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Constitutive equations of cyclic strain and stress softening for materials with low internal stress 
levels are derived from the rate theory. The study shows that over the high stress and low 
temperature range where the description of plastic flow in cyclic softening can be approximated 
with activation over a single energy barrier, cyclic strain softening is well related to stress 
relaxation process while cyclic stress softening is related to creep process. The material structural 
characteristics for cyclic strain softening, cyclic stress softening and stress relaxation are identical. 
Subsequently, it is shown that cyclic stress and strain softening within the high stress and low 
temperature range can be evaluated from the constitutive equations using the material structural 
characteristics measured from a simple stress relaxation test. 

1. Introduction 

1.1 Gross cyclic deformation behavior 

The fracture of structural metals subjected to 
cyclic plastic loading is critical in the design of 
s team and gas turbines, je t engines, nuclear reactors, 
etc. To understand the f rac ture process, the mecha-
nisms of cyclic plastic de fo rma t ion were studied 
f rom metallurgical s tandpoin t in many papers , e.g. 
[ 1 - 3 ] , to name just a few. The interest of these 
studies was in the mechan i sm of slip, dislocation 
movements , and other changes in the metallurgical 
structure. However, the explorat ion of the gross 
de format ion behavior , another aspect of cyclic 
plastic loading, has not received a great deal of 
at tention [1 -6 ] . These efforts are character ized by 
the systematic study of the de fo rma t ion behavior 
th rough the measurement of stress and displace-
ment (strain). The u l t imate objective of these inves-
tigations is the fo rmula t ion of consti tut ive equa-
tions, the mathemat ica l descript ion of the material 
behavior. 

Despi te these explorat ions, nei ther material 
science nor the con t inuum theory of plasticity has 
advanced to the stage of being able to predict the 
macroscopic cyclic stress-strain behav io r of real 
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materials. In addi t ion, machine components are 
of ten subjected to complex cyclic loading regimes. 
Consequently, the formula t ion of realistic constitu-
tive equations for cyclic plastic straining is a for-
midable task. In the following, the consti tutive 
equat ions of thermally activated cyclic plastic flow 
for the case where the material undergoes cyclic 
softening will be derived f rom rate theory (usually 
called transition state theory, or activated complex 
theory, or absolute rate theory). It will also be 
shown that the mater ia l structural characterist ics 
determined f rom a s imple stress relaxation test can 
be used to predict the cyclic sof tening behavior 
using the constitutive equations. 

1.2. Thermally activated cyclic softening 

Dur ing cyclic loading of a machine component 
the total strain e is the sum of two components : the 
elastic strain, e e , and the plastic strain, £p. 
The elastic strain is fully reversible and cannot 
cause any damage . It is the plastic de fo rma t ion 
which causes cumulat ive and irreversible changes in 
the material substructure: in the dislocation sub-
structure [2, 3] and in broken bonds such as micro-
cracks and vacancies and [7], therefore , only the 
cyclic plastic de fo rmat ion is considered as the most 
decisive phenomenon in the f rac ture process. 

Considerable efforts were m a d e to interpret the 
behavior exhibited by many mater ia ls under a 
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variety of different uniaxial plastic deformation 
processes and to represent the behavior by essential-
ly empirical expressions [1-10] . Usually a vast 
amount of experimental observation is needed 
before fairly general conclusions can be reached. 
Constitutive equations obtained from this type of 
phenomenological models have limited applications 
since they cannot be used outside of their actually 
tested range. In addition, the empirical constitutive 
equations cannot, as a rule, be identified with the 
basic material structural characteristics and, in most 
cases, they cannot represent the effect of the im-
portant service and manufacturing parameter - the 
temperature. 

Plastic deformation is generelly produced by the 
motion of dislocations under the drive of the ap-
plied shear stress [3, 7, 11, 14]. In most cases, it is 
rate dependent (and, therefore, temperature depen-
dent); that is, thermally activated. It was shown by 
Krausz and Eyring [11] that thermally activated 
plastic flow and chemical reactions are essentially 
identical processes, since both are solely the con-
sequence of breaking and establishing of atomic 
bonds. Because of this fundamental general fact, 
plastic deformation was considered as a chemical 
reaction in which the composition remains un-
changed, but the atomic configuration changes. The 
rigorous physical foundation of absolute rate theory 
was established by Eyring in 1936 [12] and it was 
incorporated into dislocation theory by Orowan [13]. 
Consequently, the constitutive equation for thermal-
ly activated plastic flow was expressed as [3, 7, 11, 
13, 14] 

