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* RATE DEPENDENT. CONSTITUTIVE EQUATIONS OF CYCLIC SOFTENING
" AND HARDENING '

PREFACE j;\

Rate dependent plastic deformation of solids 1is a thermally

activated process: plastic flow results from .the movement of flow units
over energ} barriers. Accordingly, the determination of the plastic
strain rate is based on deformation kinetics and 'on the transition
state theory of rate processes. The application of-these concepts to
describe plastic ffow during monotonic 1loading is now firmly
established. The present stud; demonstrates the application of the
theory to describe cyclic plastic deformation behavior.

A .

Constitutive equations of strain and toad controlled cyclic
deformation were derived from the rate ;heofy. It was assumed in the
analysis that during cyclic plastic deformation the material structural
characteristic§ (activation volume, activation free éﬁérg;, and mohile
dislogation density or flow units) remain constant and that the
1nterﬁa1 stress increases 1inear1y_ with plastic strain. The study
showéd that over the high stress and low temperature range where the
description opr1astic flow in cyclic deformation can be.approxiaated
w{;h activation over two consecutive energy barriérs, strain controlled
cyclic deformation is well re1a§eql to stress relaxation while load
con£ro11ed cy£1ic deformation is essentially a creep processl The
constitutive equations described well the cyclic_deformation behavior

of a near eutectoid, Zn-Al alloy. The material structural characte-

ristics (activation volume and activation free energy) determined
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from the - analysis of stress relaxation, creep, and, cyclic Toading

[ a

experimental results were jdentical, leading to the .conc1ysion that
during cyclic ‘loading the variations in the material structural

<

characteristics were insignificant. and that stress relaxation, creep,

-

and cyclic deformation were controlled _by. the same dis]oéation
mechanism, Subsequently, it washgﬁowq that within the high stress and
low . temperature range, the material strucf&ra] characteristics
.determined from the analysis of’ﬁtress re1axa£ion eiperimenta[ results
can be used to predict the cyclic deformation behavior of the alloy
using the constitutive éﬁuations developed in this report. '
Previous experiments have shown that for many mefa]é and alloys
the dislocation- obstacle structure ;hat proquces the interna]rstress
often changes upon cyclic leading: the .material may thus ‘spften
and/or harden during cyclic loading. It was consfderedlin the present
study thatjwithin a high stress and'1ow temperatJ:E range the rate of
pTastic f]ow'&uring softening and hardening can be approximated with
activation over single enefgy barriers and that the material strﬁctura]
characteristics were constant during cyclic deformation. In the
analysis of the deformation behavior it was assumed that during'harde-
ning the internal stress increases 1ineaély with p]asticistrain and
that for the softenifig process the internal stress decreases linearly
with time. When the internal stress increases upon cyclic loading, the.
study showed that the rate of .cyclic stréin accumulation -and fhe'
accumulated cyclic straih‘were smaller than the corresponding creep (at
a stress equal to the peak stress duriﬁg cyclic loading) strain and
strain rate. For a simple model where the material hardens during the

Toading part of the cycle and softens upon*.unloading, the‘\anaTysis

-
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showed that the rate of cyclic‘strain-accdmu1ation_and the accumulated
cyclic strain were larger than the ccrresponding'cFeep (af peak stressj

si;ain and strain rate. The 1n¢reasé in creep rate under cyclic
1oad1ng was thus attributed to the” softening that results from cyclic’
1oading. Because the 'predikted cyclic deformation behavior with
alternating softening and hardening is similar to that observed
exper{ﬁenta11y in ‘manyl {engineering) meté1s and alloys, it isl

anticipafed that the analytical model can be used to evaluate the

accumulated damage . (in. highly stressed machine components); an

L4 . e . . . . . '
&ssential data for design and lifetime determination of structural

G
components.
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experimental results.
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Stress relaxation and cyclic loading experimental results for
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Stress relaxation and cyclic loading experimental results for
region 1 (Fig. 2.2). The symbols indicate the experimental

results while the lines were obtained from least square method :

using Eqs. (2.23) and {(4.5) for stress relaxation and cyclic
loading, respectively. . :

Stress relaxation and strain controlled cyclic 1oadinj

experimental results for regions I and 1I, and the transition
stress range (Fig. 2.2). The initial strain, g4, was constant
for all the experiments while the corresponding intitial stress
difféered slightly. The symbols indicate the experimetal resuits
while the curves were calculated from the theory.

Stress relaxation and strain controlled cyclic loading
experimental results for regions 1 and II, and the transition

stress range (Fig. 2.2}, The symbols indicate the experimental

results while the curves were calculated from the theory.

Stress-time response during strain controlled cyclic deformation
(a) Input strain-time, sinusoidal wave ' form (b) stress-time
response. The symbols represent the experimental data while the
solid line was calculated using Eq. (2.22). The cycle period
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The figure shows the predicpgd hysteresis 106p§ during the first
five cycles of strain controlled cyclic deformation. The

“stress®ime response shown in Fig. 4.3 was replotted on stress-

strain axes,

Comparison of the calculated hysteresis loops (solid Tine) and
the experinmental data (symbols). Ther calculated hysteresis
loops were replotted from Fig., A6. (a) Hysteresis loop for the
first cycle (b) Hysteresis loop for the second cycle.

; .
. Strain-time response during load controlled cyclic deformation.
(a) lInput stress-time, sinusoidal wave form (b) Strain-time

response. The symbols represent the experimental data and the
solid line was calculated numerically using Eq. (2.37). The
cycle period p=91 sec. and the other parameter are as indicated

in Fig. 4.13.

The figure shows the predicted hysteresis loops during the first
five cycles of load controlled cyclic deformation. The
strain-time response shown 1in Fig. 4,12 was replotted on
stress-strain axes.

Comparison of the calculated hysteresis loops (solid line) and
the experimental data {symbols). The calculated hysteresis

loops were replotted from Fig. A9. (a) Hysteresis loop for the

first cycle (b) Hysteresis loop for the second cycle.

Effect of cycle period on the load controlled cyclic
deformation. The symbols represent the experimental data while
the solid lines were obtained from least square method using Eq.
(4.7), "(a) Strain-time response (b} Strain versus number of
cycles.

2. Load Controlled Cyclic Load{ng‘Tests.
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CHAPTER 1 '
INTRODUCT 10N

. Progress in the sciences has been made through faltering steps,
"accidents", humble attempts at a specific task, not through grandiose
experiments designed to solve all the riddles of the universe with one fell
swoop. Historically, men and women have formulated laws on the basis of the
available experimental evidence. Further experiments are then conducted to
test such 'laws outside of their established realm of validity. The results
of such experiments then serve to investigate further the domain of validity
of such laws and, where appropriate, to. construct others which are more
encompassing. ‘ : )

(K.C. Valanis, Int. J. Solids Structures, Vol. 17, pp. 249-265, 1981}

' Moderﬁ machinery is required to perform reliably under a variety of
operating condit{ons. Power generafion equipment such as nucliear reactors
and steam and gas turbines have to respond quickly to the changing power
demands of our technologicai éociety;‘aircraft structures and 3;;—:;Eﬁﬁes
are to perform rgliably under frequent take—;ff, cruise, and Tlanding
operafions. These are but typical examples "of machinery in which the
structural components are subjected to cyclic 10ad}ng. ‘Over the lifetime of
the machinery, the cdmponents are subjected'to many cycles of stress (or
strain). Each cycle oftep causes a pérmanent damage (plastic deformation}
in the components. Des$2n “of critically stressed components, therefore,
requires the evaluation of stresses and strains .and the assessment of the
accumulated damage by following through the 'operating history of the
companents, During the projected lifetime of the machine, the total
accumulated damage in highly stressed components will have to be less than
thé damage which will leadd to mechanical failure, Consequently, the
determination of timg and/or cycle dependence “of cyclic deformation behavior
and its subsequent. application in design and lifetime determination is

~indispensable.



" The development of materials and the subsequent désign of the'
compbnents for such applications is-a formidable tagk. The difficulty of
the problem is primarily due to the fact that the deformation behavior‘o%
- materials unde} cyc]ic 1oéding conditions is often different from that under
monotonic stress and cannot be predicted by simple extrapolation of data
obtained from conventional tests: tensile, creea; and stress relaxation
tests [1-8]*. "The cyclic stress leads to complex submicroscopical and
microscopical changes which are of a cumulative and irreversible type [7,9].
These changes manifest themselves by changes in _measurab]é mechanical,
electrical, magnetical, and other properties: For machine component and
structural design purposes, the changes 1in mechanical prope%ties are of
utmost concern. The yield stress and the resistance to plastic deformation
{internal stress) may vary in a complex manner. When p]a;tic deformation
leads to ah increase in internal stress, the phenomenon is referrgd to as’
hardéﬁing while 1if the interpal stress decreases, it 1is known as
softening. The later effect is of particular interest because it is
associated with an increase in the rate of cyclic strain acﬁumu]atipn which
leads to premature failure of structural components. Whether the material
‘will harden and/or soften upon cyclic loading depends on the material, its
inftial state, the magnitude and history of the cyclic strain {or load), and
the test temperature. A

: )
There have been three abproaches to the problem of deformation behavior

under cyclic loading, In the first approach, testing methods simulating

* Numbers in brackets indicate references listed at the end of the thesis.



strgssing conditions actually encountered in service are adopted and test
data directly useful for design purposes are obtained for specific materials
[9,10]. Nevertheless, the wide diversity of service conditions and the need
for material properties for long service times usually eliminate the
possibility of obtaining design data under conditions that duplicate service
lives. 1In the second approach; the basic aspects of the cyclic stress
deformation are investigated. The mechanismg bf cyclic plastic deformation
are studied from a metallurgical standﬁﬁint [3,5,7,9,11—18], for instance,
mechanism of slip, dislocation movements, and other changes in the
microstructure during cyclic deformation. The information thus obtained is
extremely useful both for materials development and manufacturing processes,
The third approach is the exploration of gross deformation behavior during.
cyclic loading. The objective 3% these studies [1,6,8,10,19-26] and of the
present thesis is to formulate the constitutive equations; the mathematical
dés;ription of the cyclic deformation behavior. Hh;n the material response
to cyclic loading after 1on§ service times cannot be determined accurately
from the testing methods, designs of highly re]iab1é structures and
components are usually based on predictdons of mathemafica] models.
’

Constitutivé equations describing the material. behavior during cyclic
loading have often been empirical or phenomeno]ogical\ [1,6;8,10,19-26].
Most of these relations [1,2,8,10,19—22] were derived erm the continuum
theory of plasticity and utilize the so ca]}ed power creep law. For other
relationships [23-26] various forms of viscoplasticity theory have been used
to describe cyclic plastic defor&gtion. However, despite some success,
these empirical constitutive equations cannot, as a rule, be identified with

the basic material parameters and in most cases they cannot represent the
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effect of the important service and manufacturing parameter - the
temperature. In addition, they do not refer to physical processes of
deformation that océur (within‘the crystal} at fhe atomic Tevel.

A sound constitutive equation; must be based on a rigorously derived
theory, and conform to experimenfé] ebservations. It was shown by Krausz
and Eyring [27] and others [28-30] that p1astic,f1o; and chemical reactions
are essentially identical proees€es, since both are solely the tonsequence
of breaking and establishing of atomic bonds. Because of this fundamental
and general fact, plastic deformation was considered as a chemical reaction
in which the composition remains -unchanged but the atomic configuration\
changes. Subsgﬁuently, chemical kinetics, based on statistical mechanics
was Qide]y utilized [27-36] to describe plastic flow durﬁng' monotonic
loading. The present thesis demonstrates the applicatioq of the theory of
deformap{on kinetics to describe cyclic .pfg;tic deformation behavior.
I; will be shown from the theory and experimental results that under certain
physically reasonable coﬁhitions, the constitutive parameters determined
from fhe anal;sis of stress relaxation test results can be used to predict
the cyclic deformation behavior. The application of the theory to describe

cyclic deformation behavior with 1ncEeasing internal stress and with both

increasing .and decreasing internal stress will also be discussed.

The experimental part of the thesis describes the cyclic deformation
Séhavior_of a commercial grade, near eutectoid Zinc-Aluminum alloy. The
alloy was selected because it exhibits [34,35] stress relaxation behavior to
the extent of complete unloading, even at room temperature. Its gxtreme

-~
_ deformation behavior lends itself" to illustrate the application of
R
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deformation kinetics to describe cyclic plastic deformation and to the
. ]
investigation of the rate controlling mechanism.
' 1
In this chapter, the theory of deformation kinetics and the
conventional testing methods are reviewed while in the subsequent chapters,
the application of the theory to.describe cyclic deformation behavior will

be discussed.

1.1 THEORY OF. DEFORMATION KINETICS

1.1.1 Introduction to Deformation Kinetics

Atoms in condensed ‘phases occupy Equ11fbrium positions and are.
»{g:itiﬁg about the minimum of the free energy wells (Fig. 1.1}. When
stress s applied, the atoms are displaced elastically from their
- aquilibrium position. The potential energy of the system is 1ncreaseh and
stored in a reversible manner. On the removal of the stress, the étoms move
back to vibrate about their equilibriua cosition, and a correspondiny
quantity_of energy is released. Superimposed on this élastic deformation is
the ‘time-dependent, thermally activated plastic deformation. Plastic flow
occurs when the atoms move under the combined effect of the applied stress
and thermal vibrations _into a new equi]ibrium‘?i{l]ey while breaking the
previous bonds and est&b]ishing new bonds. Thelhigher the temperature, the
greater the vibrational amplitude, and the greater the rate of moving into a
new equilibrium atomic configuration. When the-stress is removed the atoms
remain in the new equiljbridm valley, and a permanent local plastic

. )‘_
deformation results.
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The -plast1c flow of any material 1is, by the nature of the process,
solely the cbnsequence of breaking atomic bonds and esthp]ishing new bonds.
Thed—macrdsc0p1cal1y observed shape change 1is the sum of the individual

. atomic events. Because of this fundamental and general fact the process of
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‘Pigure 1.1. The potential energy versus .atomic-distance relation for a

- Ty ‘diatomic molecule. In a solid the potential-energy well is

N repeated at each atom. The figure also illustrates that with

the change of atomic distance the pptential energy always
increases.
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plastic flow in crystalline materials and in polymers was considered as a
chemical reaction in which the composition remains constant Bﬁt the bond
;tructure of the molecules changes. Consequently, plastic deformation is

similar to isomerization of a giant molecule the spécimen. Deformation

kinetics is, tgerefore, identical to chemical reaction kinetics.

1.1.2 Deformation of Crystalline Materials

The most general cése of plastic deformation occurs in polycrystalline
specimens in which slip takes place over several slip systems. Theoretical
considerations showed that glide cannot occur by a rigid body displacement
of one part of the specimen over the other. The process occurs stepwise, by
consecutive bond breaking and establishment events. Orowan [37], Taylor
[38], and Polanyi [39] suggested that- the Tinear atomic disorders,
dislocations, weaken the crystal by introducing loose-structured atomic
groups. Subsequently, the concept of dislocations was used.to explain the
discrepancy between the predicted (high) [40] and the observed {(Tow) yield
stress of metals; The effect of an applied shear stress on potential eneryy
along a dislocation Eﬁip plane is shown in Fig. 1l.2. It is clear from the
_schematic diagram that the energy barrier is Jow at the dislocation core.
The Sarrier is lowered further and biased by the applied shear stress, and-
thence bond breaking i;kes place under the effect of a small thermal enerqy
increage with high probability. The random thermal fluctuations, therefore,
faci1itate the displacement of the dislocations in the directiqq favored by
the shéar stress. The macroscopically observed plastic strain is thé sum of

.

the individual dislocation movements. Extensive studies on the properties
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of dislocations have been tarried out [41-46] and numerous observations have

been made [47].

»

The plastic strain rate, ép, resulting from the displacement of dislo-
/ cations moving at an average velocity v is evaluated from Orowan's eguation

[4B] as

s = (ﬁ) bo, ¥ (1.1)

<
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Figure 1,2, The effect of shear stress on the potential energy across an
edge dislocation [38], Bond breaking and establishment is
biased by the stress so that the hole in the core of the

- . dislocation line moves to the right. .

~
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where (M{is the Taylor orientation factor relating the tensile stress ¢ and
tensile Lst;ain e to the shear stress t(=g/M} and shear strain y{=Me)
resolved in the rate-controlling élip system, b is the Burger's vector aﬁd
pt.TS the -mobile dislocation density (dislocations-pefluﬁt area)., The
Taylor orientation factor for'po1ycrysta111ne materials varies between 2 to
4. The limiting velocity of a dislocation is the speed of transverse -
__sound - waves. [46]. MWithin the usua] exper1menta1 ‘stress and temperature
ranges, the motion of d1s]ocat1ons occur at, a much lower rate because it is
1mpeded by obstacies. A dislocation overcomes an obstacle when it has
acqu1red enough energy from the combined effect of the applied stress and

N
the thermal energy (random thermal fluctuations).

Following Seéger [49], 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. For example, clusters of point
‘defects are a source.of a relatively short—rangg stress field, in comparjson
with the stress field ofra dislocation pile-up which is Tong-range. It is
generally considered [5i-54] that the large amount of energy required to
overcome the long-range obstac]es can only be acqu1red through the applied
stress, The random thermal fluctuations or thermal act1vat1ons can asstst
dislocations in overcoming the short-range obstacles. The applied stress 1is
in equilibrium with the internal stresses. It follows, therefore, that the
‘applied stress, Ty is the sum of.two components: the internal (or ather-
mal) stress, T that 'is needed to overcome long-range gbstacles, and the

effective (or thermal) stress, Tor that is needed to overcome short-range

’
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1.

ohstacles. The athermal stress depends weakly on the temperature through
the e]astic modulus, and the thermal stress depends strongly on the strain
‘rate and temperature. - |

Fig. 1.3 illustrates some of the common thermally é&tivated.dislocation
motion mechanisms. NRstacles to the motion of dislocation in the slip plane
are Peierls-Nabarro stress field {periodic stress field of fhe lattice) (Fig.
1.3a), forest dislocétions (Fig. 1.3b, dislocations threading tHe glide
plane), and the ‘motion of jogs in screw dislocations (Fig. "1%3c),.
'Mechan%sms tﬂ;{:produce motion of dislocations out of the slip plane are:
cross-slip of extended screw dislocations (Fig. 1.3d), 3nd the climb” of edge °
d%slocationg (Fig. 1.3e). |

The rate of plastic flow caused by the thermally activated motion of

dislncations over the obstacles is expressed as [48].

