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ABSTRACT

This report is a summary of the research work accomplished during the

last three years under grant DAH-CO~-74-G-OO3O , entitled “Strain Rate and

History Effects on the Deformation of Metals”. The work falls into two

main categories: (i) The Endochronic Constitutive Theory and (ii) The

Endochronic Theory of Fracture. Both these theories constitute significant

innovations over what was the state of the art prior to their development.

They are based on the concept of intrinsic time put forward by Valanis.

Of far greater significance, however, is the fact that both theories

have been demonstrated to be valid mathematical representations of material

behavior as observed in the laboratory, and they unify, possibly for the

first t ime constitutive and fracture behavior of metals.

On the conceptual level they establish two conclusions : (a) The

yield surface is not necessary for the description of plastic behavior

(b) History yet rate independent behavior can be formulated within the

framework of the theory of thermodynamics of internal variables as formulated

and developped by the principal investigator.

Recommendation. Both theories are in need of further investigation

and development. The results obtained are so fruitful that they should be

examined further in deapth as well as breadth. They both hold promise of

interconnecting at the mesoscopic level atomic and phenomenological view

points and of providing simple , yet effective, mathematical representation

of the mechanical response of metals to triaxial deformation histories.
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INTRODUCTION

The research work during the last three years under Grant DAH C04-74-G-0030

falls into two main categories:

(i) The Endochronic Constitutive Theory which is the underlying basis

for the mathematical representation of the mechanical behavior of metals.

(ii) The Endochronic Theory of Failure which is the basis for the analytical

prediction of fatigue and fracture of metals.

We believe that the project has been eminently successful. Twelve

papers have been published or accepted in leading journals or proceedings of

national conferences. In addition four Ph.D. theses were completed under the

grant and ten Divisional Reports were printed.

The technical aspects of what was achieved are discussed at some length

in the bo~iy. of the Report.

ENDOCHRONIC CONSTITUTIVE THEORY

The endochronic theory of plasticity was formulated in 1971 by the

principal investigator. This was accomplished by stipulating a material

memory with respect to the length of a deformation path ~ in a Riemannian

nine dimensional strain space with a metric ~~, where is a material property. j
The timelike “measure” dç is e vidently intrinsic to the material in question.

_ _ _ _  
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As a consequence the adjective “endochronic” was coined. The purposes of

formulating the theory were fourfold:

(i) to place the mathematical representation of rate independent yet

history dependent material behavior on a sound thermodynamic foundat ion;

(ii) to eliminate constitutive ambiguities associated with a non-unique

definit ion of the y ield surface ;

( ii i )  to demonstrate that such a t heory gives ri se to results that are

in accord w ith obse rved plast ic behavior of metals;

( iv) to unify the theories of plast icity and viscoplasticity.

As a result of ( iv)  it was shown that a viscoplasticity theory follows

as a natural generalizat ion of the plasticity theory by defining an intrinsic

time measure , as a distance between two adjacent points, in a Riemann space

of strain—time .

During the last three years the principal investigator and his co—

investigator have worked mainly toward tasks (iii) and (iv) above, while

broadening, at the same time, the conceptual foundations of the theory

to accommodate, with greater quantitative accuracy, observed behavior of

a wider variety of metals subject to a greater diversity of mechanical

histories.

The following two theses were completed in the course of the

above investigation :

“Thermodynamics of Internal Variables in the Context of the Absolute

Rate Theory and the Notion of Intrinsic Time”, by S. Lalwani, 1976.

“A Probabilistic Theory of the Time to Fracture . . .“ by

U. Yilmazer , 1q76.

_ _ __ _  
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ENDOCHRONIC CONSTITIJTIVE EQUATIONS

Following the inception of the endochronic theory we explored the

applicability of the theory by fi~’st deriving the simplest three-dimen-

sional explicit forms possible and by limiting our investigation (a) to

complexities of dimensionality in the presence of essentially monotonic

histories and (b) to one dimension while exploring the effects of

complexities of the deformation history .

With the above in mind we developed the “linear functional form of

the theory” as it has been presented in Ref.’s (i) and (2) i.e., in the

notation of those references

f  A ( z — z ’)  
~~~~~~~~~ 

dz ’ + 
1

Z 

~~~~, dz ’ ( 1)

where z is an intrinsic time scale such that

(2)

and dç is an intrinsic time measure where

d~ ~ijkl 
de.. dckl ,

P is a material fourth order tensor and f is a non-negative function of

z. I
Equation (1) was generalized somewhat in a later reference (3) to
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account for s ituations where the material is not in an annealed state at

the onset of deformation. The early investigations proved to be extremely

fruitful and promising, a fact to which References (i) - (3) will easily

attest. Deformation induced hardening is an effect which the theory

could predict naturally to a remarkable quantitative degree . Cyclic

hardening and softening as a resul t of cyclic loading in one dimens ion

were also depicted , by the theory,  in References (2) , (3) and (~4 ) .

Mechanical behavior at the onset and during unloading was also the

subject of extensive study during the last turee years , part icularly in

one dimension. One of the attractive features of the endochronic theory

lay in the fact that it could predict the phenomenon of constitutive

discontinuity , naturally, without a need for additional assumptions which

in effect postulate one constitutive equation that applies during loading

and another during unloading , thus creat ing a dichotomy in the mathematical

representation of material response. However, certain problems arose

which are explained below :

With specific reference to uniax.ial tests the “linear” endochronic

theory predicts , at the onset of unloading , a slope which is equal to

2E o
_ E

t where E is the initial modulus and Et the tangent modulus at the

V 
point of unloading. This is practically twice the observed slope in the

“flat” portion of the stress-strain curve in the case of aluminum and

steel. The hi gh slope of the unloading stress-strain curve pers ists

during unloading giving rise to permanent strains which are overestimated .