1 ' bgmU (la) — I b pmv = 

and in simple kinetics, as 

M 

( l b ) 

where ep is the plastic tensile strain rate, M is the 
Taylor orientation factor relating the tensile stress a 
and tensile strain e to the shear stress r (=cr /M) and 
shear strain y (= Me) resolved in the rate-control-
ling slip system, b is the Burger's vector, is the 
mobile dislocation density, J is the distance 
travelled by the dislocation between obstacles, v is 
the average dislocation velocity and A is the overall 
rate constant which represents the simplest possible 
combination of the fundamental rate constants 
and /fh which were derived from statistical me-

chanics as[11] 

, kT AGf c kT 
f = ~ T e x p ~ T F ' 4 = T exp 

AGb 

kT 

(2) 

In (2), k is the Boltzmann constant, T is the tem-
perature, h is the Planck's constant. AG is the ap-
parent free energy and the subscripts f and b refer 
to the forward and backward activations, respec-
tively over a single energy barrier. The apparent 
free energy is the energy needed from the thermal 
fluctuations of the atoms to cause dislocation mo-
tion. and it is expressed as [11] 

(3) 
AGF = AG* — Wf(z), AGb = AGt + Wb(r), 

where AG* is the free energy of activation and is 
equal to the chemical, bond energy associated with 
the atoms that take part in the dislocation move-
ment; W(r) is the work contributed by the shear 
stress r which causes the plastic flow. Thermally 
activated plastic deformation is often controlled by 
a system of energy barriers which may form either a 
parallel system, a consecutive system, or a com-
bination of these two types. Hence, to obtain a 
physically meaningful description of the experi-
mental results, a kinetics analysis [11, 14, 15] has to 
be carried out first, that will give the appropriate 
system of the energy barriers. Then, as it is 
practiced in chemical kinetics studies, the com-
bination of the individual rate constants or the 
overall rate constant 4 can be determined. The 
required activation parameters are determined from 
the evaluation of the experimental results and from 
the testing conditions. It was established by Krausz 
and Eyring [11] and also by Krausz and Faucher [14, 
15] that ( l a ) and ( l b ) lead to very good description 
of the behavior of many materials under a variety 
of different uniaxial deformat ion processes and that 
it can often provide a mathematically even simpler 
expression than the phenomenological models. 

In our previous papers [16, 17] it was considered 
that plastic flow during cyclic strain softening is a 
thermally activated process and the constitutive 
equation describing the shear stress in function of 
t ime during cyclic strain softening was derived. It 
was shown that cyclic strain softening is associated 
with stress relaxation and that the two phenomena 
are parallel over a high stress and low temperature 
range where thermally activated plastic flow in the 
two processes can be approximated with activation 
over a single energy barrier. The present paper 
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reviews and extends this work to analyze the con-
stitutive equat ion of cyclic sof tening for an alter-
native cyclic loading: load controlled cyclic loading. 

2. Discussion 

2.1. Constitutive equation of cyclic strain softening 

2.1.1. S u m m a r y 

The constitutive equat ion of cyclic strain softening 
for mater ials with low (or negligible) internal 
stress levels was der ived in our previous pape r [16]. 
The study showed that cyclic strain sof tening is a 
rate phenomenon , strongly dependen t on the tem-
perature and loading rate, and that it can be tested 
in stress relaxation. Wi th in the high stress and low 
tempera ture zone the mater ia l s tructural charac-
teristics were identical in both processes leading to 
the r ecommenda t ion that stress relaxat ion can be 
employed to measure quant i ta t ively the micro-
structural characterist ics for the unders tanding of 
cyclic strain softening process. In the present paper , 
the hysteresis loops that were calculated by using 
the consti tutive equa t ion for which the microstruc-
tural characterist ic values were measured in a 
simple stress relaxat ion test, are compared with 
exper imental data. The der ivat ion of the constitu-
tive equat ion of cyclic strain sof tening is reviewed 
here so as to present a coherent analysis of the rate 
dependent consti tutive equa t ion of cylic sof tening; 
both for strain and load controlled cyclic loading. 