& = ()begd = (F)0e; (1.7)
where T is the ave age distance érave]]ed by the dislocation hetween
ohstacles, and ~ the net rate of activation over the velocity-limiting
energy barrigr. The rate of activation Fk depends on the kinetics .of the
process, a is usually a combination of elementary rate constants. Each
rate constant abtained from the properties of the energy barrier, accor-
ding to the tﬁansitinn state theory.

-
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Figure 1.3. Ther.maHy activated dislocation mechanisms [52].
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1.1.3 Transition State Theory .

The development of the ﬁransftion state theory (usually known as. rate
theory or activated complex theory or absolute rate theory [27]) was
initiated by.Arrhenius [55] when he suggested that the rate of a chemical

reaction, k , can be expressed as

-~

d .‘ AEe y )
k= A exp - LET—] ” {1.3)

where Ae is a frequequ factor, AEe is éﬁ empirical activation energy, k is
the Boltzmann constant, and T is the absolute temperature. Although the
expression described well the temperature dependence of the rate of chemical

reactions, it was purely empirical._ As will be shown later, the rate

theory, based on statistical (mechanics) thermodynamics leads to a similar

equation.

It was recoénized by Marcellin [56] that, in the languége of
statistical mechanics, the reaction rate is controlled by the passage of
reacting molecules from the part of the phase space corresponding to the
réactanﬁs to the part that corre;ponds to the products through a criticai
(or acti;ated state) surface. in the phase space. O0Once the activated stéte
is reached the reaction. takes place spontaneously. The concept that

;reactants must be in an activated state before the-reaction takes place was
"furtﬁér developed by Rodebush [57-60] and by Rice and Gershinowitz [61,62]. .
The fheory was brought to its present form by Eyring [63,64], Evéns and‘

Polanyi [65,66], and its relevance to plasticity was already considered
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Figure 1.4, Equipotential lines in phase space, and the reaction path.
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Figure 1.5. Variation of the potential energy along the reaction
coordinate,
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[67,68]. The transition. state theory [69] and its application to

" deformation kinetics [27] are now firmly established.

During the thermally activated plastic flow caused by dislocation
movements, the reacting molecule 1is analogous to the N atoms around the
dislocation (thch form atomic groups or _flow unité). The potentié] energy
of the molecule is represented in a configuration space of 3N-5 dimensions
and may theoretically be ca1€§?§ted from quantum mechanics. -Fig. 1.4 shows
schematically, in two. dimensions, the configuration associated with the
passage of the dislocation over an obstacle. A molecuie (or flow unit) 15
+"the low energy level - indicated as R - cofresponding to the reactant state
can go to-the low energy level - indicated as P - corresponding to the
product stdte, only 1% it Sécomes 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 passage of the activated complexes.
over-the top of the energy barrier may be treated as a tfahs]ation or as a
loose vibration [70].  The frequency of . decomposition in .both cases
(translation and loose vibration) was found to be kT/h, where h 1is the
Planck's constant. The botentia] energy along the reaction- coordinate is
shown schematically in Fig. 1.5. According to Scheffer and Kohnstamm {71],
the molecules go both from the reactant statelto the product state in the
"forward" direction and producés go to the reactant state éh_the "backward"
direction. Consequently, the rates of reaction in the forward and backward

directions are, respectively [27,69,70], :
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Rate

and - (1.4)

# AEh

kT 0
Rate 2 ﬁ; exp - ﬁ?T )

4
h = Pply

where AEf is the energy of activation at absolute zero, that is, the
difference between zero-point energy of the activated complexes "and that of
~ the reactants or pr*oducts,.tft represents the partition functions of the 3N-7
degrees of vibrational freedom in -the activated state (the degrees of
freedom corresponding to the reaction coordinate have been utilized), 4
represents the partition function of-the reactant or product state, p is the
number of reacting molecules (similar to thé groﬁps of atoms forming
dislocations), x is the transmission coefficient that takes into account the
possibility that a -complex may be reflected bhack or tunnel through the
energy barrier. The subscripts r and p represent the reactant and product
states, °respective}y. Similarly, the subscripté f and b refer to the
forward and backward directions, respectively over a single energy barrier.
From the statistical thermodynamics definition of Gibbs free energy, 8G, the

rate constants h? and kg may be written as [27]

%

86

CoE KT o
kg =g Ty exp s gr) '

\
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. and _k
AGY
, b
kz = Ky, 5% exp - (pr) - . | (1.5)

4
In Eqs. (1.5), the rate constants k: and h§ represent the number of
activationé in unit time, in the abscence of the applied stress. The
applied stress leads to mechanical work, N(reff), on the dislocations. Due

to the mechanical energy, the corresponding potential energy barrier changes

by the corresponding amount. Consequently, the rate constants are expressed

as [27]
kT 867 - Melegee) o Helrepe)
ke = ke Tf &P - [— KT ] =kt exp —x
and < (1.6)
2
: 86 + W (T cc) W (toee)
kT b " b\ Terr!, _ ¢ b' Teff
by = ey 7 &P - [T =k exp - =

That is, the height of the energy barrier is decreased by wf(reff) for the
flow units moving in the forward direction and increased by Nb(Teff) in the

. .backward direction.

1t has been assumed in the absolute theory of rate procesées that the
complexes in the stable configuration (reactant or product states) are in
equilibrium with the activated complexes. This asgumption expresses only an
approximation of the dynamic conditions and is rigorously valid only when
the system is in equilibrium. Studies by Prigogine, Nicolis and A]?en [72]
using non-equilibrium statistical mechanics have confirmed the validity of

the equilibLeriun assumption, provided that AG/kT>10.
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1.1.4 Deformation Kinetics

During’ plaséic‘ defoﬁmatidn‘,a dis1ocatioh .is stopped in front of an
obstacie which acts as an energy barrier. If has to wait there until the
combined effect of the stress and thermal energ} increases sufficiently the

energy of the atoms which take part in the overcoming of the barrier. When
| the energy and the configuration of these atoms correspond to that of the
activated state, the dislocation is free to move at a very high velocity
uhti] it is stopped again by an obstacle. Egs.{1.6) represent the expected
number of activations in unit time; the rate constants hf and hb, in the
forward and backward directions, respectively over a single energy barrier
(obstacle). However, thermally activated p]ast{c flow is often controlled
by a system of energy barriers which may form either a parallel system, a
consecutive systém, or a combination of these two types. Hence, to obtain a
physically meaningful description of the experimental results, a kinetics
analysis [27] has to be carried ogt first: that will give an appropriate
system of energy barriers. Then, as it is practiced in chemical ‘kinetics
studies, the combination of the individual rate constants or the overall
rate constant can be determined. A step by step method to determine the
energy barrier system and to evaluate the constitutive pérameters from the
experimental results and testing ‘conditions is now 'we11- established

127,73].

In the following, the kinetics associated with fundamental processes

4

will be discussed: backward activation over a single energy barrier,

&

parallel, and consecutive energy barrier systems. When necessary, more

elaborate systems may be constructed {27].
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1.1.4.1 Singte Energy Barrier Kinetics

L

The net raté of reéction, that is, the difference between forward and

hackward rates is expressed as

. ‘ Py
Rv.ate = kaf - Pplhy . . -y ' {1.7)

Nuring plastic  flow, however, there is no difference between product and

reactant states since after overcoming an energy barrier, the dislocations

“are usually stopped in front of a similar energy barrier. The situation, as

outined by Gifkins [47] is" very different- from that in chemical. kinetics.
The difference befween forward and backward directions results only from the
work , N(reff) R done by: the effective stress, Teff,'during activation, Fig.
1.6 1illustrates the effect 6f thé shear stress on the energy barrier

¥

associated with the plastic flow. The _plastic strain rate is then exbressed

from qu.(1.2) and‘(l;ﬁ) as

py
L]

. . 1— -
EP = (ﬁ) b!.pt (kf“flh)

or ‘ o ‘ (1.8)

3
Wlrgpe)

kT 4, 4

AT
€ W blpth sinh |
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Gibbs Free Energy

Reactant
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Reaction Coordinate

>

Schematic representation of the effect of the shear stress on
the energy barrier associated with the plastic flow.

Figure 1.6;
\
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where R° =k% =k

pt = pf = Pp-
The mechanical energy is offen assumed to be a linear function of the

effective stress [27], ie

J’\

where the “activation volume" V is defined as °

346
V= - (5
ITafrlT

At low stress level or high temperature, when w(reff) is much less than kT,

eq.(1.8) hecomes

., Ve :
e 2 5 p# eff .
g, = § bl T - _ (1.10)
The relation expresses .the often observed linear relationship between -the

plastic strain rate and the stress. At high- stress.'1eve] and low

temperature, when N(reff) is much larger tham kT, the constitutive equation

can be expressed as y

. Vr ;
. 1=~ # eff
.Ep = [-ﬁ)ﬂbptk exp T - (1.11)



-27~

That s, within the high 'stress and low temperature range, the backward

activation over the energy barrier is negligible.

Alefeld [75] showed that even with constant activation volume, Eq.{1.8)
could describe adequately some experimental results.’ Krausz [76] considered
the more general case of a non-symmetrical energy barrier. The plastic

strain rate is then expressed as

.

. _ 1 - 3 . .
whgre
V.t <
# f eff
ke = b &P (7 )

and

Vot
¢ b eff Lo
hh = hb exp - —7 - ¢

Non-symmetrical energy barrier takes into account the facts that the
structure, and hence thé Gibb's free energy, of the group of atoms around
the dislocation may change after activation, and that the activation dis-
tance, and hence the aktivation volume, may be different for the forward and

backward activations., Using Eq.(1.12), Krausz [76] then elucidated the

observed stress dependence of dislocation velocity in LiF, Ge, Si, etc., as

T
.

[ g
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well as the effect of temperature on the deformation behavior of Ge, €51,

Caf, etc. [77]..

I .
1.1.4.2 Parallel Enerqy Barrier Systems

In general, plastic deformation occurs ovér several slip p1anes,.;hile
simultaneous processes may occur in each s1ip'p]ane.. The macroscopically
observed strain rate is the sum of all individual events [27,48,73,74] and
is expressed as ‘

» - 1 Iy .

€ '1.2 L pe Pikily _ | o (1.13)
where the hi"s are of theiform .

Ry =i ~kip

The largest term in Eq.(1.13) controls the rate of deformation, and, in
'genera1, it can be used to describe thé plastic strain rate at a given

temperature.

1.1.4.3 Consecutive Energy Barrier Systems

A consecutive system operates when the deformation mechanism is such

that a serieg of obstacles has to be overcome by the dislocation (flow unit)
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before a contribution is made to the strain by the flow unit., 1In this case
each step (aqpivation over a barrier) can be performed only after the

previous step {the overcoming of the previous barrier) has been completed.,

The mechanism is therefore composed of dependent unit processes. The
Peierls-Nabarro mechanism (Fig. 1.7 (a)), diffusive climb, and glide of
jogged qislocations (Fig. 1.7 (b)) are examples of processes associated with

consecutive energy barrier systems.

The constitutive equation associated with consecutive energy barriers

is often written as [74,79,80,81]

(1.14)

where t; is the waiting time .in front of the i-th energy barrier and €5,0 is
a constant. ) ’
Consider the two-consecutive-energy-barrier system shown in Fig. 1.8.

The net flow F, and F,"over each individual barrier is [27,82]

i 1 L. 2 2
Flmey -0 Rp=Fp ey f7 Ry (1.15)

where th represents the rate of activation in the forward direction from
barrier i to the top of barrier j, and J!ﬁ represents the rate of activation

in the backward direction. Because the total number of dislocations is
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(a)

Energy

¢« Reaction ‘Coordinate

(b)

Fiqure 1.7.

Reaction Coordinate

Two examples of consecutive energy barriers, (a) Peierls
mechanism [7R]. The first barier is associated with Peierls
stress and the second with the dragging hy point defects. (b}
Two- alternatives for the glide of jogged dislocations [4F].
The first harrier is associated with the motion of the jog and
the subsequent diffuston of the vacancy in the lattice.
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Gibbs ?ree Energy

’ Activation Distance

Figure 1.8. Schematic representation of a system of two consecutive energy“
barriers under the influence of a shear stress.
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oy =Py *oep,

it follows that

@+ 1y, |
Py = Py T Pp T Py T . T 7, (1.16)
1B ok Ty Tl
The constitutive equation then is
| R1p% = 12
€. = Lohir, - l-bzp L2 2 1
p M 1 M t L1 2 .1 -2
lh + Zk + h2 + hl
R
1 2 1
k1 k2
_ 2
1 2 2 1
lk 2& 1R ok
2 _ 1,2,1 1_ ,2,1;2
where lh =R Ry s s kT TR 1k /"ky and )
S
6§ =R bg
In £q.{1.17), the numerator is
a6tl v ac®? - Lag? - 2a67 - (b e W% e w +
1 2 2 1 1 2 2 1
1 - exp | — T : ]

_ where W = w(reff);
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Since the strain rate is zero when the stress is zero it follows immediately

that for the investigated system,

£1 22 1 4 2 % |
167+ ,AG - 86, + “AG) . - {1.18)

The first two terms in the denominator of Eq.(1.17) are of the form

h ;46

1
7 T P

. (1.19)

=

1‘

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

sed explicitly as

in the forward direction, The third term is exprf

or using Eq.(1.18)

S

2. -7
h AGI-N—N-H

1
—kz'me’”’[ X7
1

(1.20)

This term is identical to a waiting time for activation over an energy
harrier correéponding to the forward free energy difference hetween position

1 and the top of the secohd barrier. Similarly, the fourth term in the
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denominator of Eq.(1.17) is identical to a waiting time for activation over
an energy barrief corresponding to the forward free energy difference
hetween position 2 and the top of the first barrief. £q.(1.17) describes
the properties of a Syétem of two consecutive energy barriers. It can be
extended to describe the plastic strain rate for a system of more than two

energy barriers [83]. A N

1.2 CONVENTIONAL TESTING METHODS

1.2.1 Deformation Surface

“~

Several experimental methods were developed for the determination of
the deformation kinetics of materials. Mechanical models hé]p the
visualization of the behavior of material under the various experimental
conditions. Thé models are made up of springs and dashpots; the spriﬁgs
represenp the elastic and the dashpots the time dependent, dissipativé ffow
components. ‘fhe deformation behavior of materials 'may then be represented
by the combination of springs énd dashpots as shown in Fig.l.9 h[Ref.27
p.izg]. The deformation of the dashpot is wusually non-Newtonian and is

described by a constitutive relation of the form

f(Teff' E 5 E , T) = 0. (1.21)

The, exact form of Eq. {(1.21} depends on the kinetics associated with the

mechanisms that control the plastic flow. The constitutive equation defines
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€ = constant
>

€= constant

0' =
constant

Figure 1.10. Deformation surface for the model of Fig. 1.9 (Ref. 84 p.418)

¥
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the hefbrmation surface {84] as illustrated in Fig. 1.10. The surface is
determined by various tests during which one of the variables %s usually
kept constant. The tests are représented by intersectiéns of the surfaée
with p]ahes perpendicular to the axis: constant strain rate test (or
tensile test), constart stress ({or creep test}, and constant strain (or

stress relaxation test).

1.2.2 Constant Strain Rate Jest

Fig. 1.11(a) shows schematically the input correspopding .to a constant
strain rate test; and the response of the model shown in Fig. 1.9. .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. 1l.lla), is reprgsented by the spring K1
while spring K2 repreéents the work hardening coefficient, H (final slope).
Dépending on the properties of the dashpot, materials may exhibit an upﬁﬁr
and lower yield stress as indliated with the dashed line in Figt 1.11a.

[

The tensile test js probably the oldest method used for the
investigation of the plastic properties of materials [84]. In modern °hard
testing machines, the test is carried out at constant crosahead velocity.
The machines provide‘ a qgood approximat{on of the constant strain rate
condition at small elgngations. Tensile tests may be carriep out over a
very 1arge_temperature range and at various strain rates. The strain rate

change test is often used to determine the experimental activation volume,
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INPUT RESPONSE

Strain- .

arcton H
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| arctan K|
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(b)
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to Time : 1o *Time

Figure 1.11. Schematic representation of the constant strain rate (a),
creep {b), and stress relaxation (c¢) experiments {Input) and

of the response of the model in Fig. 1.9.
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Yexp' defined as

. agn €
Vv = kT ——5;~E

EXQ

1.2.3 Creep Test

Creep-test is usually approximated hy a constant Todd test, even if the
applied stres; changes slightly as a result of tHe deformation of the
sbecimen. The constant stress input and the typical, low temperature creep
respo;se are f]]ustrated in Fig. i.ll(b). The init1a1.strain results from
the deformation of the spring Kl. As the dashpot displaces, the 10ad is
transferred to the sbring K2 until the effective'stresé is zero. That is,
the material undergoes wﬁrk hardening: the internal st;ess, o;, iNcreases

1

~(often linearly) with the plastic strain, €. .For some materials, however,

p
the work hardening coefficient may be small leading to negligible internal
stress increase. Discrete stress change tests in creep [85,86] allow for
the determination of the experimental activation volume, similar to strain

rate change tests., The experimental activation energy may be calculated

from temperature change tests in creep [87,89].

1.2.4 Stress Relaxation

The behavior under constant strain or constant__elongatibn is shown

schematically in Fig. 1l.1lc. The specimen is pulled at a predetermined



-33-

L}

extension rate (cross-head speed) to some desired extension or load level at

whicﬁ point the machine cross—head motion is stopped. Just before the

motion is stopped, the dashpot (Fig. 1.9) deforms (or siips) at the imposed

strain ratei_ugﬂfﬁ}gbe'effect of the initial stress, Ub' Immediately after

stopping the cross-head, the dashpot continues to slip under the stress Uy »

However, since the total elongation (or total strain) has to remain

- constant, the slip in the dashpot must be equal to the contraction of the

spring Kl‘ Consequently, the applied stress décreases (or relaxes) with

time until the stress écting on the dashpof is zero.

.
The first investigations on .stress relaxation were made as early as

1904 by Trouton and Rankine [90]. Extensive studies have since been made by

Feltham [91,92] and others [27,34-36]. Stress rélaxation tests are usually

carried out on a hard testing machine. }he decrease of the load fol!ﬁwing'
the arrest of the cross-head prpduces a small deformation of the machine.

The analysis of the test, -following Guin and :P;att [93]), takes into
considération the interrelation between the machine and the spedimen.. Fig.