In any event, a “straight” unloading curve, as observed in the case of

steels could not be obtained by the “linear” theory.

It  
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To predict linear unloading a non-linear form of the endochronic

theory was developed in Ref. (5). What was even more remarkable was that

a linear unloading curve was predicted exactly by a non-linear constitutive

equation proposed therein. It was thus demonstrated that linear unloading

behavior need not be assumed separa tely but can be obtained as a specific

response to a specific history from one and the same constitutive equitiOn .

There remained the question of repetitive loading and unloading with

particular reference to high tensile aluminum and steel. Particularly

in the case of steels and in certain strain ranges unloading and subsequent

loading follow essentially identical linear paths until the initial

unloading point is reached beyond which the loading response follows the

virgin curve . This kind of behavior is illustrated in Fig. I

Fig. 1.

Repe t i t ive  loading unloading re~ ponse~.

V -V ~~~~~ -V~~~~~~~~ - V V  ~~~~~~~~~~~~~~~~~~~~~~~
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At this point we are not aware of a non-dichotomized constitutive

equation - with the exception of the one to be discussed below - which

can accommodate exactly such behavior. It was found , in particular , that

the endochronic theory (linear or non-linear) could not depict this kind

of response. Though the non-linear equation of Ref. (5) could predict

linear unloading, it cannot exactly predict linear reloading.

The Autochronic Theory P

The search for an “exact ” theory in the above context lead to a

broadening of the conceptual framework of the endochronic theory (6 , 7)

First the idea of an intrinsic time spectrum was introduced by assi gning

to each internal variable a particular and distinct time scale. This

lead further to the idea of the autochronic time scale whereby the

autochronic t ime measure was defined strictly in terms of the internal

variable to which it applies . More precisely if dCr is the autochronic

time measure appropriate to the internal variable q~, then

d
~r

2 = Q~~J~1 dq~~~ dq~~~ (
~ )

where is a fourth order material tensor.

Further the concept of internal barriers , which has existed in the

field of physics for  m~iny year s , w.v; i t i t rodue~ d , fo r wha t. i :~ h el iüv ed

to be the f i r s t  t: rr,c , Ti the nt  ~ r ,, , i  I v.j r ’ —ii , I t liuor ’y . I i i  i~ I t  ,~r t , I

was stated that to each internal variable there exists an in t ern a l

barrier u such that is not activated unless the value of the norm

-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --~~~~~~~~--~~~~~~~~~~~- -~~—.
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of the “internal force” equals or exceeds p , i.e.,

= ( 3~j l r 
~L)½> ~ (5)

~~~~~~ ~%r~~~~~

where •
r is a fourth order material tensor. A more precise definition

of this condition is given in Ref .  (6).

The autochronic theory is dealt with in detail in Ref. (6). ~peci-

fically , an application was made to the one dimensional response of a

“stable” metal i.e., one that does not manifest significant hardening

in tension following unloading and subsequent compression in the plastic

range. The behavior of such a material is illus t rated in Fig. 2 below ,

within a certain strain range as discussed in Ref .  (6) :

_ _ _ _  

V

Fig. 2.
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It is interesting that the autochronic theory , when appl ied to

material such as normalized mild steel with stable cyclic behavior

( possib ly after a period of cyclic hardening or s o f t e n i n g) ,  predicts a

cyclic behavior which is consistent with the Massing hypothes is (7).

This hypothesis asserts that if OA in Fig. i~ the curve of the funct ion

f(c) then the unloading curve OBC is the curve of the func t ion  g(

where g(c) is obtained from f(c) by the transformation ,

g(c) 2f(+) . (6)

Whereas Massing postulated the consequences of the above equation on

the basis of observat ion , the autochronic theory gives equation ( 6 )  as

a der5ved result. The application of the theory to multi-dimensional

response requires further detailed investigation .

Plastic Fluids

The fore going discussion limited itself to small deformation

situations. As we weave the thread of research at Iowa, always in the

context of the endochronic theory and irreversible thermodynamics, we

come upon our large deformation investigations (8). In the reference

just cited we faced a number of issues . One concerned the mathematical

representation of the behavior of simple fluids i.e. those materials

whose behavior is in general given by the constitutive equation

( 7 )

1.
—-‘ — .__

~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~ ~~. ~~~~~~ V V V ~~~~~~~~~~~~~~~~~~ __ _ _ _ _ _ _ _ _ _ _ _
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where C is the relative Finger tensor , s is the past t ime and p the

current densi ty .  Linear versions of the above con s t i t u t i ve  equation

for incompressible media have been given by Lodge, I3ogue and Carreau and

others (~-ii) . One such vers ion is

= -p~ +f u~~~~ (t)dt ( 8 )

where

a y . ( t )  a y . ( t )
C . .(-r ) 1 

______ 
. (9)

t ij  ~~~~~ k
(T)

Note that such materials are not cognizant of a specific reference configura-

tion; as such they are classified as fluids . Hitherto , the internal

variable theory has failed to give rise to such an equation as (8). We

felt that this was a curiosity as well as an omission . The difficulty

was resolved by ascribing to the tensorial internal variables a covariant,

a contravariant or mixed character, and ensuring that covariance (say)

was preserved in the equation of evolution of the  internal variables .

Typically, such an equation has the following appropriate form:

+ bq~~ 0 ( 10)
(r) (r)q

where the balance of indices is worth noting . It transpired that equations

such as equation (10) are appropriate to simple fluids as shown Ln Ref .

(8).

The natural qu est ion that ensues , is whether in fact one could

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _
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derive equations for plastic fluids i.e. rate independent but history

dependent materials which have no cognizance of a specific reference confi—

guration . The answer is in the affirmative . The task at hand is accom-

plished by defining an intrinsic t ime by the  re la t ion

~ijkl ~~ ~d 
(ii)

where is the deformation rate tensor and ~ is positive semidefi riite and

symmetric and may at most depend on in a fashion that renders independent

of the strain rate. Note that z defined above is independent of the reference

configuration as well as the newtonian time scale . We then showed in

Ref. (8), that one may derive with little effort the constitutive equation :

= 
J

Z 
C (z ’) d z ’ ( 12)

where

~y . ( z )  3y4 (z )
c . . = 1 , , ( 13)

Zfl 
~
‘k~~ ~ ~~k

(z )

Eq uat ion (12) does in fact pertain to an incompressible plastic fluid

in the above sense. Thus we have laid the foundation for the application

of the endochronic theory to finite deformation.

Vi~ coplast id ty

The uncertainty associated with the representation of p.Last Ic

response of a material  is a major fac tor caus ing d i f f i c u l t y  in dynamic 

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ V. .— -- —
~~~~ ~~~~~~~--
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plasticity . This difficulty , of course, has its roots in the theory of

