-JFAR STPFSS 
("PA ) 

7 . 4 1 6 
7 . 3 6 6 
7 . 3 1 7 
7 . 2 6 7 
7 . 2 1 7 
7 . 1 6 7 
7 . 1 1 8 
7 . 0 6 8 
7 . 0 1 8 
6 . 9 6 8 
6 . " 1 8 
6 . 8 6 9 
6 . 8 1 9 
6 . 7 6 9 
6 . 7 1 9 
6 . 6 7 0 
6 . 6 2 0 
6 . 5 7 0 
5 . 5 2 0 
6 . 4 7 1 
6 . 4 2 1 
6 . 3 7 1 
6 . 3 2 1 
6 . 2 7 1 

(X) 
(PCT) 
(rcT) 
(PPA) 

FTPATN RATE 
(/PIN) 

1 . 5 2 F " 0 3 
1 . 0 2 F " 0 3 
7 . 5 O F " 0 D 
5 . 5 0 F " 0 D 
D . 0 9 F ~ 0 D 
2 . 9 9 F ~ 0 D 
2 . 1 9 , p " 0 4 
1 . 5 9 F " 0 4 
1 . 1 3 F " 0 D 
8 . 2 0 F " 0 5 
5 . 4 0 p " 0 5 
3 . 7 8 F 0 5 
2 . 6 3 F " 0 5 
1 . 7 R F " 0 5 
1 . 1 6 p " 0 5 
7 . 5 0 F " 0 6 
4 . 8 0 F " 0 6 
3 . 0 U P ~ 0 6 
1 . 8 5 F " 0 6 
1 . 2 1 F " 0 6 
8 . 0 0 F " 0 7 
5 . 6 0 F " 0 7 
3 . 5 0 p " 0 7 
2 . 1 0 F " 0 7 

TEST LIF:33.05 

TEPPERATURE = 30 5 IX) 
INITIAL STRAIN 0 . 1 8 (PCT) 
TOTAL STRAIN = 0 . 6 7 ( P C D 
INITIAL SHEAR STRESS - 7 . 3 8 7 (PPA ) 

SHEAR STRESS 
(PPA ) 

7 . 2 7 2 
7 . 2 3 2 
7 . 1 8 2 
7 . 1 3 2 
7 . 0 8 3 
7 . 0 3 3 
6 . 9 8 3 
6 . 9 3 3 
6 . 8 8 3 
6 . 8 3 3 
6 . 7 8 3 
6 . 7 3 3 
6 . 6 8 D 
6 . 6 3 4 
6 . 5 8 4 
6 . 5 3 4 
6 . 4 8 4 
6 . 4 3 4 
6 . 3 8 4 
6 . 3 3 4 
6 . 2 8 5 
6 . 2 3 5 
6 . 1 8 5 

STRAIN RATE 
(/PIN) 

e . O O F ' O D 
6 . 2 0 E " 0 4 
4 . 4 8 E " 0 4 
3 . 3 7 F " 0 4 
2 . 4 8 F " 0 4 
1 . 7 8 E " 0 4 
1 . 3 1 F ~ 0 D 
9 . 0 0 F " 0 5 
6 . 5 0 F " 0 5 
4 . 6 0 F " 0 5 
3 . 1 0 F ~ 0 5 
2 . 1 2 F ~ 0 5 
1 . 4 5 F " 0 5 
9 . 8 0 p ~ 0 6 
6 . 5 0 F " 0 6 
4 . 2 9 E " 0 6 
2 . 7 4 F " 0 6 
1 . 8 0 p " 0 6 
1 . 1 5 F " 0 6 
7 . 1 0 E " 0 7 
4 . 3 0 E " 0 7 
2 . 6 7 F " 0 7 
1 . 6 7 F " 0 7 

TEST £ J p : 3 3 . 0 6 TEST LIP-.33. 07 

f f c p r p , ! TVPE -
T'HmIAL s*BA r,v 
"01AL STRAIN = 
INITIAL SVFAP STPESS 

3 0 5 (X) 

0 . 0 0 ( P C D 
0 . 7 0 ( P C D 

7 . 4 0 9 (PPA) 

TEMPERATURE 
INITIAL STRAIN 
TOTAL STRAIN = 

3 0 3 (X) 

0 . 1 7 (PCT) 
0 . 9 0 (PCT) 

INITIAL SHEAR STRESS 8 . 2 4 0 (PPA ) 

VTA P ^™I7P<7? 