1.12 shows schematically the interaction between the machine and the
specimeh. The machi;é deforms elastically with a stiffness K, and the
specimen deforms both elastically and plastically according to the model in

1

Fig. 1.9. The combined elastic modulus E° takes into account the elastic

deformation of the machine, €n and of the specimen, €ge 1t is defined as

1

el 0

1

a
__ 0 ;
"R, E _ ~
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-

where 2 and 2y are, respectively, the initial cross-sectional area and
length of the specimen, and E is the elastic modulus of the specimen. The

plastic strain rate, ép’ is the difference between the constant pulling rate

Ly

. -

= _—Machine :,“-‘:
K '.g: e
= T

\

Specimen/

/

'ﬁigufe 1.12 Schematic representation of the interaction between the machine
~ and the specimen, .

of the machine, S, and the elastic strain rates, thus
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Hence,

5, = {l(é—ep). . (1.22)

—

éa = -k €y - (1.23)

lthen the deformation of the machine is not purely elastic, the total strain

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

stress relaxation is then expressed as

[PRE SN

'cl

ép = E'-ée = E':-- —E'- - (1.?4)

Fq.{1.24} holds in all situations and shows that the plastic strain rate can

be determined from the knowledge of the total strain rate and the applied
1
stress rate,

‘
L}

Because plastic deformation is kept to a minimum during stress
relaxation experiments, structural changes are minimized. " The p]astic
strain rate is measured over a w{de range as-'the étress relaxes. The fact
that structural changes are minimal or non-existence during stresé
relaxation’ constitutes the main advantage of the test and makes it an

indispensable tool for' the development of the constitutive relations.
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1.2.5 Cyclic Stress-Strain Curve

During tension-compression cyclic loading, a stable hystere;is Curve
develﬁps. The development of the hystéresis curve has two staggs. First is
the transiént stage during which changes in the material fésponse occur.
The material undergoes 'ch1ic softening and/or hardening, leading to a
nonlinear and time-dependent relationship between stress and strain. In the
second stage, the steady sbaﬁe is approached asymptotically and is
characterized by the conversion of the hysteresis curve into a loop which is
traced over and over again on subsequent cycles. That 1?, stress and strain
amplitudes have reached their saturated values. If a series of eitﬁer
stress - or strain - controlled tests is performed at different amplitudes,

then a seg'of stable, saturated hysteresis loops characterizes the steady

state behavior of'the whole range of the loading amplitudes. The curve

connecting the tips of such stable hysteresis loops gives the relationship

between saturated stress and strain amplitudes and is-called the cyclic
stress-strain curve. Fig. 1l.13. 1llust}ates the construction of cyclic
stress-strain curve from steady-state cyclic loops.

-

A]térnative methods for obtaining cyclic :%ress-strain curves were
suggested by Morrow [94] and also by Langdgraf and Morrow [95]. Of these,
the multiple %&SE testin; and incremental step testing'are used expensive]y.
In multiple step testing, the specimen is subjected to alternating strains
in‘blockg of increasing magnitude. Hence, from a single specimen, seve}aj
stable hysteresis Jloops which may be used‘ to construct the cyﬁlic
stress-strain curve are obtained. The incremental step method involves only

one specimen and takes much less time than the former. The specimen is

e



Cyclic o°-€ Curve

Stress
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Figure 1.13.  Construction of cyclic stress-strain curve from steady-state
cyclic loops. '

Ao,
.
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“

subjected to a series of blocks of gradually increasing and then decreasing

(Etrain excursions. After a relatively few such blocks, the material reached
a stabilized condition. The cyclic stress-strain curve is then obtained by

drawing a line through the tips of each hysteresis loop, from the smallest

strain range to the largest. .

Md_notonic
Cyclic
b Cyclic Softening
"
7]
h Cyclic
wn Cyclic
Monotonic Hardening

Strain, €

Figure 1.14. Comparison of tensile (monotonic) and cyclic stress-strain
curves, .
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.Cyc11c stress-strain curve is a useful and convenient method of
describing and characterizing.-cyc1ic stress-strain behavior in direct
comparisoﬁ with .the monotonic stress-strain curve obtained from the
gpnventional ten§i1e test. Fig. 1.14 illustrates the positions of the
monotonic and cyclic stress-strain curves. It has been demonstrated [95]
that the mutual position of these two curves determines whether the material

softens or hardens under cyclic loading.

1.2.6 Internal Stress Wnalysis

The determination of the internal stress is of yreat practical

engineering, as well as theoretical interest. It was mentioned before that

the applied stress is the sum of two components: the effective stress and

the internal stress. Hence, the effective stress is expressed in function
F e R,

of .the internal stress as

For the development of the constitutive equat{ons of thermally activatea
plastic flow, the internal stress, and through it the effective stress has
to bg known., From the engineerihg point of view, the knowledge of the
internal stress provides valuable information for the interpretation of ;he

results obtained in materials testing. Because of the varied and gyreat

interest in the measurement of the internal stresses, a varpiety of methods

S u

were developed, . ‘?k
i : : SO
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- ngne of the methods was developed by Seeger {49] and is based on the
variafion of shear modulus with temperature. The temperature dependence of
the ratio of the flow stress to the shear modulus yields the'v§1ues of .
1ntérna1 and effective stresses at each temperature. Fig. 1.15 illustrates
schematically the evaluation of the iqterna] stress, according to Seeger's
method., The.main disadvantage of this method is »Uﬁﬁ?’?'large number of
tests are required over a wide range of temperature. Consequeﬁtly, the
internal structure and hence the inpbrnal stress may change with the
temperature [81]. = An alternative method, the incremental unloading method
is, therefore, widely used instead [96-102]. Fig.1.16 illustrates the
principle of the method. At zero effectiye stress, the plastic strain rate
must be zero. At" stresses below the internal stress level, negative
relaxation occurs. The internal stress thénuis the applied stress at zero

strain rate.

Despite the fact that the machine relaxation may render the measurement
very difficult [100], the determination of zero strain rate is a practical
impossibility. The method brackets only a stress range within which the
strain rate is vanishingly small [101]. The width of this stress-réngé
depends on the sensitivity of the eqdipment and the prOpgrties of - the
material. The precaution required to use the method is further 1l1usfrated
by the recent observation of a positive relaxation that followed a negative
relaxation [102]. The advantage of this method is that the evaluation -of
the internal .stress is made on the samé specimen that was used in a

receding test. .
P g f



Temperature

Figure 1.15, Schematic temperature dependence on Ta /u., 1, 15 the flow
stress corresponding to the strain rate g, and y is the shear

A modulus at the same temperature.

- Stress

-

- r

Time

Figure 1,16, Schematic representation of the incremental unloading method to
measure the internal stress.
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CHAPTER 2

CONSTITUTIVE EQUATIONS OF CYCLIC LOADING

-

During cyclic loading, the material may experience plastic as well as
elastic strain in each cycle., The dislocations undergo "to and fro" move-
ments which often give rise to changés in mechanical properties and
microstructure; the internal stress may increase and/or decrease. The to
and fro dislocation movements and the resuitjﬁg changes in materiaf
structural properties distinguish cyclic deformation from uniaxial,

monotonic loading,

In the following, the application of constitutive equations thaqt Qere
derived from deformation kinetics to deseribe piastic deformation under
cyclic loading Fonditioné wisll be discussed. It is considered that cyclic
deformation takes‘place under a cyclic stress (or strain) superimposed on a
me&n or directing stress (or strain). The discussion is based on materials
response during which the internal stress level: (a) is constant, {b)
increases linearly with plastic strain, and {(c) varies in a cyclic manner-
increases upon Tloading and decreases during the unloading part of the

cyc]é.

2.1 STRAIN CONTROLLED CYCLIC LOADING

2.1.1 Elastic and Plastic Strain Rates
: v

During strain controlled cyclic loading, the total strain e(t) is

expressed as
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e p
or in time differential notation as

eft) = e, + ¢ ‘ -~ (2.1)
=g tE | , (2.2)

The elastic strain is related to the shear stress as
Mt .

_ G
e TEE C\ (2.3)
where E is the elastic modulus of the specimen. Consequently, the elastic

strain rate is expressed as

;2% Ma : | (2.4)

e E F f

When plastic deformation is thermally activated, the rate of plastic
flow 1is obtained from deformation kinetics analysis [27].  While the
physical processes of plastic flow may occasionally be agsociated with
parallel energy barrier systems, thermally activated plastic deformation is
often controlled by mechanisms associated with consecutive energy harrier
systems [27-36]. For the purpose of the present analysis, it is considered
that the rate of plastic flow is c&ntro1]ed by!a system of two consecutive
energy barriers.. The p1ast;c éfrain rate, ép, that results'frbm thg
thermally activated motion of dislocations over the energy barriers is then

described by Eq. (1.17) as

1, 2,
31_ _f.z.g._._.ﬁ
W .
ép = 8py . (2.5)
_ 1, 1., 1 ,1 , ,

s
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Region I

4
Slope = VI/KT

{n
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Figure 2.1. Schematic rate diagram at the transition stress.

Fig. 2.1 illustrates a typical rate diagram (for high stress range)

associated with activation over a system of two consecutive energy barriers.

It is characterized by two lines, Eegions 1 and fI, joined by {convex

B —_— -—

curvature) a transition region. A strajght line in the rate diagram

indicates that the activation volume remains constant during the plastic

o
flow. It also indicates that the Gibb's free energy (or experimental
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activation energy) is a linear function of the stress, and can he expressed,

in this range, as ;

A

' o2
AG(Teff) = M - VTeff . (2.6)

where L\G;t is the value - or the extrapolated value - of aG(reff) at zero
stress. The straight line also implies that the pre-exponential factor, and

hence the mobile dislocation density, P s in the rate equation is constant,

Recent studies [27,30,36,103] have shown that at high stress ievels,
the second term in the numerator of Eq. (2.5) is zero. For the terms in the
‘denominator of Eq. 2.5, Ehe studies showed that it is nnf experimentally
possible to isolate all the four terms, and that only three of the four
terms may have a separate effect. At high stress levels, however, only, two
terms are rate controlling (Fig. 2.1}. In thé stress range where one of the
two terms in the denominator is effective (1argec than the othérs because

the associated free energy is larger), the plastic strain rate is expressed
as ’
86) (tepe)

. . - kT o1 eff’
Ep—GptkI—K Spyy &P KT . (2.7)

Similarly, within the stress range (region II) where the other term in the

denominator is rate-controlling, the plastic strain rate is expressed as

AG, (T ¢}
. L - kT _ I1' eff
Ep = 5ptfzII = Kﬁpt—h-“ exp —_—_kT . (2.8)



-46-

The transmission coefficient x=1 for plastic deformation [27]. In  the

transition stress range, the plastic strain rate is, therefore, expressed “

»

as
Sp, py § kT/h |
ty * T - N CIP : o - (2.9)
p .1 1\ Teff 1 e ffe
Ry kip | &XP [_'k"’f"" -]+ exp | KT ]
Eqs.(2.9) and (1.14) are identical and can be written as
. £ ' ‘ ¢
P N ‘ (2.10)
S S -

. ! bl
- b Q

where ¢ is a constant, and t and tpp are the "waiting times" for

p,0
activation over each barrier. It should be_noted,“however, that Eq. (2.9)
is- va]id‘ only ‘in-'a 11mit;d stress ranQe, and, Aoreover, that the
intenpnetation is different; oﬁe of thé terms tl/kI’II) may be a combined
term (lfikj, j#i) and thus does not represent the waiting time for

activation over the second energy barrier,

2.1.2 Governing Differential Equation (DE): Region I

. b 3
Within the high stress and low temperature range, (region I in Fig. 2.1)

the effective stress can b expressed from Eq. (2.7) as

7 S
Terf TV, 4" (ﬁ) | ) (2.11)
+
kT AGy

where AI_= ﬁpt-ﬁ exp - -

* Low temperature Fange is defined as T<0.47, where T, is the melting
* temperature (absolute). |
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e

Assuming that the internal stress increases 1ineafly with the plastic

strain, the applied stress is
\

en (1‘21) * -r? +

=<
[yl

T =

kT (2.12)
I

where r? is the internal stress at the beginning of the experiment. The

applied stress rate then is ~
fa kT 1 dép ) Taff dVI kT 1' ﬁAI ) Hép (7.135)
B M dt v, dt V? Ap dt M : -
. p : . .

However, it,.was established -by Krausz and Eyring [27] that in the high
stress and* low temperature range tﬁe'activation volume 1is independent of
stress (anq hence 1ndepénsent of time): no structura} change. Also, the
evaluation of experimen;ilé?ésu1ts [27,106,107] for some materials has

shown that when the totaf strain amplitude is small, the component of the
shear stress fate due to mobile dislocation density (and/orgmicrostructure)
changeszisfneg1igib1e compared to fhe components due to the rate of change
of the plastic strain rate and to the rate of change of the internal

stress. Hence ‘the applied stress gpate within the high stress and low

temperature range ({region 1) an during strain controlled cyclic deforma-

tion can be approximated as . !
;
: ToLx 0 SR ‘ (2.13b)
41T, struct. VT ép' £ M ‘Q\
: ) _ e
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While the above assumptions are physiba11y reasonable, they are by no means L«\
necessary and should not be taken as restrictions on the validity of the

theory. The combipation of Fqs. (2.2), (2.4), ‘and (2.13b) results in

d¢ :

MKT 1 P, o Hy _ &«

o I—_ Gt ey {1 + E) €. : (2.14)
! e

The PE {2.14) describes the deformétion hehavior during strain controlled,
cyclic deformation with increasing internal stress. The solution of the DF
expresses the variation of the plastic strain rate with time. The analysis
~is, however, valid for cyclic deformation within region I, that is, the
stress and temperature range where the plastic strain rate can be
approximated with activation over a single energy bharrier (Eq. (2.7))(and

when the material structural characteristics do not change appreciably

during cyclic deformation.

2.1.3 Solution of DE

Fquation (2.14) is -a nonlinear, first order DE that can be solved by
using the method of variation of parameters [1N4]., According to the

procedure, the nonlinear term of £q.(2.14) is removed, leaving the linear

part as
4
de EV
> .—D—— - _I_ 2 a2 = i . .
at kT €pé ° 0. — (2.15)
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x
i

The complementary function, € o then is
EVIe -
€y, c = 0 eXp —wT ‘ . (2.16)

4

where n is a constant which must be evaluated from initial conditions. The

particular integral 1is obtained by allowing the constant n to vary with

b

respect ‘to time. Substitutihg Eq. (2.16) into Eq. (2.14) with n=n{t)

Teads to
BV (1 +9)  Eve
Qow TR T
2 a MR T P T .
or
-
é EV (1 + %) EV, e
- ;§;= T exp mT dt . (72.17)
Integration of Eq.(2.17) results in
V(1 +8) t Eve
L L E [ exp L gt o+ L
n Mk T MkT ,
or -
1 ‘ .
- . 1 . (2.18)
BV (1+F) t  EVpe

I A
WKT Io exp g dt * oy o
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where ny = %b = constant. 'The particular 1ntegr?l then 15-
EVIE -
¢ = o T . (2.19)
P (1+F) EV e
—mr Jo &P Ra 4T

Because at time t=(, EZEpY and T,5Tgs the integration constant, L is

s

expressed as \ .
EV]EO' . ) .
: &P TMkT
n, = . '
; 1 VI(TO-T?)
Apexp T ,

The constitutive equation of strain controlled cyclic deformation wi;hin_

the specific stress and temperature rénge is, therefore, described as

. EV, ¢
A; exp —p= .
% ~ G0 L Ll ' .(2.20)
EA V. (1 + ¢ t EV.e ¥
il Y E 1 1 .
kT et + exp [y (EepMlngey))]

L}
-

It follows immediately from £q.{2.20) that while the 51ast1c strain rate_is

a function of time, material structural characteristics, and temperature,

1 In Eq. (2.70) the plastic strain rate hecomes indeterminate at finite
time t when &, ¢ » «. However, at high strain rates the velocity of
dislocations is limited by the velocity of transverse sound waves in the
material. Thermally activated dislocation movement ends - fades out - at
strain rates several orders of magnitude below this [27,30].
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it does not depend on time der1vat1ves for any quantity and 1s, therefore,
continuous upon a d1sc0nt1nuous change in strain rate or stress rate. This
behavior of the constitutive equation 1is a common property of the
viscoplasticity theories (or unifted theories) [23-26] where the total
strain rate js the sum of the plastic strain fate and -the elastic‘atrain

rate (Fgq. 2.2).

2.1.4 - Stress-Time Relationship

Region 1
The stress Fate-&}me relationship during strain controlled cycl?c

»
loading is evaluated from Eqs. (2.2), (2.4), and (2.20) as

EA,  EVpe
‘ . exp :
e EA LV, (1 +€)'-f £V, v, .
kT Y XD Ry gt T oexp [MkT {Feg-Mrg-1i 1]

The applied stfess is then expressed in function of time, after integration

of Eq. 2.21, as

H .
E{e EO) KT FAIVI(I +—I:f) VI(TO-T ) It EVI(E-EO')
2T ot T - i [_—‘7ﬂﬁr——' exp —r 8P Ty
VI(l +-E) 0 :
dt + 1) + € : (2.22)

where C 1is a constant of .integration. Because at t=04 T, 5T and E=€qs it
1

follows that Cl=0. Over the temperature, stress, and time range (regian I)
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A

4

where thermally activated plastic flow in strain controlled cyclic
deformation can be approximated with activation over a single energy
barrier, Eq. {2.22) can be used to.evaluate the constitutive parameters, Vr

and A;, for the cyclic deformation process.

I
Fq. 2.22 describes the stress-time re1ation§h1p during the strain’
controlled cyclic deformation, within the specific stress and temperature.
range. The épp1ied stress is‘expressed in function of time, temperature,
initial loading condition, and the material structural characteristics
(E,H,VI,AG?,and pt). However, the total strain, ¢, must be known
explicitly before the applied stress cén be evaluated. DNepending on the
function g, the integrétion on the RHS of Eq. (2.22) may be difficult to
evaluate analytically. The simplest function of the total strain is
s=en=constant. It represents the Fdhdition during a stress relaxation
experiment carried out on a very rigid machine. The stréss-time relation
during stress’ relaxation, therefore, follows from Eq, (2.22) and is

expressed as

' H
kT )
H

VI(TO—TQ)
{exp 1
Mk T kT

T, = T b t+ 1], (2.23) .

a

Fq. (2.23) is formally identical to that derived by Wielke and Shoek [105]
and also by Krausz and Eyring [27] (for H=0). It was widely utilized to
-describe stress relaxation in many materials (iron, Cu, Zn, Az, steels, Pb,
mqny-.polymérs, graphite,ﬁ_ng.). The conclusion that follows from Egs.