plasticity and can fortunately be overcome by the endochronic theory (12).

In that investigation , it was first demonstrated that it is possible to

reproduce the experimentally determined constant strain-rate stress-

strain curves for annealed aluminum using the endochronic theory (12 ,13).

In Ref. (13) in particular the strain-rate effect is assumed to exist and

the intrinsic time ~ is assumed to depend on the s t r a i n  rate  in t~ i

fashion given by equat ion ( 14 ) :

d~ = {k
a 

— k
b 
log(~ /c )} Ide l (14 )

where k and k are material parameters and ~ is a reference strain
a b o

rate “under quasi-static conditions”.

An endochronic theory of viscoplastic wave propagation under condi-

tions of variable strain-rate was then developed. Emphasis was placed

on the plastic wave propagation under combined loads and also on the

strain-rate and the strain-rate history effects. In the investigation

of combined loading, the strain-rate effect was suppressed . On the other

hand, the strain-rate and strain-rate history effects were investigated

only in the one dimensional problem.

The problem of ~nterest in the case of combined loading is that of

a long slender thin-walled cylindrical tube subject to a suddenly applied

combined longitudinal and torsional motion (or stress) at one end . This

problem has acquired the attention of researchers only rather recently .

Most of the published work is, however , to our knowledge, based on the

________ 
I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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flow theory of plasticity, and both qualitative and quantitative discre-

pancies have been found upon comparison of theory and experiment . The

most important discrepancy of all is a constant strain region between

the fast and slow waves , predicted theoretically yet not experimentally

observed. Upon application of the endochronic theory to this problem

(Ref. (14, is) ) , it is shown theoretically that the endochronic theory

does not lead to such a constant strain region and thereby agrees with

experiment. The experimentally observed final strain levels are also

predicted better by the endochronic theory.

The problem of longitudinal wave propagation in thin rods was inves-

tigated (13, 16) to show the influence of strain-rate and strain-rate

history on the dynamic material response. The theoretical strain-time

profiles are in quantitative agreement with the experimental results.

It was shown theoretically that the strain-rate effect ‘in the endochronic

theory lowers the final constant strain states in the strain-time profiles .

The dynamic stress-strain curves for the impacts considered were also

investigated. The strain-rate is not constant along these curves. The

final state for each impact is represented by a point on the stress-strain

diagram. It is interesting to note that the endochnonic theory predicts

a final state which lies above the quasi-static stress-strain curve. This

effect is attributed to the fact that the strain-rate history plays a

role in this calculation, and its effects cannot be predicted by an

“overstress” type theory .

Further development of the endochronic theory of p las t ic  wave propa-

gation has been made using the stress defined in t r ins ic  time which was

* 
_~~ V V -V~~ ~~‘ - -V~- -~ ~~~~~~~~~~~~ -V~ V V~-VV~ -V~ ~~~~~~~~~~~~~~~~ 
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introduced in Ref. (5). In Ref. (17), it was shown that the stress defined

intrinsic time can be used conveniently in the description of mechanical

behav ior of strain-hardening materials . This invest igat ion is an appli-

cation of the endochronic theory in its Gibbs free energy form.

In Ref. (18), a nonlinear form of the endochronic theory has been

derived based on the Helmholtz free energy form. Again , the stress define d

intrinsic time was employed in the investigation . The nonlinear constitut Ive

equation was then applied to investigate effects which have not been so

well predicted by the linear form of the theory . Plastic wave propagation

was a very important part ~f this investigation .

We would like to mention the following two Ph.D theses , written in

the course of this investigation :