2.1.2. E l a s t i c a n d p l a s t i c s t r a i n r a t e s 

Dur ing cyclic softening, the total strain e(t) is 
expressed as 

(4) £ ( 0 = £e + £p 

or in t ime di f ferent ia l nota t ion as 

p • 

The elastic strain is related to the shear stress as 

o M T 

(5) 

(6) 

where E is the combined elastic m o d u l u s descr ibing 
the net elastic response of the test spec imen and 
grip assembly. Consequent ly , the elastic strain rate 
is expressed as 

a Mi 
(7) 

Cyclic softening, like other plastic de fo rmat ion 
processes is t ime and t empera tu re dependent and, 
therefore, thermally activated [7, 10, 11, 14, 15, 16]. 
In a specific stress and t empera tu re range a single 
energy barr ier may control the plastic flow. The 
plastic strain rate is then described by (1 b). Wi th in 
this range the mechanical energy IV(T), that is, the 
work done by the effective shear stress refT acting on 
the dislocation or flow unit is, in most cases, 
assumed to be a l inear funct ion of the effective 
shear stress [7, 11] thus 

W(T) = F r e f f = V(T — i j ) (8) 

since Teff = r — i j , where r is the appl ied shear stress, 
ij is the internal shear stress represent ing the resis-
tance of the material to dislocation mot ion and V is 
the activation volume or the product of the area 
swept out by a dislocation dur ing a thermally 
activated movement and the Burger's vector, b, of 
the dislocation. In the high stress and low tempera-
ture zone plastic flow is controlled by a single 
energy barr ier and the rate of backward activation 
is much less than the rate of forward activation, i.e. 
i{> i b . Consequently, at high stress levels, it is 
satisfactory to represent the kinetics of the rate 
controlling system by activation in the forward 
direction only and over a single energy barrier , that 
is, i = if [11]. Equat ion (1) then becomes 

Af exp 
K f ( T - T j ) 

kT 
(9) 

where 
kT AG* 

It was found that in the high stress and low 
tempera tu re range, (9) describes well the de fo rma-
tion behavior of many crystalline mater ia ls [3, 7, 10, 
11, 14, 15]. 

2.1.3. C o n s t i t u t i v e e q u a t i o n 

The constitutive equa t ion of cyclic strain soften-
ing was derived for the high stress and low tem-
perature range. In this zone, the appl ied shear stress 
rate can be deduced f r o m (9) as 

(10a) 

T T 
kT 1 d£p 

dt 
J e f f 

Vf dt 

kT 1 dA( dTj 

~Vf~Af~d7 ~d7 

However, it was established by Krausz and Eyring 
[11] that in the high stress and low tempera tu re zone 
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the activation vo lume is independent of stress and 
t ime: no structural change. Also, the evaluation of 
exper imenta l results for some mater ia ls with low 
internal stress levels [11, 16, 18, 19, 20] have shown 
that when the total strain ampl i tude is small, the 
componen ts of the shear stress rate due to mobi le 
dislocation density ( a n d / o r microstructure) changes 
and to the internal stress rate are negligible com-
pared to the componen t due to the change of the 
plastic strain rate. Hence, the appl ied shear stress 
rate in the high stress and low tempera ture range 
and dur ing cyclic strain softening of these materials 
can be approx ima ted as 

T | T 
kT 1 dgp 

Ff £p dt 
(10b) 

Whi le the above assumpt ions are physically reason-
able, they are by no means necessary and should not 
be taken as restrictions on the validity of the theory. 
The combina t ion of (5), (7), and (10) results in 

Fig. 1. A schematic representation of a triangular strain 
wave used in strain controlled fatigue tests. er is the strain 
range,/? is the period and e{t) = e0 + e, (/). 

Stress relaxat ion is a special case of cyclic strain 
softening where £] (/) = 0. For this, (13) reduces to 

t = T0 

M kT 1 d£p + £n = £ . 
EVr £n dt p 

The solution of (11) is [16, 21] 

kT 
In 

•EAfVfl F fT0 
e x p ^ ^ r l / + 1 

2 kT kT 
(14) 

(11) 

, EV< I Aftxp 

Ff ' I EVf e(t) | | Ff 

where t is the de fo rma t ion time, £0 is the initial total 
strain, T0 is the initial appl ied shear stress and the 
Taylor or ientat ion factor M was assumed to be 
equal to 2 (an app rox ima te value for most poly-
crystalline materials) . The appl ied shear stress for 
the case where the total strain funct ion is in form of 
a t r iangular wave (or £ = £0 + £, (t) where ^ (t) is the 
cyclic strain as shown in Fig. 1) was evaluated as 