(2.22) and (2.23} is an important one: stress relaxation is a special case

of strain controlled cyclic deformation. Consequently, it is anticipated
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that stress relaxation experiments can be used to measure the constitutive-
parameters, VI and AI’ that represents the microstructure which can then be
used in the development of the constitutive equation of the more

complicated strain controlled 6yc1ic deformation.

[

Region Il

The congtitutive equation for plastic deformation in Regipn Il is
expressed by Eq. {2.8). The derivation of the stress-time response during
strain controlled cyclic loading, within this stress range, can be carried
out using tﬁe procedure described'in the previous section. The applied

shear stress during cyclic deformation is then expressed in function of

time as
| H 0, t
., Ele-eg) 41 - o [EAIIVII(l o) o Viplrgvy) |
a0 T T W T Mk T P 4T 0
1Yt T E -1
EV.,(e-gn)
exp —b——0 dt + 1] (2.24)

while during stress relaxation, e=ej=constant and the stress-time relation

hecomes
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Transition Stress Range

While the rate of plastic flow in regions [ and Il can be approximated
with activation over the energy barriers 1 and I, respectively, plastic

flow .in the transition stress range is controlled by activation over the

two consecutive energy barriers, If g{t) is defined as

. t EVI,II(E-EO)

111 - IO exp ST dt, : {2.26)2

then it can be shown from Eqs. (2.22) to (2.25) that when the first term in

the argument is much greater than unity,

k H i
e o ep [l {1+ By (0

<M. (2.27)2

Recently, Hshana and Krausz [106,107] have shown that when the applied
stress is measured in function of strain cycles such that t=mp, where m is
the numher.of cycles and p is the cycle period, the change in. the shear
stress¢, -at, is a linear function of the natural logarithm of time.

Consequently, a method was developed to determine the constitutive

" The shear stress change is defined as at = 13 where 1., is the shear
stress at the end of the m-th cycle. If mean éﬂear stress change is
desired, then it is calculated as

EErnean)

AT=r-(TO+ "

2 £ (and hence ty} is_calculated using V| and K in the equations while
for ¢;y{and hence tII), Ayy and Vyy are used. For stress relaxation
a=eo=constant and thus &=t.
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parameters from the analysis of experimental results in regions 1 and II.
Fig. 2.2 illustrates reg{ons [ and 1I, and the transition stress range on a -
stress change versus natural logarithm of time Eoordinate system. For
coﬁseCUtive processes or energy barriers, the slowest proéess controls the
rate of p]agtic fiow. Hence, in region I, Elq <<gI and gImt=mp while in
region II, EI<<EII,9nd gIImt=ﬁp. Recause at t=mp e—eo=0 (106,107, the
deformation time t (gI+gIImt)-within ;he transition stress range can be
evaluated from Egs. (2.26) and (2.27) (us{ng the constitutiy; parameters
determined from the analysis of the experimental results in regions I and
I1) in function of the applied stress.’ Thence, from the constitutive
equations, the stress-time response 1is fully described in regions 1 and II,

and in the transition stress range.

It follows from Fig. 2.2 and from Eq. (2.2) that at t=mp where e=e,

[106,107], the plastic strain rate in region I is described as

. Hi Mk T ,
EpI'—’ -El =_Et—V ) (2.286)

with g,«t =t} while in region II it is expressed as
171

M Mk T '
€ (g% -~ —/ T TEr—T (2.28h)

pIl BBty '

. * o7

where EII“tllzt‘ At the.trans1t1on stress, T, spI=EpII and hence
Vit =Vytyp- Eae (2.9) then becomes [36)

x € '

Ko Tpl U MkT . _ MkT - {2.28

g = = = .28¢)

p 2 2EVItI 2EVIItII
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R

is defined as the plastic strain rate at the transition stress.

The "wajt1ng times" tI(EI“tf) and tII(EII“tiI) for activation over each

energy barrier are evaluated from Eqs. (2.26) and (2327). Conséquently,

-

4
"
< |AT(O)

o ' :
., .
™ Transiti Regionll SI:::?I- I\
e Range I
G
£ \
© L\'r*
W
w
]
= )
N
v
S - ar()
Region- 1 )
SlopeskT/V;
3
Inty Int, int I 1 tt nt

Fiqure 2.2. The figure illustrates schematically the stress ranges for
' regions I and 1[I, and the transition stress range on a stress
change versus natural logarithm of time cngrdinate system.

In region I, t <<t and t= t while in region II,
Erans1t1on stpess range, t=t +tI

t=tyy. Nith1n

tI<<t{ and

was

assumed in the ana]ysws of constitutive parameters that

 H=0.
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¥ £p,0 A6
) = B exp - 47 (2.29)
* = * - * = # * = = y k_T
where AG = AGI VITa AGy - ViiTa and & 8Py e

p,0

Accordingly [36], the temperature 'dependence of é; allows for the

* . .
determination of AG and hence AGT and AG?I. The Gibb's free energy at the

*
transition stress, aG , is defined as - . -

3 zq(e*/T)

AG = - k __STT7%T‘ . | (2.30)

2.2 LOAD CONTROLLED CYCLIC LOADING

2.2.1 Constant Internal Stress

In the simplest deformation kinetics where thermally activated plastic
flow in load controlled cyclic deformation can be approximated with

activation over a single energy barrier,.-the constitutive equation, as

before, is expressed as ¥

AP$ Vot
1 kT - 1 7 T1leff
) bog L exp - —

ép= (2.31)

"The mobile dislocation density, Py is essentially an experimentally

measurable quantity and is expressed in terms of the stress or strain. A

widely used form was introduced by Johnston [108], i.e.

0 .
Py Pt + Bep, . (2.32)
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where pE is the mobile dislocation density measured at the beginning of
plastic flow and is thus an empirical parameter that represénts the
previous deformation (state of the structure) history. It is outside of

the theory of deformation kinetics and of the theory used here: it is also

“°.a microstructural feature to be measured by the. method given in this

report. The factor B is also measured by direct dislocation density

observation and expresses the multiplication of dislocations in function of

the strain. Equations (2.31) and (2.32) can be combinéd and rearranged as

de Vot . .
—0———?1— = A} exp Ik$ff dt - ' (2.33)
Py + Bep . .

where A%=Al/pt. For the purpose of the present discussion, it is
considered that cyclic plastic deformation takes place at constant internal
stress. During load controlled cyclic deformation, \the applied stress is a

periodic, random, or complex function of ‘time. If y{t) is defined as
s
5
PRI L P - . . '
t VI(Ta-T?) . ‘
y = [ exp ———-—W———hdt, ' (2.34)
0, .

then the integration of Eq. (2.33) leads to

" o
. ‘

Be ¢
l11n(1+——g—)=ﬁ\}y -
Pt
0 . .
_ Pt 1 . , _
or e, T [exp AIBy - 1]. . (2.35)
\————0—-‘;

C
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That s, when cyclic plastice deformation can be an;::Zmat d with

activation over a single energy barrier and occurs by dislo ign movement

and .multiplication, the plastic strain increases exponentiall& with time

since t«y, AHowever, as stra}ning proceeds, some of the mobile dislobationé
may lose their mobility through interactions with other dislocations
(annihi]ation),'pinﬁing by so]u{; atoms or will be lost by emission through
the surface. Microstructural sfudies [9] have shown that during cyclic
loading, the ﬁohi]e dislocation density of some materials increases ram‘d]y~
" at. the beginninq of cycling and reaches "saturation after a few cycles.

3

Hence, in the 1im R+0, Eq. (2.35) becomes

|

= f/ " *
Ep AI._y., . ' _ ‘ (2.36)

The total strain, e, is then expressed as

e=€q7 M T + AI_y.. ‘ (2.379)

y = {exp =51} t. | ’ : (2.38)

Hence the total strain is éxpressed in function of time as
-0
(ty-13)
- I''0 '3 :
e = gq + [Ajexp ——] t / (2.39a)

o
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while the strain.rate is

) VI(TO'T?) ioh
; ¢ = Ajexp —— - _ | {2.39h)

The total strain is not'propﬁrtiona] to the logarithm of tiée hecause T T
constant: a measure of constant microstructure. The conclusion that
fo]]%ﬂs_from Eqs. (2.37) and (2.39) is an important one: creep deformation
process 15 a special case of stress contro]]ed cyciic deformation.
Consequently, it is ant1c1pated that creep tests can be used to measure the
constitutive B?rameters AI and VI that represents the microstructure which
‘can then hé uéed.in.the development” of the constitutive equation of the
_more comp]iéated cyclic deformation., Hence, over the temperature, stress
“and time Eange where‘tﬁermally act{vated flow in stress controlled cyclic
deformation and creep can be approx1mated w1th activation over a single
enerqy barrier, Eq. (2. 39) ‘can be used to evaluate Q%e constitutive

parameters for the cyclic stress deformataon process at CGistant internal

‘stress.
- ‘ .
tor i 4
2.2.2 Linear Work Hardening . .
. - ’ . a M rpnn
o - hae - - o s om Ny
. .onsider that during load controlled cyclic loading, th&=internal
¥ s ‘ ' :
.»~stress increases linearly with the plastic strain as
- J . . . ' ‘ .
0 _H -
T T * N €p* .

=3
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can be approximated with activatfion over a single energy barrier, the

s . . v
constitutive equation 1S :

v

. A D e
€ © Ah exp [kT (T.a T M e_:p)] .
or
: v, He v .
p _h p - t _h -0 :
Joo exp <@ — dep = A Jg exp [gg (v, - 1)) At - (7.40)

Tw.

where the .subscript h signifies t.hat the activation parameters are
associated with hardening mechanism, such as dislocation pile-up against
obstacles [20], intersectjon. mechanism [27] etc. It is considered that

the variation of the mobile dWislocation density with time is negligible.
Krausz -and C-rai'g [86]_, Wyatt [85], and others (27,109,110} have shown.that
the activatibn volume, Vh, evaluated from.cdnstant stress creep and from )
stress r.e1axation experiment:ﬂ results -is inverlsely pr‘obortio'nal to the

initial stress ry. [In the special case of uniform obstacles, Essmann {111

showed that Vhazu'l'lr{]‘T‘Where ¢ is the mean free.length of mobile
[+] . @

"~ dislocation segments. Hence duriﬁg“(constant ‘amthude),.cycl]-.r loading,
the activation volume Vh « ”Tmax = constant since the changes 1in t'he mean
free 1e‘ngth .of the mobile dislocation’ segments are irreversible. The
"';plastic strain is, therefore, obtained from fhe jintegration of Eq. (2.40)

as
KTH VALt Vh(Ta"T?) ) a1
S Ty R i fnexp —r 9t 1 - (2.41)

H
e
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For constant stress creep, t,= 1 © constant. Eq. (2.41) then becomes

-0

V, HA - Vo {ta-Ts ) '

_ kTM h"'h h*'0 5

ep * VA an [kTﬁ {exp "_T?r"____} t +1]. (2.42)

Fq. ?.42 describes low temperature creep in function of time. Nhgp the
first term in the "argument is much greateF than unity, the plastic Etrain
versus the natural logarithm of time relation is represented hy a straight
" line., This has been found to be thé behaviol in numerous experiments

(27,85,86]. The slope of the curve is inversely proportional to the

activation vqfﬁme and from this Vh can be evaluated.

The conclusion that follows from Eq. (2.41) and {2.42) is an important
one; creep deformation process is a.special case of cyclic stress harde-
ning. Consequently, it is anticipated that creep tests can he used to
measure the canstitutive pa;amgte}s Vh.and~Ah thaf represents the
microstructure which can then be used 1in the development of the
constitutive equation of the more complicated cyclic stress hardéning
process, ' Hence, over the ;emperature, stress, and time range where
thermally activated plastic flow can be ahproximated with activation over a
single energy barrier, Eq..(2;42) can he used to evaluate fhe constitut{ve
parameters for the cyclic (stress) hafdening process. .

Fig. 2.3 shows schematically a triangular stress wave form often used
in stress controlled 6yclic loading experiments. The applied stress for

the first cycle is expressed in’ function of time as
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o
2t t :
- L P
0 when 0 < t < 5 _ _
. = < ' (2.43a)
a 2Tr ‘ P .
Tt - (t-p) when Fet<p

where T, is the shear stress amplitude or rang€. If u(t) is defined as
4

b= exp /i dt, ' (2.43b)

then it can be shown‘that when t=mp, the integral becomes

9

: V, (11 . V. 1 :

kTt - h''0 h :
b= Y eXp =7 L [1-exp- ‘ETL ]. (2.44)

h'r - , :

Far constant stress, T, TTg T constant and
V. (14-1,)

Z h*' 0 i

w|T = {exp — 73—} t. (2.45)

It is evident from Eqs. {2.44) and (2.45) that ' : &

ol o> v o -
T | | +
Consequently, it follows from Eqs. (2.41) and (2.42) that the plastic

strain (accumulation) is smaller under the cyclic stress than that under -

constant stress {equal to the peak or maximum stress during cyclic loading)

»

&
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Figure 2.3 Schematic representation of stress controlled cyclic loading.
The applied stress, v, is expressed as 1, = 1ty - T1({t) where 1
. : a - a 0 . 1
is the cyclic stress. Tp 15 the shear stress amplitude or
range, _p is the period, and 1 is the initial stress at t=0,

e

creep., When the first term in the argument (Eqs. (2.41) and (2.42)).15
muéh larger than unity, the strain rate for creép and for stress controlled
cyclic loading'are identical. It follows from the analysis that the cyc]fc

stress hardens the maferial,
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Fig. 2.4 shows the effect of cyclic strgss hardening on b1ast1c strain
accumulation (with loading cycles). -The curves were calculated by using
Eq. (2.42) for creep and Eq. (2.41). for cyclic loading. ‘The figufe shows
that the accumulated plastic strain is smaller under cyclic stress than

that under constant stress (equal to the maximum stress during cyclic

‘* loading) creep. Alsg, it follows from Egs. (2.41) and (2.42) and from Fig.

2.4 that during the first few cycles of cyclic loading, the plastic strain

<4

PRI .
rate’ is smaller under the cyclic stress than that under constant stress

creep. However, after sufficiently long time when the first term in the

argument\ef the equations is much greater than umfty, the plastic stfain'

rates for creep and cyclic deformation are almost identical. ‘The figure
also shows that the greater the stress amplitude the smaller is the strain
accumulation with cycles. The cyclic stress thus hardens .the material.

This behavior is sometimes’ referred to as "cyclic stress retardation”.

\

The phenomenon of cyclic stress retardation has been "observed

experimentally by geveral_inuestigators [19, 112-114]. Shetty and Meshii
[19] observed the cyclic stress hardening behavior in aluminum single
crystals that were tested ak 77K, THeibehavior was also observed in zinc
[112] at 303k, and in many other materials {113, 114]. The experimental
observatibns confirm the results of the present analysis that the strain

“and strain rates are smaller under cyclic stress than those under constant

¥ stress {equal to the peak stress) cneepi In -most of these studies, a

rectangular stress wave from with a minimum stress equal to zero

ror

s
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Figure 2.4. The figure shows the effect of cyclic stress hardening on the
accumulated plastic strain. “The curves were calculated using
Eq. (2.42) for R=1 (creep) and Eq. (2.41) for cyclic loading.
The parameters are: V, = #.3/t,,, eV mm’/kg ,.a6f = 3.55 eV,

H/M = 167 kg/mm2, 1 = 1,78 kg/mm2, T=300K, &pekT/h = 12 sec”!,

and Ep;o= 0.
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was used. Recause of the wide stress range, it  is Iikely that the
deformat1on k1net1cs and hence the const1tut1ve equations of plasttc flow
for stress contro]]ed cyclic 10ad1ng and creep were different. The
ana]ys1s presented here . 1nd1cates that w1th1n the 11m1ted high stress and:
1ow temperature range where the rate of p1ast1c flow in “both creep and
cyclic stress hardening can be approx1mated with activation over a single
energy barrier, the long range stra1n rates in creep and cyc11c loading are
identtca] th1é the accumulated cyclic strain is smaller than the creep
strain (measured at the peak stress of cyclic Ioading). Consequently, it
appears that over the high stress -ane lop. temperature range; the
constitutive parameters determined from the anal;sis of creep test results
can be used to predict the cyclic hardening behavior using the equations

developed here.

2.2,3 Cyclic Softening and Herdening

Lo ] . >
€

'-;',j,
4

It has been ohserved exper1menta11y [1 2,3,7,19,20,112-114) that creep
‘rate in metals either 1ncreasps and/or decreases upon cyclic loading
depend1ng on the comb1nat1on of the exper1menta1 var1ables (rnmperature,
stress amp11tude frequency etc.). That is, load cycling can cause etther
'softening of the meta1 which .leads to increase‘ %n the strain‘ rate or
‘hardening wh1ch is assoc1afed w1th decrease jh- strain rafe. Often,
however, the hardening and softening ,processes,pare not separate:_ 'they '
operete simu1teneous1y [2,7,f9,201 during cyclic deformation. ~ In static

creep, the decrease in qreep ‘rate that is observed during the primary
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stage is, for instance, due toathe pi1in§ up of dislocations against
obstacles in the slip plane. The application of a cyclic stress and the
resulting to and fro motion of dislocations may increase the mobility of
thé-piled—up.dislocations by assisting them to overcome their obstacles,

leading to an increase in the creep rate. ' :

A simple approximation to express the deformation mechanism of gyclic
softening and hardening was proposed gBy Shetty et al [20]. . 1t was
considered that the internal stress built ;p (hardening) during the
loading part of the cycle and is relaxed (softening) upon un]oéding.
Conseqdent]y, the ‘internal stress also varies in a cyclic manner. The
physical. mechanism 15;‘f0r example, that dislocations_are.pi]edlup during

loading and are dispersed during unloading.