“Plastic Wave Propagation in the Endochronic Theory of Viscoplasticity”,

by H. C. tin, 1974

“A Nonlinear Form of the Endochronic Theory and Its Application

to Dynamic Plasticity”, by Albert R. F. Yao, 1976

Internal Variable Theory in a Deformation Kinetics Context

In the many instances where there was occasion to discuss the internal

variable theory , a question was almost always asked of the speaker on the

physical meaning of the internal variables . Though it has often been

conjectured that the internal variables are “in some sense , averages of

atomic motions ,” the quantitative corre1ation between the former and the

latter has rema ined .1 usive. in t~ef. (19) w~ dddressed th I:; i roblem in

~~~a~~~L
-V - V ~~~-V -V -V V.~~~~~~~~~~~~~ _ _ _
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an effort to answer the above question . The results have been extremely

rewarding.

Our point of departure was Eyring ’s absolute rate theory (20) . Eyring

was able to develop strain rate types of constitutive equations by asserting

that the potential barrier to a process - chemical or mechanical - is

distorted by the application of a driving external field . He assumed that

in the case of deformation the driving field is in fact the stres-~.

Eyring ’s constitutive rate equations gave the right qualitative trends

but contained a certain degree of rigidity that made their generalization

diff icul t .  Very recently Eyring and his associates have strived to overcome

the difficulty by introducing mechanical spring and dashpot models into

the theory .

We followed instead another path in which we were guided by the concepts

of the internal variable theory. We stipulated that an internal variable

is in fact the average displacement of atoms which are impeded by a

barrier of a specific “height” ~~
r To the extent the q are representative

of internal motion it is physically consistent to expect that the barrier

will be distorted not by th e applied stress but by the “internal force ”

, where in standard notation ~ is the Helmholtz free energy.

It was shown in Ref. (is) that the resulting equation of evolution

of the internal variables in the presence of initially equal forward and

backward barriers is of the form

+ .—~.— ~ inh  
_ l
(~~r ) (iS)

r
r’ k 2

___________________ ______ _______ ~~~~~~~~ V _ ~~~~~~~~~~~ • • V~
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In equation ( 15) , k~ is the rate constant appropriate to the internal

variable 
~~~~~~ 

Specifically k~ is given by equation (16)

r

r~~r
1 (16)

1 1x’
e kT

r
1

where ~
r is an interatomic distance , 1r’ a time constant of the process

and the energy states of the group of atoms appropriate to q .  In

addition ~
r is the potential barrier, k is the Boltzmann constant and

T the absolute temperature. The constant k~ is proportional to the barrier

distortion per unit value of 
~~~~~~

- . See page 19 , Ref. (is).

It is significant that equation (15) represents an important case

of successful intermarriage of continuum and particle mechanics.

A linear form of equation (15) was proposed much earlier by the

principal investigator (21). However, a generalization of this linear

form was not at all obvious without recourse to the fundamentals of

statistical mechanics of rate processes. Equation (15) was the basis

for’ the study of nonlinear relaxation and creep phenomena in metals, as

discussed at length in Ref. (is), where adequate agreement between theory

and experiment was demonstrated.

I 

•~~~~~~~~~ V~~~~~~~ V _ V . . V~~~~~~~~~ ._ ___________________
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ENDOCHRONIC T~1EORY OF FAILURE

In this section we discribe our work in fatigue and fracture using the

endochronic theory of failure initially proposed by the principal investigator

(35).

This theory is a combination of the theory of intrinsic time to failure

and the endochronic theory of viscoplasticity. Both theories were originally

formulated by Valanis at Iowa. The endochronic theory of plasticity has

gained its acceptance in the field of plasticity through the years since its

initiation in 1971. Considerable amount of work has since been done at

Iowa aiming at the application of the endochronic theory in predicting experi-

mentally observed effects as discussed in the previous section .

Progress has also been made (36 , 37) in the theory of intrinsic time

to failure since its birth in 1974. The application of the theory has now

been extended to include plast ic materials under monotonic loadings. The

reports on the contributions to the development of this theory are listed

for information. A brief account of the theory of intrinsic time to failure

is given below:

The theory accounts for the three causes which have long been recognized

as contributing strongly to the phenomenon of fracture. These are: the role

of the strain energy density, the stochastic nature of fracture, and the

phenomenon of cumulative damage which led to “the time to fracture” hypothesis

by Zhurkov (38). In addition , the theory utilizes the notion of intrinsic

time which was discussed in the previous section.

According to the endochronic theory of failure, which is an energy-

probability theory, fracture occurs on an intrinsic time scale ç which in the

- -- -V V~~-VV~ - —i- _
.
~~~~~~

_j
~~~~~~

~ V
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case of plasticity is given by

dç2 = P.. dE .. dE (17)
ijkl ij ki

where 
~ijkl 

is a positive semi—definite symmetric material tensor which

may depend on the Green tensor E... Fracture of a inicroelemen ’ wil.l have

occurred if the intrinsic time ~ of the microelemerit has reached a cri-

tical value ç ,  which is given by the equation:

f  C {i — exp (— ~~~~~
- <~~~~~~~> dc = 1 (1 8)

where y is a material parameter; k is the Boltzmann constant ; T is the

absolute temperature ; 
~
p is the change in energy of the microelement re-

lative to its unstressed state and i4 a fracture activation energy.

Applying equation (18), it was possible to obtain results for a

number of interesting cases in fracture which , otherwise, appear to bear

no apparent relation to one another. The results obtained include :

(i) the derivation of analytical expressions for “S—N” curve of

a specimen in a uniaxial cyclic stress field, for asymptotically small

and asymptotically large stress;

(ii) a criterion for the brittle extension of a crack which in-

cludes the Griffith crack propagation criterion as a special case;

(iii) a rational explanation for the disparity in the strengths of

a glass beam and rod which have the same geometry and are made of the same

material;

(iv) the derivation of a polar form of the fracture surface in
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strain (stress) space under proportional straining (loading) for linearly

elastic isotropic materials.

The polar form of the fracture surface has been subsequently studied

for plastic materials. In this study , monotonic proportional straining

was assumed. The endochronic constitutive equations were utilized to

obtain an expression for the free energy function . Furthermore, it has

been shown that the free energy of a plastic material under proportional

loading and at “large” strain is a quadratic function of the stress.

The following fracture criterion was then derived :

f(cos~) {Sc 
- 

3v 2 

erf( ~~~~~~ (1 + 
~~~~~~~ 

cos $)