Ff (E £0-

Over the t empera tu re , stress, and t ime range where 
thermally activated flow in cyclic strain softening 

(12F 

• 2 TO) 

M I X K T , T = 1- TO n 
2 Ff 

EA{ Ff j Ff Tq 

~2kTrVXP~kT 

I exp 
o I 

F F f £ , ( Q ) 

2 kT 
dt+ 1 • (13) 

* In (12), the plastic strain rate becomes indeterminate 
at finite deformation time t when c, e -*• oo. 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 
[11,14]. 

and stress relaxat ion can be approx ima ted with 
activation over a single energy barr ier , (14) was 
used to evaluate the mater ia l s tructural charac-
teristics (the act ivat ion vo lume and the activation 
free energy) [16] for cyclic strain softening. Con-
sequently, the shear stress-t ime response dur ing 
cyclic strain sof tening can be calculated f rom (13) 
using the s tructural characterist ics evaluated f rom 
stress relaxation. 

2.2. Constitutive equation of cyclic stress softening 

Cyclic stress sof tening, like cyclic strain softening, 
is a plastic de fo rma t ion process. Whi le cyclic stress 
softening is denoted by a cycle dependen t increase 
in the absolute value of the strain under constant 
load ampl i tude , cyclic strain sof tening is def ined as 
a cycle dependen t decrease in the absolute value of 
the stress under constant strain ampl i tude . In the 

I n i t i a l , constant s t r a i n ra te load ing 
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simplest de format ion kinetics where thermally 
activated plastic flow in cyclic stress softening can 
be approximated with activation over a single 
energy barrier, the plastic strain rate, as in Sect. 2.1, 
is expressed as 

kTl 
A/f, b Qm — — exp 
Ml h 

A G* - V { r e f f 

kT 
(15) 

T h e mobi le dislocation density, is essentially an 
experimental ly measurable quantity and is expressed 
in terms of the stress or strain. A widely used form 
was introduced by Johnston [22] i.e. 

Qm = Qm + B £p , (16) 

where is the mobi le dislocation density measured 
at the beginning of plastic flow and is thus an 
empirical pa ramete r that represents the previous 
de format ion (state of the structure) history. It is 
outside of the theory of de format ion kinetics and of 
the theory used here: it is also a microstructural 
fea ture to be measured by the me thod given in this 
paper . The factor B is also measured by direct dis-
location density observation and expresses the 
mult ipl icat ion of dislocations in funct ion of the 
strain. Equat ions (15) and (16) can be combined 
and rearranged as 

d£n 

Qm + B £, 
= A'r 

V{ Teff\ 
6 X P (17) 

where A'f = Af/gm. For the purpose of the present 
discussion, we consider (as in Sect. 2.1.3) the cyclic 
de format ion of materials with low internal stress 
levels. In this model , therefore, the appl ied stress is 
approximate ly equal to the effective stress. An 
extension for non-zero r, and increasing t ; , that is, 

t, = tf + H £p , 

where r° is the internal stress at the beginning of the 
exper iment and H is the work hardening coefficient 
will be presented elsewhere [23]. Dur ing load con-
trolled cyclic loading, the appl ied shear stress is a 
periodic, r andom or complex funct ion of time. 
F igure 2 shows a tr iangular load wave form often 
used for load cycling or fat igue experiments. The 
appl ied normal stress is of the form 

a= cr0 + G\{t), (18) 

where er0 is the initial stress (load) at / = 0 and ox (?) 
is the cyclic stress. It is def ined for the first cycle, or 

any other cycle as 

<7 , (0 = 

2<7r t p 
when 0 < t ^ —, 

P 2 

2 <rr ( / > - / ) , p 
when — ^ t ^ p, 

P 2 

(19) 

where p is the per iod and <rr is the stress (or load 
ampl i tude ) range. Again, in the high stress and low 
t empera tu re range the activation volume is indepen-
dent of stress and t ime. Substi tut ing (18) and (19) 
into (17) and integrat ing (Appendix) we obtain 

B 

ß 
ln | 1 + -Q £p (20) 

IkTt I Vf a0 
= (ex p — 

exp V^r 
2 kT 

Or 

As in Sect. 2.1, the Taylor or ientat ion factor M was 
assumed to be equal to 2. W h e n the mobi le dis-
location density has reached a steady state 
value or when the dislocation mult ipl icat ion coeffi-
cient B is very small so that 