( "PA ) 

7 . 3 3 4 
7 . 2 8 D 
7 . 2 3 4 
7 . 1 8 4 
7 . 1 3 5 
7 . 0 8 5 
7 . 0 3 5 
6 . 9 8 5 
6 . 9 3 5 
6 . 8 8 5 
6 . 8 3 5 
6 . 7 8 5 
6 . 7 3 5 
6 . 6 8 6 
6 . 6 3 6 
6 . 5 8 6 
6 . 5 3 6 
6 . 4 8 6 
6 . 4 3 6 
6 . 3 8 6 
6 . 3 3 6 

STPAIN PATF 
( IPTN) 

4 . 3 5 p ~ 0 4 
2 . 7 4 F " 0 4 
1 . 8 9 F * 0 4 
1 . 4 0 F " 0 4 
1 . 0 3 F " 0 D 
7 . 8 O F " 0 5 
5 . 7 0 F " 0 5 
4 . 2 P F " 0 5 
3 . 1 4 F " 0 5 
2 . 2 R F " 0 5 
1 . R 3 F " 0 5 
1 . 1 6 F " 0 5 
8 . 1 0 T " 0 6 
5 . 7 0 F " 0 6 
3 . 8 0 F " 0 6 
2 . 6 3 p " 0 6 
1 . 7 7 F ~ 0 6 
1 . 1 R F " 0 6 
7 . 8 0 F " 0 / 
5 . 5 0 F " 0 7 
3 . 8 0 F " 0 7 

•HEAP STPFSS 
(PPA ) 

8 . 1 9 1 
8 . 1D2 
8 . 0 9 3 
8 . ODD 
7 . 9 9 5 
7 . 9 4 6 
7 . 8 9 7 
7 . 8 4 8 
7 . 7 9 9 
7 . 7 5 0 
7 . 7 0 1 
7 . 6 5 2 
7 . 6 0 3 
7 . 5 5 4 
7 . 5 0 5 
7 . 4 5 6 
7 . 4 0 7 
7 . 3 5 7 
7 . 3 0 8 

STRAIN RATE 
(/PIN) 

1 . 0 0 F " 0 3 
7 . 9 0 E " 0 4 
6 . 5 0 F " 0 4 
4 . 9 0 E " 0 4 
3 . 5 0 F " 0 4 
2 . 2 7 F " 0 4 
l . D 6 F " 0 4 
9 . 1 0 F " 0 5 
5 . 3 0 F " 0 5 
3 . 4 0 F " 0 5 
2 . 0 f F " 0 5 
1 . 2 3 E " 0 5 
7 . 2 0 F " 0 6 
4 . 0 D F " 0 6 
2 . 1 3 F " 0 6 
1 . 1 6 E " 0 6 
6 . 6 0 F 07 
D . 8 0 E ~ 0 7 
2 . 2 0 F 07 



TEST LIF:33.0 8 
TEST LIF-.33.09 

TFycrcATUP" 
INITIAL STPATN 
TOTAL STRAIN = 
7.V7T7<I£ SHEAR STPESS 

3 0 3 (X) 

0 . 0 0 (PCT) 
1.00 ( P C D 

7.9D6 (PPA) 

TEPPERATURE = 
INITIAL STRAIN -
TOTAL STRAIN = 
INITIAL SHEAR STRESS 

303 (X) 
0 . 1 7 (PCT) 
1.30 ( P C D 

8 . 31D (PPA ) 

SHEAR STRESS 
( "PA ) 

7. 897 
7. 873 
7. 848 
. 823 
. 799 
. 774 
"50 

.725 
7. 701 
7. 676 
7.652 
7.627 
•".603 
7. 578 
7.554 
7.529 
7 . 5"5 

STRAIN RATE 
(/PIN) 