2/~~~ (1 + 
1-2v 

cos

1+~fS ‘~.• ( c)~ } = 1 . (19)
8fn /

This criterion is applicable to materials that undergo plastic deformation

prior to failure under proportional straining. In equation (19), f is

defined by f 2 P. .1.1., where 1. are constant direction cosines of a radial
1)1 ) 1

strain path in the principal strain space; ~ is the angle between the strain

vector and the hydrostatic strain direction; S
c 

is the critical length of

the strain path; and 
~~~~
, v , n and ~ are material constants.

Symmetries of the fracture surface have also been discussed at length

in this study. Specifically , it has been shown that the fracture locus

in the deviatoric plane (
~ ~

) must possess a six—fold symmetry for

isotropic materials, so that only a 300 sector of the fracture locus need
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to be found for the ent ire locus to ~e comple tely determined .

The polar from of the fracture criterion ~~~ then applied to the

description of the experimental data obtained by Coffin (39) on gray

cast iron . In doing so the function f(~~) f or gray cas t iron has been

determined. The results also show that the fracture surface for gray V

cast iron in princi pal strain space is indeed rota tiona lly symme tric

with respect to the dydrostatic strain vector .

Gray cast iron is a material which is considered to he ‘brit tle ’

but without either a linear or an elastic stress-strain curve . A moderite

amount of plastic deformation is known to occur prior to fracture ~- V f l

under uniaxial tension . Hence , the plastic deforma t ion plays a rol e

in the prediction of failure of this material.

In this investigation , the following conclusions were also

obtained :

(i) In the event that the constitutive equation of a material

is known , then biaxial stress data suff ice  to determine the polar form

of the frac ture surface in the fully three dimensiona l strain space

and thereby make possible the prediction of failure in three dimensional

strain fields.

(ii) In terms of strain space coordinates, the form of the

fracture surface becomes i
2 

g( i
1

) ,  where i
1 

and 1
2 

are the f i r st and

second invariants of the strain respectively . Thus, the fracture criterion

is indeed a strain criterion which was previously discussed by Wu ( 40, 1.41)

in connection with brittle materials .

. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(iii) Under proportional straining (loading ) the nature of

fracture is controlled by the magnitude of the ~~y J r - ’V~~ V t ~~i ti C  strain (s~ re ’s)

at fracture .

On the basis of the foregoing disc ussion the following points

are apparent:

( a )  If during fracture experiments with pro;.ortional loading ,

strain measuremen ts are made , then the strain failure surface may be

determined ei ther in polar form , or in strain space , wi thou t knowl edgc

of the constitutive properties of a material.

(b) If stresses are measured , then a stress failure surface can

be cons tructed in stress space , again withou t knowledge of the

constitutive properties of the material.

However, when the above conditions apply, it is no t possible to

a strain failure surface into a stress failure surface. In other

words it is not possible to obtain the failure surface in stress space

from its counterpart in strain space (or vice-versa) without knowledge

of the constitutive properties of the material.

On the other hand , if both stresses and strains are measured

during fracture experiments with propor tiona l loading , much richer results

can be obtained. The fracture surfaces in both spaces can he

determined , but in addition constitutive properties can also be deduced.

_ _ _ _ _ _  _ _ _ _ _ _



—2 1—

~A 1L R 3 ANL REPORTS PUBLISHED

~DLR T H i S  GRANT

1. Valanis, K. C., “Effect of Prior Deformation on Cyclic Response
of Meta ~.s” , J. App ’ . M e c h . ,  ‘41 , ‘441-447 ( 1 9 74 ) .

2. Valanis , K. C. and Wu , H. C . ,  “Endochroriic Representation of Cyclic
Creep and Relaxat ion of Metals ” , J. App . Mech., 42, 67-73 (1975).

3. Valanis , K. C . ,  “On the Foundations of the Endochronic Theox~y of
V s coplast ici ty”, Archives of Mechanics , 27, 857—868 (1975).

4 . Wu , H. C., “The Role of Intrinsic Time in Dynamic Plasticity” ,
Symposium on Cons titut ive Equa tions in Viscoplas tici ty : Ph enome nological
and P’-.ysical Aspec ts, ASME Win ter N.eeting , New York (1976).

5. Lin , H. C. and Wu , H. C . ,  “Strain-Rate Effect in the Endochronic
Theory of Viscoplasticity”, Journal of Applied Mechanics , Vol. ‘43,

92—96 (1976).

6. Wu , H.  C . ,  Valanis , K. C . ,  and Yao , R. F . ,  “Application of the Endochronic
Theory of Plasticity in the Gibbs Free Energy Form”, Letters in App lied
and Engineering Sciences , Vol. 4, 127-136.

7. Valanis, K. C . ,  “A Generalized Endochronic Theory of Viscoplasticity
with Internal Barriers”, The University of Iowa, Divi sion of Materials
Eng ineering Report G378-123-DME-76-O02 (Narch 1q75).

8. Valanis , K. C . ,  “Proper Terisorial Fo rmula tion of the Internal Variable
Theory. The Endochronic Time Spectrum”, The University of Iowa ,
Division of Materials Engineering Report 0l23/G378-DME-76-008 (June
1976). Archieve of Mechanics (In press).

9. Valanis, K. C., “An Energy-Probability Theory of Fracture (An Endochronic
Theory)” , Journal de M~ canique , Vol. 14 , No. 5 , 1975 , pp. 843-862.

10. Valanis, K. C. and Wu, H. C., “Fracture of Plastic Materials under V

Proportional Straining, Part I: Theoretical Foundations”, Journal
de M~canique (in press).

11. Valanis, K. C. and Wu, H. C., “Fracture of Plastic Materials under
Proportional,Straining , Part II: Application to Gray Cast Iron” ,
Journal de Mechanique ( in  press) .

12. K. C. Valanis , “An Energy-Probability Theory of Fracture” , Report
G378—ChME—7 4—OO1 , Materials 1)ivi f; I O U , (‘nI lege of
The U n i v er s i t y  of Iowa .

— _ V  ._~ .~~~ 
_ _ _ _ _ _ _ _ _ _ _  

V



—2 . —

13. Valan is , K. C . ,  “Recent  A p p l i c a t i u r ~ ; of t h  Endochron ic  Theory ” ,
Re port  f l 3 7 8 — C h M e - 7 4 - 0 0 3 , Mater Vii~ :; vision , College of Engineering,
The University of Iowa .

14. Lin , H.  C. and Wu , H.  C . ,  “ S t r a i n  ~~ te E f f e c t  in the Endochronic
Theory of Viscoplasticity ”, Repor t 0378-ChME-7’4-002 , Ma ter ia 1~
D i v i s i o n , College of Eng ineer ing , The University of Iowa .

15. Valanis , K. C. and Wu , H .  C . ,  “ H e r e d i t y  Fu n c t i o n s  Cyclic  Creep
and Some Further .A s~~ects of the Endochronic Theory of Plasticity”,
Repcr’t .~378—ChME-74-OO8 , Materials Division , College of Engineering,

Fr: ‘er:; ~ty of Iowa .

16. Valanis, K. C. and Wu , H. C., “Fracture of Plastic Materials under
Proportional Straining, Part I: Theoretical Foundations” , Report
G37~ /l23-DME-75-OO2, Materials Division , Coll ege of Eng ineerinc~,
The University of Iowa .

17. Valanis , K. C . and Wu , H. C . ,  “Fracture of Plastic Materials under
Prop or t iona l t r V d i n i n g , Part II: Application to Gray Cast Iron”,
Ma ter ia ls D i v i s i on , College of F ru i n eeri ng , The University of
Iowa .

18. Valanis, K. C. and Yilmazer, Ulku , “A Probability Theory on the Time
to Fract’ire of Continuous Media”, Report G378/123-DME-76-OOl ,
Materials Division , College of Eng ineering,  The University of Iowa.

19. Valani s , K. C . ,  “A Generalized Endochronic Theory of Viscoplast ic i ty
wi th In ternal Barriers”, Report G378/l23-DME-76—O02, Ma terials
Division , College of Eng ineering , The University of Iowa.

20. Valanis , K. C. and Lalwani, Suresh A., “Thermodynamics of Internal
Variables in the Context of Absolute Reaction Rate Theory and the
No t ion of In tr insic Time ”, Report 0378/123-DME-76-005, Materials
Division , College of Engineering , The University of Iowa .

21. Valanis, K. C. and Yilmazer, Ulku , “Proper Tensorial Formulation of
the Internal Variable Theory . The Endochronic Time Spectrum”,
Report G378/l23-DME—76-008, Ma terials Divis ion , College of Engineering ,
The University of Iowa.

_ _ _ _ _ _ _



-~~~~~ —-V...— -~~ ~~~~~~~~~~~~~~~~~~~~~~ -~r V V. ~~~~- .  .V. VV.-V~ V~~~ 
~~~~~~~~~~~~~~~~~~~~~~ -, -