B 
~ £ P < 1 
Qm 

(21) 

t =constant 

t II 2 3 m-l 
p — | number of cycles 

,« = constant 

t= mp t i m e t 

Fig. 2. A schematic representation of a triangular load 
wave form often used in load (stress) controlled cyclic 
loading experiments. <7r is the stress range, p is the period 
and er0 is the initial stress. 
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then the integration of (17) leads to 3. Experimental Details 

2kTl Vf CTQ 
2 kT 

V{aT 
exp 

2 kT 
- 1 

t - o0/E + e0 . (22) 

That is, during constant load amplitude cyclic stress 
softening deformation process the plastic strain is 
proportional to the deformation time t. The total 
strain, s, is then expressed as 

x V r ° T 

<r, 2 kTl V{a0\eXP2kT 
e = — + £0 + ^f 77~ e x p — — t. 

E V( \ 2kT/ <7r 

In the limit when or -> 0 or during creep deforma-
tion, (23) reduces to 

V{ <70 
(24) 

Consequently, the strain rate during steady state, 
secondary creep is expressed in function of the 
applied stress as 

£ = Afexp 
Vf (7 

~2kT' 
(25) 

where a = a0 = constant. 
The total strain is not proportional to In t because 

t j = constant: a measure of constant microstructure. 
The conclusion that follows from (23) and (24) is an 
important one: creep deformation process is a 
special case of cyclic stress softening. Consequently, 
it is anticipated that creep tests can be used to 
measure the constitutive parameters Vf and Af that 
represents the microstructure which can then be 
used in the development of the constitutive equa-
tion of the more complicated cyclic stress softening 
process. Hence, over the temperature, stress and 
time range where thermally activated flow in cyclic 
stress softening and creep can be approximated with 
activation over a single energy barrier, (24) can be 
used to evaluate the constitutive parameters for the 
cyclic stress softening process. The total strain-time 
response during cyclic stress softening can then be 
calculated from (17) and (21). 

3.1. Material 

The material under investigation was a commer-
cial grade, near eutectoid Zn-Al superplastic alloy 
of nominal composition: Al 25 Wt%, Cu 5 Wt%, Mg 
0.05 Wt%, Zn balance. The material was selected 
because, as determined in a previous investigation 
[17, 23, 24] on constitutive laws, this alloy exhibits 
cyclic strain softening to the extent of complete 
unloading even at room temperature. Round tensile 
specimens, 6.41 mm diameter with gauge length of 
63.5 mm were used. 

3.2. Experimental procedure 

Cyclic loading and stress relaxation experiments 
were conducted on a model TTC-M Instron machine. 
The tests were controlled by means of a Motorola 
M6809 computer. For cyclic loading experiments, 
the computer was programmed to control the load-
ing as illustrated in Figs. 1 and 2 for strain and load 
controlled tests, respectively. In both cases, the 
specimens were initially loaded to a predetermined 
load (or stress equal to <r0) level. For the strain 
controlled experiments, the corresponding initial 
total strain, £0, was then the minimum strain while 
for load controlled experiments, the initial stress cr0 

was the minimum stress. Subsequently, the speci-
mens were loaded at constant loading rate or con-
stant cross-head speed either between the minimum 
and maximum total strain if strain is the controlled 
function (Fig. 1) or between minimum and maxi-
m u m load if load is the controlled function (Fig. 2). 
The total strain was measured by using an Instron 
strain gauge extensometer. For the first few cycles 
the computer was programmed to record on a 
floppy disk the load-strain-time data at short inter-
vals of time (about half a second). In the subsequent 
cycles, only the min imum and maximum strain or 
load were recorded. A similar procedure was adopt-
ed for the computer controlled stress relaxation 
experiments. The specimen was initially loaded at 
constant cross-head speed to a predetermined load 
or initial stress cr0 reaching the initial strain £0. The 
cross-head was then stopped and the computer was 
programmed to control the cross-head position so 
that the specimen was maintained within the strain 
range £0 ± 50 p£. The applied load was then conti-
nuously monitored and it was recorded an a floppy 
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Fig. 3. Cyclic strain softening and stress relaxation mean applied shear stress change represented in the shear stress 
change versus natural logarithm of time coordinate system for the evaluation of activation volume. The experiments 
were carried out on a near eutectoid Zn-Al alloy, the experimental variables are: r0 = 15.5 kg/mm2, cross-head speed 
= 1.5 mm/min and temperature = 293 K. 

disk as a function of t ime when the decrease in the 
load was 1% of the initial load. A di f ferent specimen 
was used for each test. The t empera tu re of the 
specimen was main ta ined by controll ing room tem-
pera ture to better than ± 1.0 K. 