4P0 
456 
431 
407 
382 
357 
333 
3"8 
284 
7 5" 
235 
210 
IB? 
161 

8.20F"05 
7.70F"05 
7.40F"05 
7.00F"05 
6. 50."""O5 
5.00F"05 
5.20F~05 
4.60F"05 
4. 00F"05 
3.31T"05 
2.72F 05 
.21F"05 
.78F"05 

"05 
. 13F~05 
. 00p"O6 
. 10p"06 
. 70F"06 
.42F~06 
.4 7F"06 
,75F'06 
. 14F"06 
.65F"06 
.27F"06 
. 90F"07 
.70F"07 

5.90F"07 
D.60F"07 
3. 5OF"07 
7.75E"07 
2.10F"07 

EAR STRESS 
(PPA) 

8.289 
8. 2D0 
8.191 
8. 1D2 
8.093 
8. ODD 
7. 995 
7. 946 
7. B97 
7. 848 
7. 799 
7. 750 
7.701 
7.652 
7. 603 
7. 55D 
7.505 
7.D56 
7.D07 

STRAIN RATE 
(/MIN) 

8.90F"OD 
5.6OE"0D 
3.71E"0D 
2.48F"04 
1.65F"04 
1.10F"04 
7.10F"05 
4.50ff"05 
2.86E"05 
1.75F"05 
1.07E"05 
6.40F"06 
3.81F"06 
2.22F"0R 
1.26F"06 
7.40F"07 
4.30F"07 
2.40F~07 
1.40F"07 

TEST LIF-.33.10 TEST LIF-.33.il 

TE"PF"AT'!R':' 
IN ITTAL STRATN 
T T 1L " TPA T V = 
INITIAL supAR STRESS 

3 0 6 (X) 
0 . 1 9 (PCT) 
1.60 ( P C D 

7 . 9 3 3 f PPA ) 

TEPPERATURE -
INITIAL STRAIN 
TOTAL STRAIN -

306 (X) 
f . 17 ( P C D 
1.8 0 ( P C D 

INITIAL SHEAR STRESS 7 . 9 4 9 (PPA) 

SPFAP "TRFSS 
( "PA ) 

7.903 
7.853 
7. 802 
7.752 
7. 702 
7.F51 
7.601 
7.561 
7. 500 
7.450 
7. DOO 
7. 349 
7.299 
7. 249 
7.198 
7.148 
7.098 
7. 047 
6.997 
6 .947 
6.896 
6. 846 
6.796 
6.745 
6.695 
6.6D5 

STPAIN PATE 
(/PIN) 

1.59F"03 
1,02F"03 
7.30F"0D 
5.D0F"0D 
4.03F"0D 
3.01P"0D 
2.22F"0D 
1.62F"0D 
1.18F"0D 
8.60F"05 
6.10p"05 
D.3DF"05 
3.O9p"05 
2.17F"05 
1.53F 05 
1.08F"05 
7.D0F"06 
5.20F"06 
3.U8p"06 
2.37F"06 
1.57F~06 
9.60F"07 
6.60F"07 
D.30F"07 
2.B0F"07 
l.e0F"07 

SHEAP STRESS 
(MPA) 

7.919 
7.86B 
7.818 
7.767 
7.717 
7.666 
7.616 
7.566 
7.515 
7.D65 
7.DID 
7. 36D 
7.313 
7.263 
7.213 
7.162 
7.112 
7.061 
7.011 
6.960 
6.910 
6.859 
6.809 
6.759 
6.708 

STPAIN RATE 
(/MIN) 

1.66F"03 
1.11F"03 
7.60E"0D 
5.60F"04 
4.20F"04 
3.06E"0D 
2.27F"0D 
1,66F"04 
1.23F"04 
8.80F"O5 
6.30F"05 
D.5OF"05 
3.18F"05 
2.26F"05 
1.5RF 05 
1.09F 05 
7.60F"05 
5.10F"06 
3.D0E"06 
2.25F"06 
1.50E 06 
9.30F"07 
5.80E"07 
3.40E"07 
2.00E~07 

http://LIF-.33.il