RE FE RE N C ES

1. Valanis, K. C., “A Theory of Viscoplasticity without a Yield Surface ,
Part I: General Theory”, Archives of Mechanics , 23, 517—533 (1971).

2. Valanis , K. C . ,  “A Theory of Viscoplast icity w i t h o u t  a Yield Surface,
Part II :  Applicat ion to Mechanical  Behavior of Metals ” , Archives of
Mechanics , 23, 535—551 (1971).

3. Valanis, K. C. and Wu , H. C., “Endochronic Representa t ion of Cyclic
Creep and Relaxation of Me tals”, 3. App . Mech., ‘42, 67—73 (1975).

4 . Valanis , K. C . ,  “Ef fec t  of Prior Deformation on Cyc l i c  Response ‘.)t
Metals”, 3. App. Mech., 41 , 441—447 (1974).

5. Valanis , K. C., “On the Foundations of the Endoc h ronic Theory of Visco—
p las t i c i ty” , Archives of Mechanics , 27 , 857—8 68 ( 19 7 5 ) .

6. Valanis, K. C., “A Generalized Endochronic Theory of Viscoplastic i ty
with Internal Barriers”, The University of Iowa, Division of Materials
Engineering Report G378/123—DME—76-002 (March 1076).

7. Jahnsale, H. R. and Topper, T. H., “Engineering Analysis of the Inelastic
Stress Response of a Structural Metal Under Variable Cyclic Strains”, in
ASTM Special Technical Publication 519 (1971).

8. Valanis , K . C . ,  “Proper Tensorial Formulation of the In te rna l  Variable
Theory . The Eridochronic Time Spectrum”, The University of Iowa, Divi sion
of Materials Eng ineer ing Report 0123/0378-DME-76-008 (June, 1976).
Archive of Mechanics (in press).

9. Lodge , A.  S . ,  “Elastic Liquids ”, Academi c Press, New York (1964).

10. Bogue , D. C. and Chen , I. J., “Time Dependent Stress in Polymer Melts
and Review of Viscoelastic Theory”, Transac tions , Society of Rheology ,
16 :1, 59—78 (1972).

11. Carreau, P. J., “Rheological Equations from Molecular Network
Theories”, Transactions, Society of Rheology , 16:1, 99-127 (1972).

12. Valanis, K. C . ,  “Recent Applications of the Endochronice Theory :
A Temperature and Strain Shift Principle in Aluminum ”, The University
of Iowa, Chemical and Ma terials Engin eering Report C378-ChME-7’4-003
(March 1974).

________  

.4 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — -V _ _ _ _ _



-24-

13. Lin, H. C. and Wu , H. C., “Strain—Rate Effect in the Endochronic Theory
of Vicsoplasticity”, Journal of Applied Mechanics, Vol. ‘43, 92—96 (1976). V

14. Wu, H. C. and Lin, H. C., “Combined Plastic Waves in a Thin-Walled Tube”,
Int. Journal of Solids and Structures, Vol. 10, 903—917 (1974).