3.3. Experimental results 

3.3.1. C y c l i c s t r a i n s o f t e n i n g 

The experimental results for cyclic strain soften-
ing and stress relaxat ion were plotted on a -Ax 
(mean shear stress change) and logar i thm of t ime 
coordinate system for the de te rmina t ion of the 
consti tutive parameters [11, 16]. Typical results are 
presented in Figure 3. T h e exper iments were carried 
out at room tempera ture , 293 ± 1.0 K, with an 
initial shear stress of 15.5 k g / m m 2 . T h e lines were 
obta ined f rom least squa re method using (13) (in 
integrated form [16]) and (14) for cyclic loading and 
stress relaxation, respectively. In the high stress 
zone, the constitutive equa t ion of cyclic strain 

softening predicts a l inear relat ionship between the 
mean shear stress change and the logar i thm of t ime. 
The deviation of experimental points f rom the 
straight line was indeed expected from a study of de-
format ion kinetics of the alloy [23, 24]. The kinetics 
analysis based on this previous study showed that the 
rate of plastic flow is controlled by a consecutive 
operat ion of two mechanisms (or energy barriers) . 
In the high stress range where the plot is linear, one 
of the mechanisms is rate controll ing while the 
deviation f rom linearity signifies that in the sub-
sequent stress range, the other energy barr ier con-
trols the rate of plastic flow. The act ivat ion volume 
(inversely proport ional to the slope) was 16 b3 for 
stress relaxation and 15&3 for both cyclic strain 
softening experiments. The product EA( was 
7.1 x 10"6 k g / m m 2 sec for stress relaxation while for 
cyclic strain softening it was within 2 ~ 3 x l 0 - 6 

k g / m m 2 s. The results are well in agreement with 
the observation made in our previous paper , that is, 
the material structural characterist ics (activation 
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Fig. 4. Stress-time, and stress-strain response during the first few cycles of a strain controlled, cyclic loading experiment. 
The parameters are: F f= 1663, temperature = 293 K, EA{ = 7.1 x 10"6 kg/mm2 sec, r 0 = 14 kg/mm2, cross-head speed 
= 1.0 mm/min, E er = 26.3 kg/mm2. 
(a) Shear stress-time response during cyclic strain softening. The symbols represent the experimental data while the line 
was calculated with (13). 
(b) Calculated hysteresis loops plotted on a shear stress versus total strain axes. 

parameters ) de te rmined f rom stress relaxation and 
cyclic strain softening are essentially identical. The 
slight d i f ference between the results f rom the two 
exper iments could be due to variat ions in material 
structure, i.e. var iat ions in the mobi le dislocation 
density and the free energy of activation between 
the di f ferent specimens used. Fur thermore , the 
assumpt ion that the mater ia l s tructure remains con-
stant dur ing the de fo rma t ion is valid only for small 
strain ampl i tudes . 

Figure 4 a shows the shear stress-time response 
dur ing the first few cycles of a strain controlled 
cyclic loading (with a t r iangular strain wave form) 
experiment . The symbols represent the experimental 
results while the solid line was calculated f rom (13) 
using the structural characterist ics determined f rom 
the results of a stress relaxation experiment. It is 
observed that the consti tutive equat ion describes 
well the de fo rma t ion behavior dur ing cyclic strain 
softening. To i l luminate the deformat ion process, 
the stress response was plotted on a shear stress 
versus total strain axes, leading to hysteresis loops as 
shown in Figure 4b . Each strain cycle leads to a 
decrease in the appl ied shear stress. The greater is 

the n u m b e r of cycles the smaller is the decrease in 
applied shear stress per cycle. Tha t is, within the 
stress, t ime and t empera tu re range where the ther-
mally activated plastic flow dur ing cyclic strain 
softening can be approx ima ted with activation over 
a single energy barr ier , the appl ied shear stress is 
proport ional to the logari thm of the t ime or n u m b e r 
of cycles. In Figs. 5 a and 5 b, the hysteresis loops for 
the first and second cycles were replotted f rom 
Fig. 4 b and were compared with experimental data. 
There is a good agreement be tween the calculated 
hysteresis loops and the exper imenta l results. The 
slight deviat ions between the two are probably due 
to the large strain ampl i tude which may have led to 
increase in the mob i l e dislocation density. 