In the simplest deformation kinetics where the plastic flow during the
distocation pile-up {hardening) and disIocétﬂ§n=dispersening (softening) -
can bhe approximated with activation over single enefgy barriers, the
constitutive equation is
Vo (t -1.) .

h''a i ' :
= Ah exp ——T— '. (2.468)

E

p,h

for the hardening process and

oy T A e T : | (2.46b)
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for the softening process. ‘The subscript s signifies that the activation
parameters are associated with the softening process. The internal streég
during hardening is expresséd as

T, = T, %-t (2.47)

i i p

_where r?’is the internal stress at the beginning of the loading part of the
cycle. 1t is assumed that during unloading the internal stress decreases-

in function of time as

1, = 1, -~ Ct (2.48)

where 0 < t < g-, 1? is the internal stress at the beginning of the
unloading part of the cycle, .and € is a proportionality constant (softening

coefficient).

fonsider the first cycle of the triangular stress wave form shown in
Fig. 2.3.. At the beginning of load cycling, the specimen is unloaded
from 0 to A. MWithin. the time interval, the plastic strain is evaluated

from Eqs. (2.46b) and (2.48) as

’

dt ) (2.4§)

where sp-h_is the plastic strain at the Beginning of unloading. Qﬁmifar]y,

upén TOaHing the specimen from A to B, Eqs. (2.46a) and (2.47) lead to ‘

-
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' A
V. HA t V, (1.-15)
kTM h™h h"a i
€. = E + en | exp dt + 1] (2.50)}
p p,A VA kTM 0/2 kT
- A . 0_Cp
where oA and T, are the plastic strain and internal stress (= L )

respectively at the beginning of the loading process.

Figure 7.5a shows a typical strain-time response (for two loading
cycles) during the alternating softening and hardening processes. The
curve was calculated using Egs. (2.49) and (2.50). O0A and BC represent the
sbftening portions of the two cycles while AR and CD represent the

“hardening parts.

During thé un]oading process, the plastic strain rate aecreases since
hoth the applied and internéi.stresses are decreasing. According to the
physical model, the dis]oéationsAare dispersed .from the obstacles. Upon
Toading, however,‘the dip]ocations are piled-up égainst obstacles and the
applied and intergal stresses increase wjth time. At the beginning o% the |
loading lprocess,' Eﬁe effective stress is low (after un]oadjng) and it
ihcreageé- slowly with time. Consequenf]y, the plastic strain incredses
slowly with time until the applied stress approaches the maximum value
where the dislocations acquire enough energy (from the comb}ned effect of
the mechanical and thermal energx) to overcome the gbstacles. The p]astiﬁ
strain then 1ncreases'abruht1y; The a]ternafihg softening and. hardening
behavior is repeated for each loading cycle. Depending‘on the values of

softening and work hardening coefficients (C and H), “the decrease’ in
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Figure 2.5. The figure shows the variation of plastic.strian in function of

- hardening behavior, (b} Cyclic harderning.

{(a) cyclic softening and
The curves were
calcutated using Egs. (2.41) (?2.49), and (2.50). = The

time during two loading cycles.

. stress-time behavior is illustrated schematically in Fig. 2.3

{triangular stress wave form). The parameters are: AG: ='0.61
eV, AGﬁ = 3.55 eV T=306¥, Vo /kT = 2.0 m2/kg , Vi = 4.3 10

eV mm2 /kg, H/M =157 kg/mm2, 131,78 kg/mm2, &§p.kT/H=12 sec.,
€=0.008 kg/mm? sec., and e, g=0.

Y




internal stress during unloading may be different from the increase in the,
vinternal stress upbn loading. The strain increase, therefore;wmay vary from

. »
one’ cycle to another, ‘

s

4

Fig. 2.5b .shows Eﬁe cyclic deformation behavio;' when 'the'lsoften{ng
' effect is negligible and tife’ mdteridf hardens both 'during loading and
unloading. The stréin—time response waS'ca1CU1;ted from £Eq. (2.41). .Upon
unloading from 0 to A, the plastic straiﬁ‘iniyia11y increases rapid]yg khe
initial strain rate i; hiéh ginde“thé internal stress is low. However,
because the applied stressﬁgﬁﬁdecféésing with timegdnd the internal stress
s inéréaé;ng (hence decreasing effettive Qtress).‘ the strain rate
subseqyent1y‘decreases to almost zero at the end of.un\oaﬁinq {point A}, On
1oadfng from A ;o R, the effective strq;s and hgnce the stra{n rate
increases slowly (since:the internal. stress increases continuously) until
the applied stress: approaches the maximum value where the dislocations
acquire enough energy to gvercome £he obstacTes. The plastuc.strain then
'increases abruptly. The behavior during unloading and loading is réQSgiﬁﬁ//rﬁ
for each cyc]e; the plastic strain increases almost in a stepwise manner.
" However, due to the -continuous increase iJ\Qhe internal stfess, the gfgktqr
the -number of cycles, the smaller is the strain iﬁcrease per cycle. It
follows from Eq. (2.41) that the accumulated cyclic strain after
lsufficiently long tihe_is propoftiona& to the natﬁral logarithm of tiﬁe (fr_
1o§arithm of the number of cycles). . | - -

-

"1t is apparent from Figs, ?.5a and 2.5h that after two cycles, the

&

accumulated cyclic strain due to alternating softening and hardening 15

’
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- higher than that due to cyclic hardening (without thé softening effect),.
]

The figures also show that the plastic strain rate is continuous (>0), even
upon a discontinuous change in stress rate {during cyclic loading).

Cyclic Strain Accumulation

. —
. .

< -
The accumulated strain during cyclic softening and hardening can he
evaluated by successively using Eds. (2.49) and (2.50) for unloading and

loading, respectively. The plastic strain after m cycles is then expressed

as

p Vh('r -TA ) | ' \

i exp — 2 dt + 1] (2.51a)

th

where r? and 15 represent the internal stress ét the m~ cycle, at the

M i,m
beginning of unloading and loading processes, respectively. For the
triangular stress wave form (Fig. ?2:3), the integrals can be evaluated using

Eq. (2.43a) 1eéd1ng to an expression of the form

0
e =p pM b e Vs{tg i, m! (exp Vs (tp-2r) 1]
P PO g y Cp-er kT kT N
kPP Vleg-es ) Yhtp
FYR A [ZMT exp —TTET__dL-_(l exp- —7 ) +1]}. --(2.51b)
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-  Fig. 2.6 shows the acéumu]gted cyclic strain (with cycles) jn function
of;time {t=mp). The figure shows that after sufficiently long time, theih
creep strain ‘and creep rates under cyclic softening and‘ hardening are
larger than the corréspondiﬁg strain and straiﬁ-rates at constant stress
(equal to the maximum stress) creep. This behavior is referred‘ to as
"éyclic stress acceleration. Tée figure a156 shows that the larger the
. stress amplitude the smaller is the accumulated strain and strain rate.

i

}hiﬁ bghavior follows from the constitutive equatidn and also from the fact
that during unloading, fhe applied and internal stresses decrease {hence
the effective stress). Therefore, the larger the stress ampliéude, the
smaller is fhe ﬁghn effective. stress and hence the smaller the strain

rate.

The dgcrease:Th internal. stress QUring the unloading process depends
.on the softening coefficient, C, while the increase in interna]fstress upon
loading is proportional to the work hardening coefficient, H. Figs. 2.7
and 2.8 show the effect of sdftening and work hardening éoeffic;ents,
respectively on creep and cyc]%c deformation behavior. . It is evident from -
Fig. 2.7 that the greater the softening coefficient the greater is the
decrease in internal stress and heﬁce the larger is the accumulated cyclic
strain and the rate of cyclic strain accumulation. On the other.hand (Fig.
2.8), the greater the work hardening céefficient the larger is the increase

in internal stress {during cyclic loading and creep) and hence the smaller

is the strain and strain rate.



L]

PLASTIC STRAIN, €, (I0°4€)

o3
I

[*))
l

H
!

N

-
—

1.O (creep)

L | 1 i 1

40 - 80 120 160
TIME, t (sec)

. Figure 2.6, The fiqure shows the effect of cyclic softening and hardening

on the accumulated plastic strain {with. cycles). For creep,
R=1 and the material hardens continuously while during cyclic
loading, both softening and harderning takes place and hence
the strain and strain rate are higher. The cuyrves were
calculated using Eq. (2.42) for creep and- (2.51) for cyclic
loading. The same parameters as in Fig. 2.5 were used,
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Temperature Dependence

The temperature dependence of the cyclic softening and hardening
hehavior follows from the constitutive equation; the higher the temperature
the higher is the strain rate and the accumulated cyclic strain, In.the
present model a dislocation {or flow unit) overcomes an obstacle when it has
acquired enough energy‘from the combined effgét of meéhanical epergy (due to
the applied stress) and thermal energy (due‘td the random thermal vibrations
of the dis{ocation). Because the mean amplitude of the” thermal vibratiﬁns
(or thermal energy) is proportional to temperature, it follows that for a
given effe;tive stress, the higher the temperature the higher is the energy
supplied to the dislocation ahd hence the higher is the piastic'strain rate,
| Fig. 2.9 shows typical deformation behaviér during cyclic loading and creep
at various temperatdres. The solid lines represent the accumulated cyclic
strain in function of number of cyglgs (or time) while the dashed jines
repressnt the creep {at a stress equal to the peak str§ss) behavior. As
expected from the model, the figure show; thqt for both- creep and cyclic
loading, the higher the temperature the higher is the accumulated plastic

strain and strain rate. It was ‘assumed that the deformation takes place

within a low temperature range where annealing effects are negligible.
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- Figure 2.7. ‘The figure shows the effect of softening pramater C on the
cyclic deformation behavior. The curves were calculated using
Fq. (2.51), with parameters indicated in Fig, 2.5. ‘
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The increase in creep rate- (or rate of gyclic strain accumulation) .

under a cyclic stress was observed experimentally in aluminum (polycrysta-

Tine) [3,19], copper [2,7] and lead [1]. The experimental results are in

agreement with the conclusions from the present"anaTysis that because of

the alternating softening and hardening during cyclié deformation, the

accumulated cyclic strain and the rate of cyclic strain accumulation -are .

higher "than the strain and strain rate under constant stress (equal to -the
maximum stress during cyclic 1oading) creep. Shetty and Meshii [19]

pointed out that since the peak stress during cyclic deformation is the

same as the initial static stress, the increase in creep rate necessarily

means that softening can be atfributed,to decrease in the internal stress.

The cyclic stress induces a change'in the dis]odatidn-obstac]e,spructure

that produces the internal stress. N

The present anaiytica] model "is based on a rigorously derived, physi-
cal theory: rate theofy based on’ statistical mechanics. It is not a
coincidence, théréfore, thgt the conc]usioﬁé from the analysis conforms to
the experimental obéervations; Because of thej%onformity pétwéen'the theo-
retical prediction and the experimental .obéérvations, it is ant%cipated
thatathe anaTytiéa]lmodel can be used to evaluate the accumulated damage

(in highly- stressed machine components); an essential,.data for design and

lifetime determination of structural components. | -

Most of the‘byc]ic loading experiments [1,2,3,7,19]-were carried out

at R=0, that is, with minﬂmﬂ\ stress equal to zero. Direct comparison of
* N\

~ a
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fhe theoretical predictién with the expeqimenta] resu]és was not.poss1h]e
since it was assumed in the a;élysis that cyclic deformation takes place
within a high stress (R >. 0) and low temperakure range, However, in
principle, the deformation; kinetics' caii be extended té describe cyclic
deformation within the  §tress énd temperature ranée at which the

experiments were carried out. :

7
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! ' CHAPTER .3
BE EXPERIMENTAL DETAILS

g P 3.1 EXPERIMENTAL SPECIFICATIONS

3.1.1 ‘Hateriél and Shec1men Design

(

The material under investigation was a commercial grade (marketed as
Noraﬁda 2-500), near entectoid Zn-Al superplastic _aT]oy of nominal
combosition: Al 25 Wt%, Cu 5 Wt%, Mg 0.05 Wtk, Zn balance. The material
was selected because, as determined in a previous investigation [34,35] on
constitutive laws, this alloy exhibits stress relaxation to the extent of
complete un1o$d1hg (it has a 'Qery low internal stress), even at room
temperature. Its extreme deformation behavior lends itself to illustrate

1

-the app]icatioh of deformation kinetics to describe. cyclic plasttc
deformation a;d to tﬂe investigation of the rate controlling mechanisms. In
addition, its deformation kinetics is well documented [34,35,115-119]. The
meéhanigg], physical, and chemical properties of the alloy were compiled and

presented in a previous thesis [119].

Test specimens were desigped and machined according to ASTM standards.
Round, shouldered-end (Fig. -3.1a), and sheet type. (Fig. 3.lb) tensile
specimens were designed and machined according to ASTM E8. The sheet type
specimens were machined with axes parallel to the rolling direction_qu the

round tensile specimens were machined from 12.5 mm diameter rods. The

-

tensile specimens, with the usual standard grips, were used for stress

relaxation, strain and stress controlled cyclic loading, and creep tests.
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Specimens for tension—compression tests (Fig. 3.1c) were designed and

machined according to ASTM 606-80. A special fixture, threaded specimen

' fixture, for the tension-compression tests was also designed.and machined

according to the ASTM standard.

3.1.2 quipment

The experimeﬁts were conducted on a model TTC-M Instron machiﬁe and
were gontro]1ed by means of a Motoro]& M6809 computer. A 10,000 kg cabacity
load cell was used. 'The specified accuracy for tﬁe overall load weighing
system was better than £0.5% of the indicated 1oadf' The_tbta] strain of the
specimen was measured with an Instron G51-11MA strain gauge eyfensometér,
which was calibrated with an Instron A18-3C extensometer caliberator. To
ﬁrevent damage to the specimen surface, small strips of cellophane tape were
apﬁ]ied fo the specimen surface where the extensometer knife" edges made
contact so that the knife edges imbeded in the tape rather thén in thé
specimen., The ca]ibratiqn did'not change hy more thaa 1% in the temperature
range of 273-370K. The deviation from linearity between the extensometer
output and the strain was better than 0.25%. )

The extensometer and the load cell were each connected to an analog

{Instron) amplifier, The two amplifiers were then connected to the compyter

through an A/D (dna1og-digita1) converter aﬁa_to a Hewlett-Packard 7004B X-Y.

recorder, The output of the amplifiers (0-10.05 + ,05 V) dependend weakly

“on the operating range of the load cell. During the experiments, therefore,

-

the: load and extension (strain) readings were monitored by the computer

_ and/or recorded by the X-Y recorder,., Fig. 3.2 shows schematically the

.different-components of the testing/jge%f?ﬁ;?q-’ .

-

* See Operating Instructions Manual for the Instron machine.
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The test specimen éhd grip assembly were enclosed in an {nstron
© temperature Chambgr, model 311l. The &hamber had a long term temperéture
stability of ‘:1’-.0°C.‘ The test .temperaturé was also monitored with a
thermometer placed near the specimen, During the experiment, the
thermometer was'read'thrbygh the glass window of the chamber. The room

s

téhperature fluctuations were within the range * 2.0°C.°.Tests below ambient

Load
cell X-Y Recorder
Load cell omplifier
Yy i
- Extensometer
; - \ A/D Converter
- X
. Strain data amplifier
- : .w
-« Specimen ‘ -
«— Movable cross-head ‘ | pisk
Computer > driv‘es
Y .| Servo- - JServo-motor]
? motor ~ |control B

9

figure 3.2, Schematic diagram of the testing facility.
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temggrature were carried, ‘:: in @ _cd]d room. In order to minimize
temperature fﬂucfﬁations, the test fréme of the ;achine was surrounded with
o double styrofoam insulation, Tﬁe test temperature was then monitored by a
thecmocduple p1acedvnear the specimen. The temperature fluctuations were

. €
typically within a £0.5° range. .

Stréss relaxation measured during constant elongation te§t5 results
from the- elastic contractions of the machine and the specimen ~that
compensate the plastic e]ongétion of the specimen. Because a small strain
change produces a large stress change {the ratio is the combined elastic
modulys), it ié 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 periond of time.

3.2 EXPERIMENTAL PROCEDURE

3.2.1 Computer PFogram

The movement of the machine cross-head was controlled by the computer
through thE servo-motor control (Fig. 3.2). The motion of the cross-head
was specified by its spéed, in mm/min., and its displacement in mm
(magniiuae -and. direction}. Poéitive disp]acemg&t__figﬂijjes that the
Eross-heqd is moving upwards, that is, unloading the specimen while negative
displacement means loading the specimen. Hence, by varying both the speed

\\~and the d1sp1acement during the experiment, it is possible to generate
d1fferent load (stress) or strain wave forms. gﬂ{A computer program was

developed to control "the cross-head motion. Table 3.1 shows the descr1pt10n
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/ " of different commands that were used to control the cross-head motion,and to ..
" read the clock or stop watch. Further details on the commands and on the

computer program development are discussed in the manuals’ [120,121]. Figure

S . .
3.3 shows a typical flow chart of the computer (BASIC) program.
Table 3.1. Description of the different commands used in the computer
program for controlling the cross-head motion. :
A
Command Description
va i
o INIT The command initializes the interface
: program.\ It is issued at the beginning
_ . of the opeMating program. '
A START . Start the cross-head motion according
' to the specified cross-head SPEED and
NISP (displacement).
2
PARTC[0]=1 Stop o¢ halt the cross-head motion.
BN . .
PORTC{0]=0 Resume the cross-head motion following
a halt or stop command.,
RDTIME | Read the time on the clock.
ADRDAT=812FF Reset the clock to zero: wuse it as a
WR stop watch. .
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Figure 3.3. Flow chart of the computer program ‘used to control the
experiments.
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3.2.2 Stress Retaxation (Constant Strain)

—

Stress relaxation experiments were conducted at constant total strains
The specimen was initially loaded at constant cross-head speed .to a
predetermined load or initial stress, o

reaching the initial strain €

0°
THe cross;head was then stdbped and the computer was programﬁ%d to con;rﬁl
fhe cross-head position so that the total strain was within tﬁe range'e0 t
100 pe. During the cross—héad position control, the (cross-head) speed was
kept to a minimum, about 0.1 mm/min., in order to minimize inerﬁia effects
on the stress relaxation belavior. The applied load was continuously
monitored by the computer -and it was recorded on a floppy disk in function
of time when the decrease in the load was 5 kg. The experiment was stopped
when the load had (relaxed) decreased by about 90% of the initial load.

Fig. 3.4 shows a.typical stress relaxation behavior on sfress versus strain

axes, as recorded by the X-Y recorder.