15. Wu, H. C. and Lin , H. C., “Plastic Waves in a Thin-Walled Tube Under
Combined Longitudinal and Torsional Loads”, 10th Anniversary Meet ing of
the Society of Engineering Science, Raleigh, N. C. (November 1973).

16. Wu, H. C., “The Role of Intrinsic Time in Dynamic Plasticity”, Symposium
on Constitutive Equations in Viscoplasticity: Phenomenological and Physical
Aspects , ASME Winter Meeting, New York (1976).

17. Wu, H. C., Valanis, K. C., and Yao, R. F., “Application of the Fndochronic
Theory of Plasticity in the Gibbs Free Energy Form”, Letters in Applied
and Engineering Sciences, Vol 4, 127—136 (1076).

18. Yao, Albert R. F., “A Nonlinear Form of the Endochronic Theory and Its
Application to Dynamic Plasticity”, Ph. D. thesis, Division of Materials
Engineering, University of Iowa (1976).

19. Valariis, K. C. and Lalwani, S., “Thermodynamics of Internal Variables
V in the Context of Absolute Reaction Rate Theory and the Notion of Intrinsic

Time”, The University of Iowa , Division of Materials Engineering Report
G378/123—DME—76—005 (March 1976).

20. Krausz , A. S. and Eyring , H . ,  “Deformation Kinetics”, John Wiley and Sons,
New York (1975).

21. Valanis , K. C . ,  “A Unified Theory of .Thermomechanical Behavior of Vis-
coplastic Materials”, in “Mechanical Behavior of Materials Under Dynamic
Loads”, Ed. U. S. Lindholm , Springer—Verlag, N. Y. (1968).

22. Lubahn, J. D. and Felgar, R. P., “Plasticity and Creep of Metals”, Wiley
and Sons (1961).

23. Pugh, C. E., Lin, K. C., Corum, J. M. and Greenstreet, W. L., “Currently
Recommended Constitutive Equations for Inelastic Design Analysis of FTTF
Components” , ORN L—TM—36 02 (September 1972) .

24. Lubahn , J. D . ,  “Mecha nical Behavior of Materials at Elevated Temperature” , V
J. E. Dorn Editor, McGraw—Hill (1961). 

V

25. Swindeman, R. W ., “The Interrelation of Cyclic and Monotonic Creep Rupture”,
Joint. m t .  Conference on Creep, The Inst. of Mech. Eng. Proc., 1963—64,
Vol. 178, Part 3A, Paper 32.



V. - . V~~~~ _ V~ V.VV~ 
V. . VV V~~ V. ~~~~~~~~~~ V ~ V . V~ _ V_ V •VV. V~ V. _V ~~~~V._ V_~~ - ~~~~~~~~~~ - - 

1
.

.26. Wundt , B. M. and Curran, R. M ., “Metal Properties Council Program to
Study Low-Cycle Fatigue and Creep Interaction in Steels at Elevated
Tempera ture”, presented at the ASME PVP- and Petroleum Division
Conference , New Orleans, Louisiana (Sep temLer 1972).

27. Kennedy , A. J .,  “Creep and Recovery in Metals”, British J. of
Appl. Physics, 4, pp. 225-233 (August 1953).

28. Goldhoff, R. M . ,  “The Effect of Creep Prestrain on Creep-Rupture
Properties of Variable Notch Sensitivity of Cr-Mo-V Steel” , App lied
Material Research, 1, 26-32 (1962).

29. Darlaston, B . J. L., “Creep Deformation and Fatigue Failure of Structural
Materials”, Inst. of Mech. Eng., Proc . 1969-70, 184, Part 3B, Pai.er 13,
pp. 95-100.

30. Blass, J. J. and Findley , W. N., “Short Time, Biaxial Creep of an
Aluminum Alloy with Abrupt Changes of Temperature and State of Stress”,
Trans. ASME, J. Appl. Mech., 38E, ‘489-501 (1971).

31. Brown , G. M., “Inelastic Deformation of an Aluminum Alloy Under
Combined Stress at Elevated Temperature”, J. Mech. Phys. Solids,

V 18, 383—396 (1970).

32. Rabotnov, Y. N., “Creep Problems in Structural Members”, North Holland
(1969).

V 33. Wang, T. T. and Onat, E. J., “Nonlinear Mechanical Behavior of 1100
V Aluminum at 300°F”, Acta Mechanica , 5, 54-70 (1968).

34. Findley, W. N., Lai , J. S. Y. and Nolte, K. G., “Concerning a Creep
Surface for an Aluminum Alloy”, J. App . Mech., 38, 1091-1094 (1971).

35. Valanis, K. C., “An Energy-Probability Theory of Fracture (An
Endochronic Theory)” , Journal de M~canique , Vol. 14, No. 5, 1975,
pp. 843—862.

36. Valanis, K. C. and Wu, H. C., “Fracture of Plastic Materials under
Proportional Straining, Part I: Theoretical Foundations”, Journal
de M~canique (in press).

37. Valanis, K. C. and Wu , H. C., “Fracture of Plastic Materials under
Proportional Straining , Part II: Application to Gray Cast Iron”,
Journal de M~chanique (in press).



- V~~ V. — V~~~~~~~~~~~~~~ V f lV  ~~~~~~~~~~~~~~~~ - ~~~~~~~•V.~~~~ V. - 
~ fl~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V

— 2b —

38. Zhurkov, S. N., “Kine tic Concept of the Strength of Solids”,
Int. J. Fracture Mech., Vol. 1, pp. 311-323, 1965.

V 39. Coffin, S . F. ,  “The Flow and Fracture of a Brittle Material ,”
Journal of Applied Mechanics , Vol. 17, pp. 233-248, 1950.