3.3.2. C y c l i c s t r e s s s o f t e n i n g 

Figure 6 shows typical exper imenta l results for 
cyclic stress sof tening exper iments that were carried 
out at room tempera tu re . 293 ± 1.0 K, and for a 
stress ampl i t ude of 61 MPa (6.2 kg /mm 2 ) . Mean 
plastic strain (or the d i f ference be tween mean total 
strain and mean elastic strain) was plotted as a 
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Fig. 5. Comparison of the calculated hysteresis loops (solid line) and the experimental data (symbols). The calculated 
hysteresis loops were replotted from Figure 4b. (a) Hysteresis loop for the first cycle, (b) Hysteresis loop for the second 
cycle. 

T I M E , t (m in ) 

Fig. 6. Mean plastic strain plotted as a function of 
time for different initial stress levels. The lines 
were obtained from least square method using 
(22) while the symbols represent the measured 
values. The parameters are: Temperature =293 K, 
E = 6580 kg/mm2, <jr = 61MPa and Cross-head 
speed = 1.0 mm/min. 

funct ion of t ime for each initial stress level. T h e 
lines were obta ined f r o m least square me thod using 
(23). The linear t ime dependence indicates that no 
work hardening occurred: this is an indicat ion of 
constant structure. The slope of each of the lines 
represents the mean plastic strain rate at the corre-
sponding initial stress level. The act ivat ion p a r a m -

eters were analyzed by plott ing the mean plastic 
strain rate and the initial stress on a semi- logar i thm 
scale as shown in Figure 7. According to (23), the 
plot should be a straight l ine; the slope of which is 
proport ional to the activation volume, V{, while its 
intercept at a 0 = 0 is proport ional to the activation 
parameter , A{, for a given stress ampl i tude . Con-
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Fig. 7. The logarithm of mean plastic strain rate plotted as 
a function of the initial stress. The line was obtained from 
least square method. The circles represent the experi-
mental data (the mean plastic strain rate is the slope of the 
mean plastic strain versus time plot of the respective initial 
level as shown in Figure 6). 

sequently, the activation volume was determined as 
12 b3 and the pa ramete r Af was 1.16 x 10~9/sec. 

Figure 8 shows the strain versus t ime response 
dur ing the first few cycles of a load controlled cyclic 
loading (with a t r iangular load wave form) experi-
ment. The symbols represent the experimental 
results while the solid line was calculated by inte-
grating (17) for the case where the microstructure is 
constant and by using the constitutive parameters 
de termined f rom the results presented in Figs. 6 
and 7. It is observed that the constitutive equat ion 
describes well the de fo rmat ion behavior dur ing 
cyclic stress softening. To visualize the deformat ion 
process, the strain response was plotted on a stress-
strain coordinate system as shown in Figure 8 b. It is 
apparent that each load cycle leads to an increment 
in the strain. Tha t is, within the stress, t ime and 
t empera tu re range where thermally activated plastic 
flow: in cyclic creep can be approximated with 
activation over a single energy barrier , the total 
strain is related to the n u m b e r of strain cycles. It is 

Fig. 8. Strain-time and stress-strain response during the 
first few cycles of a load controlled, cyclic loading experi-
ment. The parameters are: V{— 12ft3, Af = 1.16 x lOvsec , 
CT0 = 21.7 kg/mm2, aT = 12.4 kg/mm2, temperature = 293 K 
e 0 =3 .26x 10-3, cross-head speed = 1.5mm/min and E = 
6580 kg/mm2. 
(a) Total strain-time response. The symbols represent the 
experimental data while the curve was calculated with (17). 
(b) Calculated hysteresis loops presented on stress-strain 
axes. 
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(b) 
Fig. 9. comparison of the calculated hysteresis loops (solid 
line) and the experimental data (symbols). The calculated 
hysteresis loops were replotted from Fig. 8 b. 
(a) Hysteresis loop for the first cycle. 
(b) Hysteresis loop for the second cycle. 

evident f rom Fig. 9 that there is a good agreement 
between the calculated hysteresis loops and the 
exper imenta l data . 