The experimental parameters for the stress relaxation experiments are
shown in Table 3.2. Each experiment was cg;ried out on a new specimen
except for test #3 where several experimgnts were conducted §f a single
specimen in order to determine the effect of temperature on the stress
relaxation behavior. Round, shouldered-end tensile specimens were used for

the experiments except for test #4 where a plate type tensile specimen was

used. The initial cross-head speed for all the experiments was 1.0 mm/min.
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Figure 3,4, Stress Relaxation.
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Table 3.2. Experimental Parameters for Stress Relaxation Tests,

'Experiment Temp. ¢ )
No. (K) (kgfmm2)
1 293 20.3
2 298 14.1
31 313 13.7
3.2 323 13.7
3.3 334 13 '
i 3.4 343 13.7
3.5 B3 _|  13.7 .
5
4 Yk 10.1
s 293 15.5
6 298 7.1
7 329 14,25 -

2.3 Constant toad {Creep)

Constant .load experiments were carried out on round, shouldered-end
tensile specimens following a procedure similar to that for stress
relaxation tests. The specimen was initially loaded at constant cross-head
speed to a predetermined load Ps (or initial stress 00) reaching the initial
strain €g* Tﬁé cross-head motion was then stopped and the computer was
brogrammed to control the cross-head position such that the Jload was

maintained constant within a maximum observable variation of 10 kg (or
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sbout 0.4 kg/mmZ in stress). That is, when the load had decreased by about
5kg- {due to stress relaxation) the specimen was-reloaded until the load was

equal to P During reloading, the cross-head speed was kept to a minimum

0"
(about 0.1 mm/min,) in order to minimize inertia effects on the cFeep rate. )
. The total strain was contiﬁuous]y‘monitored by the computer and it was
recorded on g diskette file in function of-time wﬁen the increase in strain
was abouf 4 x 10 -4. After suﬂficgent1y_1ong time when the strain rate had .
reached alsteady state, the load was increased by 50 kg. Subsequently,
steady state creep rate was obpained in function of the apb]ied Stress from
*a single specimen. Fig. 3.5 shows a stress versus strain curve recorded by

the X-Y recorder during the constant load tests that were canr{ed out at

330K. Similar experiments wére conducted at 298K, 317K, and at 345K,

Effect of Température

Temperature change tests weré carried out at a constant load of 500 kg
(or.at a normal stress equal to 15.3 kg/mm?).  Similarly to the constant
load tests, the tempenature-in the chamber was increased by about 10K after
sﬁfficienly long time when the strain rate had reaéhed a steady state. Thé
steady state strain rafe'was, thereforé, obtained in function of temperature
{which was increased in steps .of about 10K form 300K to 370K) from a sinB]e,
shouldered-end, tensile specimen. '

In addition, a temperature cycling experiment, between 311K and 320K

was carried ouf at a constant load dof 750kg (or normal stress equal to

25kg/mm2 ), In order to avoid annealing effects, temperatﬁre chhnges were
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Figure 3.5.




-95-

made towards the 1owee temperature, that 1is,’ the temperature was cycled in
‘both direc;qus. Consequently, after’ the strain rate had reached a steady
state at 320Kk, the temperature in the chamber was reduced to 311k thereby
freezing the structure. It was then increased to 320K after the strain rate
at 311K had reached a steadf state. The temperature cycling procedure was
repeated three times and the steady state strain rates et 311k and 320K were
eva]uated When the mater1a] structura] chdracteristics are constant with ‘
temperature, the experlmenta] apparent activation energy is determ1ned from

the results of the'temperature cycling experiment.

3.2.4 Strain Controlled Cyclic Loading

Triangular, Total Strain Wave Form

The specimen was initially loaded at constant cross-head speed to a

predetermined load Po (or initial stress op). The corresponding total

~strain, fo, was then the minimum strain, emjp, while the maximum strain,
Emax; Emin® €p» ¥Where e is. the total strain amplitude or range.
Thenceforth the specimen was Toaded cyclically at constant cross-head speed
beteeen the minimum-and maximum total strain @svshown in Fig. 3.6. For each
cycle, the minimum and maximum loads were monftoreh by the computer and they_
were recorded on the diskette when the decrease in the mean load was equal
to or greater than 5kg. The experiment was terminated when the mean load

had decreésed by more than 90% of the initial mean load (measured at the

first cycle). For some experiments, the applied load was recorded in

function of time at short time intervals (about 0.5 sec.) and  they were

-
N\
PR

cﬂ()
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terminated after 5 cycles. Table 3.3 shows the experimental paraméter§ fa};
the stra%n controlled cycliic loading éxeriments while Fig. 3.7 depfcts é ’
typical stress-strain behavior (that was recorded by the .X-Y recorder)
during a strain controlled cyclic loading experiment. _Round,
shouldered-end tensile specimens were used except for experiment #3 where a
plate type tensile specimen was used. -

Table 3.3. Experimental parameters for the strain controlled cyclic lbading
experiments. '

Experiment Temperature - Initial Stress Strain

No. (K) 9, (kg/mm2) - | “Amplitude, e
(103 y ¢) K
1 293 . .2 1.24
2.1 © 298 ) 14.1 1.0
2.2 298 14.1 T 2.0
2.3 298 14.1 3.0
3 273 10.1 0.6
4.1 293 . 155 2.0
4.2 293 15.5 3.0
5.1 \ 298 18.2 0.8
5.2 298 . 193 1.8
6 329 14.3 1.4




For the purpose of determining the effect of cycle period (and hence
the frequency) on the cyclic deformation behavior, strain controlled cyclic,
Toading_experiment§ were carriéd out at different cross-head speeds (1, 2,
and 3 mn/min). The experiments which were conducted on a single specimen
)

and with constant strain range {equal.to 2 x10 ~~) were terminated after 100

.cycles,

Sinusoidal Total Strain Wave ?orm

o

“The sinusoiq§1 total strain wave form was approximated by a series”of
Tinear segments and for each segment, the cross-head speed was® constant.

Thé strain change for the i-t{ segment was evaluated as

bes = e { sin (¢i + A¢) - sin ¢i} (}11)
where - ¢ = 20t radians while the corresponding cross-head speed
ioop

was determined from

Speed = S cos (¢i + g%) (3.2)
where S is the initial speed at t=0. Negative speed -signifies that the
cross-head is moving upwards (compressive load) while positive speed means
that the cross-head is moving downwards (tensile load).

During the experiment the specimen was initially loaded at constant
cross-head speed to a predetermined load PO reaching the initial total
strain, €q» for which $=0. Subsequently, the computer 'was programmed to
éontrol the cross-head motion, following the different segments (with A$ =
0.1 radians) whicﬁ form the sinusoidal strain wave form. For the i-th

segment, the total :strain was continuously monitored and compared with the

1
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i .
calculated value, € = g + | A&;. When the two values of strain were
1=1

equal, ihe cross-head motion was stopped and the load and strain readings
were recorded on a‘diskette file in function of time. With $i4 © by * §¢
the strain increment, cross-head speed, and the calculated total straih were
evaluated and the.proceduné was repeated. The test®was terminated after 10

cycles.

= .
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. -Time, t

Figure 3.6. A schematic representation of a triangular strain wave form
used in strain controlled cyclic loading experiments. e, is

the strain range or amplitude, p is the cycle period, and

g(t) =€ + El(t)-
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Trapezoidal Total Strain Wave Fofm

Several strain controlled cyclic loading experiments were conducted

@ith a (symmetrical) trapezoidal, total strain wave form. Since the wave
form is a combination of constant strain and triangular strain segments, the

procedure for the experiments was similar to that for stress relaxation and

{triangular str;in) cyclic Tloading experiments previously described.

-Durind the experiments (which were conducted at room termperature, 298 =
1.0K) the applied load was monitored and recorded on the diskette at short

intervals of time (about 0.5 sec.). The expeéiments were terminated after b

c&cles.

3.2.5 Load Controlled Cyclic Loading

Load controlled cyclic loading experiments using round, shouldered-end
tensile specimens were carried out following a procedure similar to that
described in the previous section (except that the applied lodd is-the
controlled function and the total strain is the independent variable). The

a L‘} N
specimen was loaded at constant cross—head speed to a predetermined initial

load Po. Similar to the strain controlled cyclic loading experiments, the
specimen was then subjected to cyclic loading at constant cross-head speed,
between the minimum load, P . , and the maximum load, P =P 4P
min - max min re
where Pr is the load amplitude or range (Fig. 3.8). For each cycle, the
maximum and the minimum total strains were menitored by the computer and
they were recorded on the diskette in function of time when the mean total

strain had increased by about 4x10'4mm/mm. After sufficiently long time

when the rate of cyclic strain accumulation had reached a steady state, the
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. 3 Coe . .
minimum Yoad was increased by 50kg and the 1oadﬁ cycling was continued.

Subseﬁuentﬂy, the (steady state) rate of cyclic strain accumulation was
obtained in function of the minimum (or initial) stress {for the same stress
amp]itude)‘fqpm a single specimen. Fig. 3.9 (and also Fig. AIZ) shows the
‘variation of the total strain with the applied strESS'duriﬁg load controlled
cyclic loading experiments. The curve was recorded by"yhe X-Y recorder.
The load contro]]gd cyclic loading experiments with shear stress amplitudes
of 1.6, 3.1, aﬁ& 5.78 kg/mm2 were conducpgd at room temperature, 298 %

et ..

1.0K.
S
For the purpose of comparing the measured cyc]%c deformatf&n behavior
with fhe theoretical prediction, load controlled Q¥F1i$\1oading experiments
during which the Tload-strain-time readings were recorded on the floppy
diskette at short intervals of time (about 0.5 sec.) were carried out. The
experiments which wére conducted with both tﬁe tfiangu]ar and the sinusoidal

load wave forms were terminated after 10 cycles. . p

In-order to determine the effect of cycle period-on the load controlled
.cyciic deformation behavior, several experiments (with triangular load wave

form) were carried out at various cross-head speeds. The experiments were

~

conducted on & single specimen and with a shear stress amplitude of 3.66

kg/mm2 . During the experiments, the maximum and minimum strains for each

b 4

cycle wg}e recorded on the diskette and the experiments were terminated

after 100 cycles.

Load controlted cyclic loading experiments were also carried out to

determine the effect of stress ratio, R = P / Pm on the cyclic

min ax’?

deformation,behavior. The experiments (with triangufar load wave form) were

N .
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conducted at 329K and at a cross-head speed of 1.0 mm/min. For each
experiment (at-constant R) the maximum and minimum strains were recorded on
the diskette when thé mean total strain had increased by 4x10'4 mn/mm - and
the experiment was terminated when the mean strain rate had reached a steady
state. ‘ v : : 4

<

3.2.6 Tension - Compression Cyclic Loading

[
Tension-compression c¢yclic loading experiments were carried (using

fatigue specimens) out in order to investigate the cyclic deformation

hehavior at zero mean strain or load. Both strain and load controlTed’

fatigue experiments were conducted at room temperature using a triangular
strain or load wave form. For each cycle, the maximum and minimum load and
strain readings were monitored and recorded on the diskette. The test was
discontinued after sufficiently long time when the hysteresis' loop had
reached a steady .state. ng. 3.10 shows a stress versus strain curve
{(traced by the X-Y recorder) of a typical tension-compression, cyclic
loading experiment. Almost all the strain and load controlled cyc]ig
loading experiments depicted this behavior.

RS
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION

4.1 STRAIN CONTROLLED CYCLIC LOADING

4.1.1 Evaluation of Constitutive Parameters

The results of strain contro11ed cyc11c 1oad1ng with a triangular total
strain wave form and stress relaxation exper1ments were used to evaluate the

1

constitutive parameters. ~ For the triangular strain wave form (Fig. 3.6),

the total strain ¢ = ey * sl(t) where

2e t
pr when 0 ¢ t < %
El(t) = J¢ (p-t) . (4.1)
— L when B¢t n
p 2 ’

The 'jntegra1 in Eq. (2.26) was then carried out as follows [106, 107].

Coﬁsider the first loading cycle where 0 < t < p. ‘The integral for this

time interval is

<

p EVsl(t) p/2 ZEVsrt p " 2FVe (p t)
fo o —ma— 9t 3T, eP gy ¢ty P e &
EV *
} HkT r 4
= [exp MkT -1]. (4.2)

Hence, for m cy¢1es, t = mp and the 1ntegra1.then is

mp EVel(t) oMt kT EerV

Io exXp —r gt = E: v [exp T 1]. (4.3)
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The variable £ -in Eq. (2.26) then becomes

Fe V -
£ L MTt L |
U7 Ee ¥y g [P R 1] (4.4).

Consequently, the applied stress is expressed in function of time from Egs.

(2.24) and (4.4) as

-

H 0
A (1 + &)t v {Thy=14) Ee .V
.= . - kT an l I,11 E expL_I%__O_l [exp _r 1,1l -1}+1
0 H I € : 3 ~ MKT
Ve r (4.5)
i h\/ .

- sjnce at t=mp, ¢ - ey = 0. It follows from Eq. (4.5) that when the first
term - in the argument is much greater that unity, the applied stress is pro-
'ﬁbrtiona] to the natural logarithm of time. In region I {Fig. 2.2), the
slope of the curve iF inversely proportional to VI (1 + %J while the inter-

cept at #nt=0 is proportional to AI(l + g& and is a function of the strain

amplitude, and the initial internal and app1ied‘stresses. Similarly,  in

region 11 the slope of tﬁe curve and the intercept are proportional to V I(1
A

ﬂ) {inversely) and AII(l +ﬁ%), respectively. It f0ﬁ1ows that in order to

and A

evalluate the constitutive parameters, V the ratio H/E and the

1,11
infernal stress,'r?, have to be determined.

I,11?

The tension- compress1on cyclic loading exper1ments on the Zn-Al alloy

at room temperature (Fig. 3.10) did not indicate any. harden1ng during the

deformation for many cycles. Zhu and Ramaswami [122] have carried out simi-

lar experiments on the allgy over a wide range of strain amplitudes and

strain rates. They also observed that there is vary little fatigue harden-

ing. Consequently, thg ;ork hardening coefficient, H=0 and- as was observed
~

in a previous study [34,35], the internal stress level of the alloy is

negligibly small, that is, 73=0, , I
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The constitutive parameters, VI,II and AI,fI‘ were, therefore,
eva]uaEed from the experimental results which were plotted on a - AT.(ShéaF
stress change) versus natural logarithm of time coordinate system.ﬁ Fig. 4.1
(and also Figs. Al and A2 in appendix) shows typical strain controlled

cyclic loading and stress relaxation -experimental results for region I.

16—
|2b—
—
g
8.

o o o Stress Relaxation;€, ~0
Strain Cycling : S

o o aE€=130kg/mm> p=20 sec
o o oE€.209.2kg/mm, p=30 sec-

H

: I | i | I ! |
0 2 4 6 . 8 10 12
fn t (sec) »

Figure 4.1. Strain controlled cyclic loading and stress relaxation mean
shear stress change represented in the shear stress change
versus natural logarithm of time coordinate system for the
evaluation of aggjvation volume, Vi, and the parameter A;. The
experiments were carried out on a near entectoid In-Ag alloy.

The experimental variables are: 1, = 15.5 kg/mm2, and T =
- 293K.

O
o
O
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»

. The lines were obtained from least square method using Eq. (4.5) for the

-

cyci1c loading experiments and Eq. (2.23) for the stress relaxation experi-

" ment. - The deviation of exper%menta] points from the straight line during

the early part of stress relaxation {for t ~ 10 sec.) was indeed expected
from theoretical and geometrical considerations., It follows from qu. (2.23)
and (4.5) that the stress change versus the natural logarithm of time rela-
tion is linear only when the first term in the argument is much greater.than
unit;, that is, after sufficiently long time. At t=0 or at the beginning of
stress relaxation, =1, and the stress fhange has to be zefo. From the
analysis of the experimental results, VI and AI'were evaluated. It was
assumed that 0,= ZTa or M=2.

A computer .program was developed to evaluate ;he parameters VI and AI
in region I and VII anq__AII in region II from the experimental results,
using the 1easf"§quare method. For the transigion stress range, the defor-
mation time t“éI+£II was then evaluated from Eqs. (2.27) and (4.4) in funcf
;ion of the'app1ied stress, Tae Consequently, the appliéd stress was
evaluated from the theory .in function of -the deformation time t and the

strain amplitude for regions 1 and Il and the transition stress range. Fig.

4,2 {and also-Figs. A3 and A4 in the appendix) shows the comparison.between

the theoretical brediction and the experimental results. The constitutive

parameters VI I and AI I that were evaluated from the experimental results

are presented in Tables 4.1 and 4.2

The constitutive parameters were determined from the analyses of stress
relaxation and strain controlled cyclic loading experimental results that

were obtained fram different specimens. The scatter observed in the
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Figure 4,2.

-

Strain controlled cyclic loading and stress relaxation
experimental results for regions I and 1I, and the transition
stress ranges. The symbols indicate the experimental results
while the curves were calculated using Eqs. (2.27) and (4.4).
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constitutive parameters is most '1ike1y due to the inherent variation in

structural parameters TAG*, v, pt) between the different specimens. Because

the parameters EI,II are exponential functions of the activation free
energies; AGT,II’ the variations iq the structural parameters often lead to
a scatttér of up to two orders of magnitude in the constitutive parameters
AI,II; The scatter in the consiiﬁutive parametgrs could also partly be due
to inaccuracies that results from fitting exponential relations.to experi-
mental datajﬂ\\However, despite the scatter, the constitutive parameters
determined from stress relaxation and strain controlled cycfic loading expe-
riments are within the same range. Furthermore, the 1ong.s?raight parts of
the curve (regions I and II in Figs. 4.1 and 4.2) indicate-the validity of
the assumptions in Section 2.1, that is; the material structural charac-
teristics do not change appreciably during cyclic ﬂé?brmation and that the
backward activations over the energy barriers are negligible. Consequently,
stress relaxation can be employed to dgtermine the constitutive parameters,
and by using the equations developed in this report, the strain controlled
cyclic deformation behaviour ﬁan be predicted.