40. Wu, H. C., “Dual Failure Criterion for Plain Concrete”, Journal
of the Engineering Mechanics Division , ASCE , 100, 1167-1191, 1974.

41. Wu., H. C. and Chang, K. J., “Strain Failure Criterion and Its
V App lica tion to Angl ed Crack Problem in Compres sion” , Report G378—DME-

75-00’4, Division of Materials Engineering , Unive rsi ty of Iowa , 1q75.



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

I-

~t , n i v Ct. ~~~~~~~~~~~~~~~~~~ or T~,’c r’t ~ ,r  e.~~.n t’ .~e P

~‘~~~~“T ~~~~~~~~~~~~~~~~~~~~~~~~ ~V t  ~~ 
UC A [) 1UST RU CT $O5S

(~~~rtj .~ L.~.4~...U.VIL 11 ~ I I -~~~ r ~%VL BFFO~~$t co~’$’LF:T:Nc. FOP’.I
.~ 2. GOVT ACCI~ 4$OK NQ 3. R~~C$PI~~N T $  CATAt. OG N U M I * I.R

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

4. ~~.E (~~~~S~bt :;i.) (~.J1~~ S. TYP E O~ PIIPO~~T S PCF$$ OO COVLRW

V.- .- ~~~~~~~~~~~~~~ ~~~~~~~~~

) Strain i and History Effec ts  on the~ Final 10/1/73—8/31/76
- d— ’ Deformation of fletals .~~ T’iniil Report •. PC~~o~MI N O  ~~~ . $E PORT H U M ~~~~

~~~~~ J$1flON 1I) ~~~~~~~ O R U I $A H t N U M OLR(.)

(/.~1 K. C.jValan~~~L~..4i. -C. Vu ~~~~ ~~DAF -74-~~~~~ , 
L . V

~I ~~~~. _g~.R~tw -.a~ sA I S A  f~~~~ r A ND ADO.$&11 $0 PROL. fl~~M~~ L~~U ~4 T P ~~)J t CT TA$~ARL A * WO$Jc UNIT NUMULMS

Univers ity of Iowa -

Iowa City, Iowa 52240 , .

II. CONTROL. %.IN0OFFIC~~ NAU( ANO A DO~~L3S $2. REPORT OAT S

Army Research Office P.O.B. 12211 Th~r- . 7R ~~q~~~g

Research Triangle Club, N.C. 27709 
$2. NUMDER OI PAO ES

_________________________________________________________ 
26

V W MONITOcING AG LNC’U’ NAME S AOORESS(St diU•,*~S itus~ Coi nrol1ln~ OlUci) IL SCCUMITY CLA$3. (.1 MM

Rock Island Arsenal, Rock Island
V Unclassified

Illinois _______________________________

Dr. Norman Coleman 
~~~V. 

j 5 DECLA FICATION/OO~~$4~~MAOING

$0. oIsm sa uTION ~TATEMEN T (.1 ml. Il.pot 

____ 11 
- 

~~~~~~~~~~~~~ —1~Distribut ion unlimited. V

(~~~1~~ITTL.~~~ ~~z~iT.
$7. DISTRIBUT ION STATE MS T (•l ~. sb frad ~ iIit.4 lii Dt04a JO, U ~~1l.t ~~S 

~~
_  ~~P.fU

As abo~~~~~~~~~~~ 5
IS. $UPPLEMENTAAY NOTES V

None . -

4.

V ~~~ WORDS (C~ntMv. ~~ ) ~~v.ri~ •Sd~ It ...ma~’ ~~~ iøI,uU~’ è,’ bl.oh .n. b.,)

Endochronic Theory, Fracture, Plasticity, Viscoplasticity
Strain Rate Effects. V 

V

SO. AB STRACT (C ntln’a• ~~i .w~~~. .Sd. It n.c....p .ad g~~ na~~ .~ bjoca I N 4~~) - 
V

This report is a summary of the research wor~ accomplished during
the last three years under grant DAH~C0I4_7L#~003O, e\i)itled “Strain Rate
and History Effects on the Deformation of Metals”. ~‘the work falls into
two main categories: (i) The Endochronic Constitutive Theory and (ii) Th
Endochronic Theory of Fracture . Both these theories constitute significa:
innovatio~ s over wL~t ~~~ the state ~f the art rrior to their 

development.

V 
They are based on the concept of intrinsic time put forward by Valanis. . . . .

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
I~&5”d

$ICU$~ITY Ct. M$IV$CAT ION OF THIS PA OS ~~~~~ D*es iM 

-. . . . ‘<
~~~

—
~~~---- --~~~~_~~~~~~~~~ 

-~~~ t 

-



r 
~~~~~~~~~~~~~~~~~~~ _~~~~~ V V V V  

V

U nc l a 3s i fi ed  .

UCUn TY CLASS IF$ C~~T$ OH or THIS PACE (~
Th.n D.c. Zi,t.,.d, 

. 

V

Of far greater significance , however , is the fact that both theories
have been demonstrated to be valid mathematical representations of material
behavior as observed in the laboratory , and they unify , possibly for the
first time constitutive and fracture behavior of metals.

On the conceptual level they establish two conclusions: (a) The
yield surface is not necessary for the description of plastic behavior
(b) History yet ~~~~ independent behavior can be formulated within the
framework of the theory of thermodynamics of internal variables as formulate
and developped by the principal investigator. V 
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Recommendation. Both theories are in need of further investigat ion
arid development. The results obtained are so fruitful that they should be
examined further in deapth as well as breadth. They both hold promise of
interconnect irig,at the inesoscopic level,atomic and phenouienological view
points and of providing simple, yet effective, mathematical representation
of the mechanical response of metals to triaxial deformation histories.
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