3.4. Constitutive parameters 

In our previous study [16], the activation pa ram-
eters for cyclic strain sof tening of the Zn-Al alloy 
were de termined . It was found that the activation 
vo lume was 1 3 + 1 b3 while the activation pa ram-
eter Af was within the range 7 x l O _ 1 0 / s e c to 
5 x 10 - 9 / sec . T h e exper iments were carried out in the 
same stress and t empera tu re range as the results 
reported in the present paper . Also, the constitutive 
parameters for both stress relaxation and cyclic 
strain softening process were found to be identical. 
T h e present analysis shows that the activation 
vo lume for cyclic stress and strain softening is 
14 ± 2b 3 while the activation paramete r Af is within 
the range 0.3 x 10" 9 /sec to 1.1 x 10 - 9 / sec . Clearly, 
therefore , the mater ia l structural characteristics 
(activation parameters ) for cyclic stress softening, 
cyclic strain sof tening and stress relaxation are 
essentially identical. It seems, therefore, that cyclic 
stress softening and cyclic strain softening are differ-
ent manifes ta t ions of the same basic process, 
depend ing on the control condit ion. 

At high tempera tu res (over 0.4 F m , where Fm is 
the melt ing t empera tu re ) , the rate of plastic defor-
mat ion of the Zn-Al alloy is controlled mainly by 
grain boundary sliding [26-30] . Other mechanisms 
contr ibut ing to the plastic flow include dif fusional 
creep and dislocation slip a n d / o r c l imb [26-30] . The 
rate controlling de fo rma t ion mechanism(s) of the 
alloy at room t empera tu re (below 0.4 Fm ) has not 
been established a l though it is widely accepted 
[ 2 6 - 3 0 ] that dis locat ion movement inside the grains 
may be rate controlling. The measured activation 
vo lume at room t empera tu re for cyclic strain and 
stress softening indicate that the process may be 
controlled by dislocat ion movement , ei ther by 
Peier ls -Nabarro mechan i sm or by cross-slip mecha-
nism [11]. 

4. Conclusions 

It is concluded that cyclic strain softening and 
cyclic stress sof tening of mater ia ls with low internal 
stress levels are rate phenomena , strongly dependent 
on the t empera tu re and loading rate. Over the high 
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stress and low tempera ture range where thermally 
activated plastic flow in cyclic strain and stress 
softening can be approximated with activation over 
a single energy barrier , cyclic strain softening is 
essentially a stress relaxation process while cyclic 
stress softening appears to be a creep process. The 
material structural characteristics for cyclic strain 
softening, cyclic stress softening and stress relax-
ation are identical. It was shown that the structural 
characteristics determined f rom a simple stress 
relaxation test can be used to predict the cyclic 
softening behavior, using the constitutive equations 
derived in this report. However, the validity of the 
constitutive equations is limited to the low tempera-
ture, high stress, and t ime (or number of cycles) 
range where the rate of thermally activated plastic 
flow can be approximated with activation over a 
single energy barrier. It is also l imited to cyclic 
deformat ion during which the mobi le dislocation 
density (and hence the internal stress) remains 
constant. This l imitation implies that the strain and 
stress ampli tudes should be small, depending on the 

variation of the mobile dislocation density with 
stress or strain. For the Zn-Al alloy, the variation of 
the mobile dislocation density with the stress or 
strain ampli tudes and with the number of cycles 
seems to be insignificant. At high strain rates (or 
high frequencies), the rate of plastic flow is limited 
by the velocity of transverse sound waves in the 
material . Nevertheless, thermally activated plastic' 
flow ends - fades out - at strain rates several orders 
of magni tude below this. The extension of the 
theory and experimental verification to a wider 
stress and tempera ture range as well as to creep will 
be presented elsewhere [23], 
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Appendix 

r V( o(t) 
The integral J exp 

o 2A-T 

under / ( / ) versus t diagram where f ( t ) = exp 

The stress wave function a(t) is 

<7(0 = oo + ffi (0 
where er, (t) is def ined for the first cycle as 
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In (A.2), <7r is the stress range or ampl i tude and p is 
the period as illustrated in Figure 2. Consider the 
First cycle where 0 ^ t ^ p. The integral, 7,, is 
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Hence, for m cycles, t = mp and the integral Im is 
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