4,1.2 Stress-Time Response -

-

Thg constitutive parameters that were determined fro% the analysis of
.stress relaxation and strain, controlled cyclic loading experimentaﬁ results
were used to predict the stress-time behaviour during cyclic deformation.
Fig. 4.3 shows the shear stress-fime respénse during the first few cycles of
a strain controlled cyclic loading experiment {with triangular, total strain

wave form). The symbols represent the experi@enta1 results while the solid
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3
Table 4.1. Activation parameters obtained from the analysis of
’ stress relaxation experimental results

Exp;riment Fig. jemp Ty VI VII AI 1 ™
(K) |(kg/mm2){ (b3)|({b3) /sec. /sec. kg/mm2
1 A, {293 | 20.2 |13 | - (2.3 x 1079 - he
2 4,2 298 14.1 18 - 7.3 x 10711 | - -
3.1 4.8 |313 13.7 19 - |9.8 x 10-11 - -

3.2 4.8 323 13.7 19 |30 |6.4 x 10710 16.34 x 10-11) 3.7

3.3 4.8 |334 13.7 18 (37 [2.17 x 1079 {8.17 x 10-11| 3.7

3.4 (4.8 ]3a3 | 13.7 | 18 {44 [7.38 x 1079 [1.0 x 10710 | 3.7

3.5 [4.8 (353 |- 13.7 | 15 {41 [2.48 x 1078 |5.36 x 10710| 3.5

s {az 273 ] 101 |20 |- [5.8 x 1073 i R

5 4.1 (293 15.5 16 - {1.09 x 10-% | - -

6 A3 [208 | 17.1 | 15 | 21 {4.74 x 10-10|5.8 x 10-11 | 4.6
B A4 1329 | 14.25 | 16 | 29 |6.8 x 1079 |3.55 x 10-10| 4.75

line (Fig. 4.3b) was calculated from Eq. (2.22) (with H=T$=0). Similarly,
Figs. 4.4 and 4.5 show the comparison of the predicted stress-time resbonse
with the measured response for sinusoidal and trapezoidal total strain Qave
forms, respectively. For the sinusodal wave form, the integral in Eq (2.22)
was evaluated numerically, using a BASIC computer progra& [123] based on
Romberg's method while for the trapezoidal wave form, the .integration was

carried out analytically following a procedure similar to that described in

Section 4.1.1
It is observed that within the stress, time and -temperature range where

the constitutive equation of plastic flow during strain controlled cyclic

deformation can be approximated with activation over a sing]é energy
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Table 4,2. Activation parameters evaluated from the analysis of
strain controlled cyclic loading experiments

E;p. Fig. {E?p T, € VI VII AI AII Tt
(kg/mm2 )t (103ug) |[(b3){(b3} /sec, /sec. kg/mm2 |.

1 A, 1293 | 20.2 1.2 {14 | - | 9 x 1p-10 - -
2.1 [4.2 [298 | 14.1 1.0 16 | 19 [1.85 x 10-10({7.4 x 10711 | 3.9
2.2 l4.2 |298 | 14.1 2.0 15 | 21 {3.46 x 10-19|1.3 x 10-11 | 3.8
2.3 |4.2 ]298°] 14.1 | 3.0 13 | 21 {3.0 x 10-% 9.1 x 10-12 | 3.6
3 |A2 273 | 10.1 0.6 21 | - (6.6 x 10-9 - -
4,1 {4.1 |293 | 15.5 2 15 | - [3.1 x 10-10 - -
4,2 |4.1 |293 | 15.5 3 15 | - [4.6 x 10710 - -
5.1 |A3 |298 | 18.2 0.8 13 | 20 |6.17 x 1072 | 2 x 107! | 4.7
5.2 |A3 (298 | 19.3 1.8 13 ] 20 [1.76 x 1079 {1.8 x 10-10 | 4.6
6 (A4 (329 | 14.25 | 1.4 13 | 34 ]3.925 x 10-8{5.1 x 10-1!! | 2.65

barrier, the applied shear stress is proportional to the logarithm of time*

(and hence to the logarithm of number of cycles). Each-cycle leads to a

decrease in the applied shear stress. The greater the number of cycles the

smaller is the decrease in the applied shear stress per cycle. It is also

evident from Figs. 4.3, 4.4, and 4.5 that there is a good agreement between

the calculated stress-time response and the experimental data. Again, the

agreement between the predicted and the measured stress-time response

indicates the va]idity of the adsumptions that were made in the derivation

of the constitutive equations.

" * A similar behavior was observed experimentally in high strength T:; - 7Al-
2Cb - 1Ta Titanium alloy and in AISI Type 304 Stainless Steel (E. Krempl
and V.V. Kallianpur, J. Appl. Mech., Trans. of ASME, Vol. 52, p. 654, Sept.
1985). : '
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Figure 4.3.

Stress-time response during the first few cycles of a strain
controlled cyclic loading experiment. (a) Input, strain-time
triangular wave form, (b) stress-time response. The symbols
represent experimental data and the solid line was calculated
from the theory. The parameters are: VI=16b3, T=293K,
_AI=10'9/sec, r°=14kg/mm2, er=4XI0'3 and p=40 sec.
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Figure 4.4, Stress-time response during- the strain controlled cyclic
loading. (a) Input strain-time, sinusoidal wave form, (b)
stress-time response. The symbols represent experimental data
and the solid line was calculated from the theory.  The parame-
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r°=13.5kg/mm2 and p=68 sec, )
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Stress-time response during strain controlled cyclic loading.
(a) Input strain-time trapezoidal wave form, (b) stress-time
response. The symbols represent experimental data while .the
solid. line was calculated from the theory. The parameters are:
Vp=17b3, A;=4.5x10"10/sec,, ep=2.9x10"3, p=50 sec., 1,=11kg/mm2,

and T=298K. ' ' ' -
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4.1.3 Effect of Cycle beriod

The bffect of cycle period on the cyclic dgformat%on behavior was éva-
luated from ;train controlled cyclic loading’expeéiments that were carried
out at different cross-head speeds {(and hence different frequencies)., A
triangular total strain wave form with a strain amplitude of 2 «x 10‘5 was

.used and the experimﬁpts were carried oqt on a single specimen. The results
are presented in Fjg.'d.ﬁ and were plotted on two sets of podrdinate Sys-
tems.. In Figd 4.6a, the results were plotted on stress change versus the
logarithm of time coordinate sysﬁem while in Fig. 4.6b they were plotted on

o

a stress change versus the logarithm of number of cycles coordinate system.

It follows from Eq: 4.5 that when the first term in the argument is
much greater than unity, the shear stress change is proportional to the
natural logarithm of time., Consequently, the applied shear stress changé
after time t is not frequency depe;dent. Fig. 4.6a ﬁhows that when tﬁe .
shear stress change is plotted against the natura1 Togarithm of time, the |
relationship is almost linear (with a large scattér) and that the cycle
period has a negligible effect on the cyclic deformation. -However, because
t=mp, the use of the coordinate system in Fig. 4.6a obscures the effect of
the cycle period on the cyclic deformation behavior. The freauency effect
is i?]uhinated when the st?ess change 1is plotted aéainst the natural
logarithm of the number of cycles (Fig. 4.6b). It is observed froh the
experimental results that (after N cycles) the larger the cycle period the
larger is the shear stress change (or the lower is the applied shear
stress). That_ié, since frequency = %3 the smaller the frequency the larger
is the shear stress change. Hence, the effect of the loading frequency on
_ the cyc]iEEdéformation behavior manifests itself in the shear stress change

per cycle.
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| 2
(b) An N

Effect of the cycle period on the strain controlled, cyclic
deformation behavior. The symbols represent the experimental
data while the lines were obtained from least square method,
using Eq. 4.,5. (a) Experimental results plotted on stress
change versus logarithm of time coordinate system (b) the
results were plotted on- stress change versus logarithm of
number of cycles coordinate system. '
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The constitutive parameters that were determined from the experimental
)

results (at different frequencies) are almost identical. It seems, there-

fore, that the cycle period or the loading frequency has an insignificant

effect on the constitutive parameters.

4.1.4 Activation Energy

Results from stress relaxation experiments that were conducted at
different temperatures and on a single:specimen (specimen number 3, Table
4,1) were \ysed to determine activation energy. Following a procedure
developed by Faucher [36], the activation energy at the transition stress
was obtained from the temperature dependence of .the transition strain rate.

“According to Eq. (2.29), the least square analysis (Fig. 4.7) leads to

A6 = 11.419 x 103k = 0.983 eV
and- 8p, = 7.2 % 10'76
with a correlation factor of 0,97. The activation energies at zero stress,
AG*, were determined froﬁ
1,11~ 867+ Yy (e, - ). ‘
The transition stress is determined from the experimental results (Table
4.1) while the internal stress for the alloy is neg]igib]é. Consequently,
. .

T, Was estimated at 3.5 £1.0 kg/mrn2 and the activation free energies AGT 11

were evaluated as

0.02 eV

. 4G

—

1+

1.06
and

0.05 ev.

i+

¥ oL
| AGII = 1.14.
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Figure 4,7. Determination of the activation energy at the transition stress
' for specimen 3. . -

-The deformation behavior during stress relaxation of specimen, number 3
at various temperatures is shown in Fig. 4.8. The symbols represent the

experimental results while the curves were calculated from the theory, using

the results of the Arrhenius plot, The excellent agreement between the

theoretical prediction and the experimental results confirms the validity of

the assumption that within the temperature range, the internal stress was

-

negligible and that the material structural characteristics were constant

during stress relaxation,
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‘

Figure 4.8, Effect of temperature on the stress relaxation behavior of

specimen 3. The symhols represents the experimental data while
the curves were evaluated from Eq. (2.27) {with £=t). .
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4.2 LOAD CONTROLLED CYCLIC LOADING

4.2.1 Etvaluation of Constitutive Parameters

)

The total strain during load controlled cyclic deformation was

evaluated (Section 2.2.1) as

M(t.-t_) t Vol -1;) . :
_ a o I*"a i :
e =gt —g—— *tA J'O exp —g— dt. | (4.6)
For triangular load wave form, L Tl(t) (Fig. 3.8) and the integral

can be evaluated following the method described in Section 4.1.1 as

v (1 -19) V.t :
o kTt ['Y'o i : I'r
J‘0 exp —py At = exp gy — exp gy - 1.,

Consequently, the total strain is evaluated in function of time t=mp and the

stress amplitude as

A, kTt v, (x -r?) Vi,

- _.-__.__._....._.-.0 - '
€= eg T &P~ exp —r— - 1 (4.7)

since at t=mp, r_-1

aTo ° 0 (Fig. 3.8). The steady state total strain rate

then is

g = Ve exp T . exp —kT—'— -1 . (4.8)
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That is, during constant amplitude, load controiled cyé]ic deformation, the

rate of strain accumulation is constant and is a function of the initial

effective shear stress and the load ampl%tude.

“
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Fig. 4.9 shows typicai' expe?imenta] results that were obtained from
cons%ant amplitude, load controlled cyclic loading tests. The experiments
were carried out at room temperature, 298 + 1.0, and with a (normal) stress
amplitude of‘ 61MPa (6.2 kg/mmz);‘ Each experiment was carried out on a
different specimén. For each initial stress level, the mean plastic strain
was plotted in function of time. The lines were obtained from least square
method"using Eq. (4.7). The ' linear time dependence of the accumulated
cyclic strain indiéates that no work hardenfhg occurred: the material
structural fharactetistics (pt, VI, and AG?) were constant during'cyclic

deformation. - The slope of each of the lines represents the steady state

strain rate at the corresponding initial stress-and stress amplitude.

Similar cyclic loading experj nts were carried out with l(norma])
stress amplitudes of 3.2 and ll:é kg/mm2 and at room temperature, gQB +
1.0k. For each of these experiments, é single specimen was used. The
procedure that was used to evaluate the steady state strain rate at each

initial stress is 11]ustrated in Fig. 4.10, both for creep (Fig. 4.10a) and
cyclic loading (Fig. 4.10b).

The constitutive parameters were analyzed by pfotting the strain rate
in fﬁnction of the ipitia] stress on a semi-logarithm scale as shown in Fig.
4.11, According to Eq. (4.8), the;p10t should be a straight line; the slope
of which is proportional to activation volume, V I while the intercept at
1;=0 is proportional to the parameter AI and is a function of the stress
amplitude and the-internal stress, However, for this alloy, the internal
stress is negligible. The constitutive barameters that were evaluated from

the experimental results (Fig. 4.11) are shown in Tables 4.3 and 4.4.

-
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4.10. Typical strain-time curves -when the (minimum) stress was .

increased (B) after steady state has been reached at a lower
stress (A). (a) Constant load tests (b) Lo§d°control1ed cyclic
loading experiments with t . = 5.8 kg/mm“. Notice the brief
primary creep after stress was increased,
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Creep, 7T,=0
Load Cycling:
oo T,.=16 kg/nm', p=9 sec

L= K i
Aasa Tr=3l kg/mz, p =10 sec
-18| ' —
., A aa T=58 kq/nmz, p =30sec
-20 1 I 1 l- i ] ' ] ;
0 4 8 12 16

INITIAL STRESS, t, (kg/mm®)

Figure 4.11. The natural Jlogarithm of strain rate plotted in function of
initial stress. The lines were obtained from least square
method using Eq. (2.39h) for creep and Eq. (4.8} for load
controlled cyclic loading while the symbols represent the expe-
rimental data. For T = 3.1 kg/mm2 each of the-experimental
point was determined from a different specimen while for the
other stress amplitudes, a single specimen was used.

20
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Table 4.3. Constitutive parameters determined from
constant load experiments.

Experiment Figure Temp VI ‘ AI
No. (K)
(b3) (sec™1)
1 4.11 298 13 8.3 x_lﬂ'lo
2 1 4,17 317 13 9 x 10-9
3 4.17 330 13 6.42 x 108
4 4,17 385 | 14 |2.5 x 107

Table 4.4. Constitutive parameters determined from
load controlled cyclic loading experiments,

Experiment| Figure Temp T 'VI AI
No. (K) v ~

(kg/mm2 }{ (b3) (sec™1)

1 4.11 298 1.6 13 10-¢
B

2 4.11 298 3.1 14 7.8 x 10°9

3 4,11 | 298 5.78 13 2.4 x 10°9

It follows from Tahles 4.3 and 4.4 that the constitutive parameters
determined from the analysis of constant load (creep) and load controlled
“cyclic loading experimental results are ?dentiéa1 . The equality of the
constitutive pérameters indicates the validity of the assumption that the
material structural characteristics remain constant during cyclic
deformation. Consequently, constant load tests {(creep) can be employed to
determine the constitutive parameters and, by using the equations developed
in this report, the load controlled cyclic deformation behavior can be

predicted.
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4.,2.2 Strain-Time Response

The constitutive parameters that were determined from creep and load

controlled 'cyclic loading experiments were used to calculate the lcad

controlled cyclic deformation behavior. Fig. 4.12 shows the strain-time

response during the ' first few cycles of a load control]ed\cyc]icvloading

‘experiment (with a triangular load wave form). The symbols represent the

ekberimental data while the solid line (Fig. 4.12b) was calculated from Eq.

1

(2.37) (with ©, = 0). Similarly, Fig. 4.13 (and also Fig. A8) shows the

strain-time response for'-thé sinusoidal load wave form. The symbols

_represent the experimental data while the solid line (Fig. 4.13b) was

calculated numerically from Eq. (2.37) using a BASIC*computer program [123]

based on Romberg's method.

Fi

It is ob§erved that within the stress, time, and temperature range
where the constitutive equation of plastic flow during load controlled
cyclic deformation can be approximated with activation over a single energy
barrier, the total strain is proportional to time or number of loading
cycles. The strain-time reIation derived in this report describes well the
cyclic deformation behavior, The exce]]ent agreement bétween the predicted
and the measured strain is an indication of the validity of the assumptions
made in the derivation of the equations: the. internal stress and the
material structural characteristics remain cdnstant during cyclic

defaormation.
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Strain-time response during load controlled cyclic loading.
(a) Input stress-time triangular wave form (b{ Strain-time
response. The symbols represent the experimental data and the.
solid line was calculated from Eq. (2.37). The parameters
are: Vi = 12b3, Ar= 10-9/sec, To = 11.8 kg/mm2, 1. = 6.2
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4.2.3 Effect of Cycle Period

The effect of cycle period on load controlied cyclic deformatilon beha-
vior was evaluated from {10ad control]ed)'cyc]jc loading'experimeqts that
Qere carried out at different cross-head speeds (and hence different
freqqencies). A triangular stress wave form with stress amplitude of 3.66
kg/mm2 was used and the exge:jments were carried out on a single specimen,
The results- were plotted on two coordinate systems as shown in Figl 4.14

{and also Fig. A7). The strain response was plotted-in function of time,

Fig. 4.14a, and in function of number of 1oadjng cycles, Fig. 4.14b,

When the strain response ;E plotted 1in function of .tihe, the
strain-time relation is linear (Fig. 4.14a) and the cycle ;ﬁfcd has no
significant effect on the cyclic deformation behavior. ﬂHerver, as pointed
out earlier, the use of strain-time axes obscures the effect of cycle period
on the cyélic deformation behavior because.t=mpf\ It is clear from Fig.
4.14b that when the strain response is plotted in ;ﬁnction of the number of
loading cycles, the e,fect of cycle period on.cyclic deformation behavior ﬁs '
. apparent, The high the cycle period the higher is the sgrain increment
per cycle (slope of the curve represents the strain increment per Eyc]e).
In other word;; the lower the frequency the higher is fhe_strain increment
per cycle.. - Hence thg effect of cycle period on the cyclic deformati:)n)
behavior manifests itse1ﬁlin the strain increment per c&c]e. The strain
rates (rate of strain accUmu]atiop) that were evaluated from least square
method were almost identical; the cycle period has no significanf effec; on
the strain f&te.” The experimental reﬁults confirm the theoretical
prediction (Eq. 4.8}: the rate of cyclic strain accumulation is a function

of the initial ef%ective shear stress and the stress amplitude,
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4,2.4 Effect of Stress Ratio

Fig. 4.15 shows results of experiments that were carried out at

different stress ratios,

T . T .
R = min = min . (4.9)

T . +
max min r

The experiments were conducted on a single specimen and with a cross-head.
speed of 1.0 mm/min, and with a triangular load wave form, The accumulated

cyclic strain was measured at constant 7 . (Fig. 4.15a) and at constant

Tnax (Fig. 4.15b), The experimental results show that for constant t a

min
decrease in the stress ratio leads to inérease in both the strain and strain {
rate while for constant Tnax® 2 decrease in the stress ratio leads to a
~ decrease in boih the strain and strain rate. In other words, the strain and
strain rate are functions of the mean stress: the higher is the mean stress
the higher are the accumulated strain and stra}n rate. The normalized

]

strain rates that were determined from the experimental results {Fig. 4.15)
were compared Qith theoretical prediction, as shown ip Fig. 4.16; It is
evident from the figure that there is a good agreement . between the

calculated and the measured strain rates.
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ata.
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4.2.5 Activation Energy

The activation energy associated with creep‘ was determined from
temperature cycling experiments and from Arrhenius plot. The rate of
plastic flow wés measured . over ﬁhe temperature range for which the
~activation energy was to be determined. It was assumed that within the.

temperature rghge the material structural characteristics (AG*

» P> and V)
remain unchanged. That 1is, the material structural characteristics are
constagt during the activation eﬁergy measurements. When these conditions
are satisfied, then it follows from Eq (2.7) that, because the strain rates
measured at two different temperatures T1 and T2 are related, the

experimental apparent activation energy aGI can be expressed from

-

€ 4G ——
_pl s ) S SRS L
e [ - Gy o1
Ep2 d
| -k €n1
as AGI = f}-_—" n [;.-E-—] (4.10)
T1 T2 . p2
dan & _ :
or a6p = -k — P ' (4.11)

e
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Figure 4,17, A typical strain versus time curve measuréd in a temperature

cycling experiment. The strain rate in regions (1) is 1.2 x

™ 1075/sec. while that in region (2} is.5.53 x 107%/sec.

\
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Figure 4.18. The Arrhenius type plot for creep of the near eutectoid Zn-Ag

alloy. The experiments were carried out on a single specimen

and at a constant shear stress of 8,15 kg/mm2. The steady
state strain rate was measured in function of temperature
which was-increased in steps of about 10K from 300K to 370K.
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4F1g. 4.17 shows a typical strain versus time curve measured in -a

temperature cycling experiment, From the results of the°experiment the

experimental activation energy was evaluated from Eq. (4.10) as

a6, = ‘I‘_k‘l“_ gn L = 8.577 x 103 k
— - g :
.

T, Ty

while the activation energy at zero stress was determined from Eq. (2.6) as

¥ = 103
AGI AGI + VI Toff 11.2 x 103k

or AG’{‘ = 0.964 eV.
?\

4

the

The experimental activatton energy was also evaluated from

hr;henius type plot using Eq. (4.11) (Fig. 4.18) as
AGI = 9,054 x 103k

with a correlation factor of 0,95,
Similarly, the activation energy at zero stress was determined as

AG*I‘ = 11.106 x 103k = 0.956 eV.

The least square analysi3 of the Arrhenius plot also leads to the evaluation

v
of the parameter 8py as

Spy = 2 x 10-7
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Effect of temperature on the creep rate. The symbols
represent experimental data while the lines were obtained from
least square method using Eq. (2.39b)
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which compares well with that determined from the analysis of the stress
relaxation experimental results (Fig. 4.7). Table 4.5 shows the activation
energies, AGT,II’ that were evaluated from temperature change tests in creep'
and from stress relaxation. It is observed that the activation eneréies
(for plastic flow of the near eutectoir In-Ag alloy) that were determined
froﬁ the present analysis are comparqbie to those obtained by .other

investigators.

it is evident from Fig. 4.19 that the constitutive equation describes
well Fhe temperature dependence of the creep behavior of the Zn-Az alloy.
Furthermore, the excellent agreement between the predicted and the measun;d
creep rates cohfirm§ the validity of the assumption that within the high
stress and low temperéture ‘range the materﬁa] structural characteristics
rematns unchanged during creep.

.

+ 4.3 CONSTITUTIVE PARAMETERS

4.3.1 Activation Volume

The activation volumes VI,II were determined from the analysis of
stress relaxation, creep, and cyclic Ioadiqg experimental results. It was
considered that the internal stress was negligible and that the work
hardening coefficient H = 0. However, Sargent [124] showed that‘ the

‘measured activation volume is related to the true activation volume V as

) H ' :
VI—V(1+-I_I')- °
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Table 4.5. Activation energies for plastic flow of the

near eutectoid Zn-Ag alloy.

Testing Method of Activation Enérgy Investigators
Method Temperature z
Variation AGT (eV) AGII (eV}

Stress  |Test at.’ 1.060.02 |1.14:0.05 |Present study

relaxation jdifferent ,
temperature

Creep Tempeﬁature 0.964 - Present study
cycling

Creep Temperature 0.956 - Present study '
change

Creep Temperature 1.09£0.04 Chaudhari [117]
change -

Creep Temperature 0.82+0,05 (1.23x0.06 |Mohamed and
cycling Langdon [125]

Creep Temperature 1 0.82 1.25 Vaidya, Murty
change and Dorn [118]

For strain.contro11ed experiments, E is the elastic modulus of the specimen
while if displacement is the controlled variable, E is the combined elastic
modulus describing the net elastic response of the test specimen and grip

assembiy; Because £ is large and H was negligible, the measured activation

voTume VI = V.

-

T

7~

g\
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The measured activation volumes are also related to the dislocation
. density changes. Because the strain rate is

ep =8 py hI,

the experimental activation vo]ume,'VI, measured in stress relaxation when

Pt changes is

"3 ené 3LNp agn h
, R L S B e L1,
Teff Teff Teff

Nuring stress. relaxation; the stress rate is proportional to the strain rate

and the measured activation volume is expressed as

) kT agn Py aceff )
LS Sl - 3 T + ¥, :
. . eff ’

The dislocation density is related to the strain [108] as

_ o .
Py T Py +_Bsp'

The measured activation volume then becomes

T_2kT _-B

v

At 300K, with E = 6580 kg/mm2, e, = 8 x 1073 and when ¢ po/B, the

. p
correction factor is only 0.8b3., This small correction factor is'negligible

and proves that it was legitimate to neglect dislocation multiplication in

the analysis-of the deformation behavior of the Zn-Az alloy.

;
The measured activation volumes were plotted in function of temperature

-

as shown in ?ig. 4,20, MWhile VI appears to be EFmperéture independent, the - _

¥

A

e , %
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activation volume at low gtress level, VII’ seems to increase»wiéh tempera-
ture. Faucher and Krausz [82] have shown that this effect is a general
feature of consecutive energy barrier sysiems. They cpnéauded that hecause
the t;ue activation volumes that are associated with each of the free
energies (AGI II) are constant, the temperature dependence of the measured
activation volume is only an apparent effect that results from the prober-
ties of consecutive energy barrier systems. Moreover, it was considered in
the analysis of the eiperimental results that the backward activation over
the energy harriers were negligible., In Region Il the stressllevel is low

and this assumption is not strictly valid., Nevertheless, the two energy

barrier system describes well the cyclic deformation behavior.

It is apparent from Tables 4.1, 4.2, 4.3, and 4.4 that the activation
volumes obta1ned from the ana1y51s of stress relaxation, - creepy; and strain
and load controlled cyclic loading exper1menta1 results are similar, Conse-
quently, within the high-stress and low temperature range where the backward
activations ovér_the energy barriers are negligible the activation volumes
determined from ihe analysis of stress rélaxation and creep .experimental
results can be used to predict the cyclic def;rmation behavior, using the
thgory deQéloped in this thesis, The measured activation volume VIis within
the range 17+ 4b3 whiTe-VII is within the range 31 # 12b3. The results sare
weil in agreement with those obtained in previous studies [34, 106, 107,

119, 126] where V; was determined as 14 * 2b3 while VII was evaluated as 39
t 15h3,

1
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4.3.2 Constitutive Parameters AI 1 )

The constitutive parameters, A .., that were obtained from the

> e »
analysis of stress relaxation, creep, and cyclic loading éexperimental
results were plotted in function of the reciprocal -of temperature on

-

semi-logarithm scales as shown in Figs. 4.21 and 4.22. The figures show

- '

that thg cqnétitutivé parameters determined from stress relaxation, creep,
and cyclic loading are within the same range. According to Eq.(2.11), the
relations should be straight lines, the slopes of whfch are propoftiona] to
the activation energies, AG? or AGTI. However, because the experimental
results were obtained from different tests (stress relaxation, creep, and
"cyclic loading) and from a large number of specimens (over 20 specimens)
which inherently have slight variations in structural parameters (pt, vV, and
AG#), a scatter of up to two orders of magnitude is observed. Consequently,
:the temperature dependence of AI,II was used for prelimjnary evaluation of
the activafion energies associated with the deformation mechanisms. The
actual activation energies were determined from the lArrhenius type plots
(obtafned from temperdture change and temperature cycling techniques) as

discussed in Sections 4.1.4 and 4.2.5.

s [

?
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4.3.3 Deéformation Mechanism

A deformation kinetics study [34] of the near eutectoid Zn-Az alloy
showed th;t at room temperature (below 0.4Tm where Tm is the melting
temperature of tHe alloy) plastic deformation is controlled By Consécutive
: operation .of two mechanisms, Although the rate controlling mechanisms at
high temperature (abhove 0.4Tm, where the deformation is superplastic) have -
- been extensive]y_‘1qvestigatéd [115-118, 125, 126], the rate controlling
| mechanism§ at low temperature (where the deformation is not superplastic)
hﬁve not received a great deal of attention [34, 106, 107, 117, 119]. The
studies revealed that grainlboundary sliding, and ﬁence superpTastiE f1ow,
is controlled by grain-houndary diffusion 'and that it 1is frequently
accompanied by dislocation motion within the grains. Furtheremore,
microstructural studies [127] revealed the presence of dislecations in
sahp]es that were not deformed superp?astita]]y whereas. relatively fewer
dislocations were observed in superplastically deformed samples. The rate
controlling deformation mechanisms of the allay at room.fempérature have not -
.been established although it is widely -accepted [116, 117, 128, 129] that
dislocation movements inside the. géains 'ﬁay he rate controlling. The
ﬁnd ac¥ ) at room temperature for

I,IT ™ I,II
stress relaxation, creep, and cyclic deformatiog indicate that the rate of

measured activation parameters (V

plastic flow' of the alloy (during stress relaxation, creep, and cyclic
- deformation) may be controlled by dislocation movements, either by Peierl's -
Nabarro mechanism or by cross-slip mechanism, A more detailed and

definitive study would be outside of the scope of this report.

131
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° 4.4 CLOSURE

The analysis of the cyclic deformation behavior of the Zn-Ag alloy
leads to the conclusion that the Heformatidn is rate dependent, strongly
deﬁendent on the temperature and loading rate. Within the high stress and
10w‘temperapure range where the rate of plastic flow can be approximated
with activation over two consecutive energy barriers, the analysis of the
theory and experimental results showed that the stress change (or stress
drop) during strain controlled cyclic deformation is frequency dependent:
the 10wer.the frequency, the higher is the stress drop (per cycle). For a
given fréquency (or loading rate), it was observed that gﬁé stress change is
directly proportional to the natural logarithm.of time. Similarly, during
load controlled cyclic deformation the study showed that the Tower the
frequency the higher 15 the st}ain increment per cycle while the accumulated
cyclic strain is proportional to the deformation time or number of cycles,
Tha constitutive equatipns that were derived from the rate theory described

well the‘cyclic deformation behavior of the alloy.

o

Krempl and Ka]]ianpur [130, 131] have recently* carried out cyclic
‘1oading experiments on high strength Ti - 7Agz- 2Ch-1Ta Titanium alloy and on
AISI Type 304 Stainless Steel.. They observed from the experiments that
during strain controlled cyclic deformation of  the leloys ;at room

temperature the stress change is frequency and hence rate dependent and that

* September 1985 publication, ~
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for a given frequency, the stress change is directly proportional to the
logarithm of time. Becausé these experimental observations are similar to
the (present} theoretical prediction, it follows that the constitutive
equations derived in this report can also be used to describe cyclic
deformation in these alloys. Krempl and KaT]i]éﬁpur [130] concluded “that
the rate dependence (or viscous behavior) of the cyclic deformation is an

important part of cyclic deformdtion of metals and must be considered even

at room temperature.

That the.constitutive equations conform to experimental observations in’
near eutectoid Zn-Az alloy, high strength titanium alloy anq AIST Type 304
stainless steel is not a coincidence. The equations are based on a
rigorously derived physical theory: rate theory based on statistical
mechanics. The theory has been widely used to describe p1ast§é deformation
during monotonic loading of many materials. The present study ' shows that
the theofy not only descrjbes p]astfc flow during monotonic loading but also

»
i

during cyclic loading.,

If is realized that for ' some materials, the variations of the
structural characteristics during cyclic deformation may be signif{cént.
The mobile dislocation density may increase significantly due to dislocation
multiplication and the activation volume may change with the applied stress.
For these maferia?s, therefore, the variations of the st;uctura]
characteristics must be incorporated in the development of the constitutive

equatﬁons of cyclic loading.
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~ CHAPTER 5 -

SUMMARY AND CONCLUSIONS

The time dependence of cyclic deformation behavior is an indispensable
part of cyclic deformation of metals. When plastic flow results from
-therma11y activated motion of dislocations (or flow units), the constitutive ~

equation is obtained from kinetics studies and is usually of the form

e = &, exp - AGexE(T) v
p 0 kt

-

The cyclic deformation behaVior then follows from the analysis of the time

dependence of the experimental parameters éo and AGex - This appfoach was

p
utilized to study the time dependence of the cyclic deformation behavior. of
a near eutectoid Zn-Al alloy and to evaluate the deformation behavior when

softening and hardening occurs updﬁ cyclic loading.

5.1 CYCLIC DEFORMATION BEHAVIOR OF Zn-Al Alloy

While cyclic deformation behavior cannot, in general, be predic;ed from
" the analysis of creep ahd streSg‘reIaxation experimental results, it has
heen shown that undeé special, physically ‘reasonable conditions the
constitutive parameters determined from stress relaxation and creep can be
used to hredict the cyclic deformation behavior. The analysis shows that
within the high stress and ;;;”temparature range where thermally activated
plastic flow in creep, stress relaxation, and cyclic 1ogding can be.

approximated with activation over two consecutive -energy barriers, strain

controlled cyclic deformation is “essentially a stress relaxation process
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'while Toad controlled cyclic deformation is related to- creep. It was

assumed in the study that within the high stress and low temperature range,

cyclic deformation, stress relaxation, and creep. takes place at constant

material structural characteristics (pt, AGi, and V). The app11ca;ion of

the model to describe cyclic plastic deformation behavior of the Zn-Al alloy

lead to the following conclusions,

1. In the high' stress and low temperature rigge, the cyclic plastic .

™
.

deformation of the alloy is controlled by a consecutive operation of two
mechanisms, The derived constitutive equations describe well the cyclic

deformation behavior of the alloy.

The material structural characteristics determined from the analysis of
stress relaxation, creep, - and cyclic loading (strain and load
contro]]ed) experimenté] results were similar. Conséquently, it was
shown that tﬁe constitutive parameters determined from a simple stress
relaxation test can be used to predict the cyclic deformation behavior -
{(within the high 'stress and 16w temperature 'range) using the
constitutive equations derived in this report, 7

Strain and -load controlled cyclic deformation are different
manifestations of the same basic process depending on the control
condition. The measured act%vation parameters (which are in agreemént
with the published valhes)'suggest that within the high stress and low

temperature range, 'cyclic plastic deformation s , controlled :by
dislocation movement, eithe%_ by Pierl's - Nabarro mechanism 'or by ‘

cross-slip mechanism,
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4, While the rate of loading (frequency) has no effect on the rate of
cyclic strain accumﬁ]at%on, the strain increment per cycle is frequency
dependent. The lower the frequency the higher is the strain increment
per cycle. A similar frequency effect was observed in strain controlled
ﬁyc]ic deformation. That is; the lower the frequency the larger is the
stress changé,(decreasé) per cyc]é; At high frequencies, however, the
rate of plastic flow Lis limited by the velocit} of transverse sound
waves in the material. MNone-the-less, thermally activated plasgic flow

ends - fades out - at strain rates {or frequencies) several orders of

mégnitude below this.

" 6. MWithin the high stress and low temperature range, the rate of cyclic
strain accumulation and the accumulated cyclic strain increases with the
applied mean stress. Similarly, for strain controlled cyclic loading,

the applied stress change increases with the mean total strain.

5.2 CYCLIC SOFTENING AND HARDENING

Cyclic loading may induce a change in the dislocation - ohstacle
structure that produces the internal stress: the material ﬁay thus softgn
and/or harden upon cyclic léading. It was-considered that within a high
stress and low temperatufe range the.rate of plastic flow in hardenjng and
softening can be approximated with activation over sing]g energy barrigrs‘
and that the material structural characteristics are constant during cyc]fc
deformation. The analysis of the cyclic deformation behavior within the

stress and temperature range lead to the following conclusions,
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* C

1. The rate of cyclic strain accumulation and the accumulated cyclic strain
during cyclic hardening were smaller than those under constant stress
(equal to peak stress during cyclic loading) creep. The long term
st'rain rates, howevgr, were identical. Consequently, it was anticipated

that the constitutive parameters determined from the analysis of creep

test results can be used to predict (within the high stress and low

temperature range) the cyclic hardenihg deformation behavior.

2. ‘Hhenf the internal stress .decreases (softening) upon unloading and
1nc;eases (hardening) during the loading part of the cycle, the rate of
cyc]ié stqain accumulation and the accumulated cyclic strain were (aFter'
sufficiently long time) larger than those‘under constant stress (equal
to the peak ‘stress) creep. The behavior is similar to that often (in
the literature) observed .experimenta11y during cyclic deformatfcn of
metals: the 'application of an yjclic Toad (of sufficieht magnitude)
Eesu]ts in ductile failgﬁg_of ::Slimens (copper;, aluminum, etc.) in a

'few thousand cycles whereas the dpp]ication'of a steady (creep) stress

AR T

(equal to peak stress) produces little deformation and no failuré‘OCCUrs
over a period of several days. Therefore, it was anticipated that the

analytical model presented here can be used to evaluate the accumulated

]

damage in highly stressed machine components; an essential data for _
design and lifetime determination of machine components.

Al

5.3 RECOMMENDATIONS FOR FURTHER RESEARCH

It is recommended that the theoretical and experimerital parts of this

4

study ﬁay be extended to include:
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Deformation benpvior.under random loading {strain or load controlled).

This investigation is in progress and the -results will be published

elsewhere [132].

The‘app1ication of the model to desccibe cyclic deformation” behavior of

- other engineering materials, particularly those with non-zefo' and

increasing and/or decreasing internal stress,

r

»

The extension of the‘deformatjpn kinetics'to include backward activation

and its application to describe cyclic deformatibn behavior.
B \ l,t . .
: ¥ ! oo b

»

\ .

cyclic Yoading,
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stress-time response., The symbols represent .experimental data
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