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ABSTRACT

The transition state theory of rate processes was utilized to describe cyclic
plastic deformation behavior of a near eutectoid, Zn-Al alloy. The results
of the present and previous studies showed that within the high stress and
low temperature range where thermally activated plastic flow in cyclic
(load and strain controlled) deformation can be approximated with acti-

vation ovei a single energy barrier, sirain controlled cyclic deformation is
essentially a stress relaxation process while load controlled cyclic defor-

mation is a creep process. The material structural characteristics deter-

mined from stress relaxation, creep. load and strain controlled cyclic load-

ing experimental results were identical, leading to the conclusion that load
and strain controlled cyclic deformations are difterent manifestations. of
the same basic process, depending on the control condition. Consequently,

it was recommended that stress relaxation and creep can be employed to
determine the material structural characteristics which can then be used
to preaict the cyclic deformation behavior, using the constitutive laws de-

veloped in the present and previcus studies.

INTRODUCTICON

A sound constitutive equation must be based on rigorously derived, physi-
cal theory and conform to experimental observatiors. It was shown by
Krausz and Eyring [1] and others [2] that thermally activated plastic flow
and chemical reactions are essentially identical processes, since both are
solely the consequence 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 un-
changed but the atomic configuration changes. Subsequently, chemical
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kinetics, based on statistical mechanics (or statistical thermodynamics)
was widely utilized [1-9] to describe thermally activated plastic flow of
many materials under monotonic loading conditions.

In previous studies by the author {10-12] it was demonstrated that the rate
theory (rigorously derived, physical theory), based on statistical mechan-
ics can also be used to describe plastic flow under repeated, cyclic loading
conditions. While the cyclic deformation behaviour cannot, in general, be
predicted from the analysis of stress relaxation and creep experimental
results, the studies showed that under certain physically reasonable condi-
tions, the constitutive parameters determined from stress relaxation can be
used to predict the cyclic deformation behavior. It was shown further that
within a high stress and low temperature range [low temperature range 1S
defined as T < 0.4Tm where Tm is the melting temperature (absolute)]
where the rate of thermally activated plastic flow can be approximated
with activation over a system of two sequential energy barriers, strain con-
trolled cyclic deformation is essentially a stress relaxation process. The
present paper extends this work to establish a similar relationship between
load controlled cyclic deformation behaviour and creep. It will be shown
that under the special conditions, load and strain controlled cyclic defor-
mations are different manifestations of the same basic process, depending
on the control condition.

Thermally Activated Plastic Flow

Plastic deformation is generally produced by the motion of dislocations
under the drive of the applied shear stress [1-9). In most cases, it is rate
dependent (and, therefore, temperature dependent); that is, thermally acti-
vated. It was shown by Krausz and Eyring [1] that thermally activated
plastic flow and chemical reactions are essentially identical processes, since
both are solely the consequence of breaking and establishing of atomic
bonds. The rigorous physical foundation of absolute rate theory was es-
tablished by Eyring in 1936 [13] and it was incorporated into dislocation
theory by Orowan [14]. Consequently, the constitutive equation for ther-
mally activated plastic flow was expressed as [1-9, 14]

. 1. - i .
Ep = (-M)bp,., V= (H)bpm LK (1a)
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and 1n simple kinetics as

e 1 _
Ep = Mbpm l( K'f - Kl)) (1b)

where g.p is the plastic tensile strain rate, M is the Taylor orientation
factor relating the tensile stress ¢f and tensile strain g to the shear stress
T(= 0/ M)and shear strain ¥(= Mg) resolved in the rate-controlling
slip system, b is the Burger’s vecror, p,, is the mobile dislocation denéity,

7 is the distance travelled by the dislocation between obstacles, V7 is the

average dislocation velocity, and x is the overall rate constant which rep-
resents the simplest possible combination of the fundamental rate con-

stants K, and K, which were derived from statistical mechanics as [1]

K = E exp_ i(:ji (2&)
Tk kT
and
K, = exp- 2% (2b)
" h kT -

In Egs. (2}, k is the Boltzmann constant, T is the absolute temperature, h is
the Planck’s constant, AG is the apparent free energy and the subscripts f°
and b refer to the forward and backward activations, respectively over a
single energy barrier. The apparent free energy is the energy needed from
the thermal fluctuations of the atoms to cause dislocation motion, and it is
expressed as [1]

AG, = AG; - W.(7) (3a)

and

AG, = AG, + W, (1) (3b)

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
movement; W( T) is the work contributed by the shear stress 7 which
causes the plastic flow. Thermally activated plastic deformation is often
controlied by a system of energy barriers which may form either a con-
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secutive system, a parallel system, or a combination cf these two types.
Hence, to obtain a physically meaningful description of the experimental
results, a kinetics analysis [1,3,4] has to be carried out first, that will give
the appropriate system of energy barriers. Then, as itis practiced in chemi-
cal kinetics studies, the combination of the individual rate constants or the
overall rate constant x can be determined. The required activation pa-
rameters are determined from the evaluation of the experimental results
and from the testing conditions. It was established by Krausz and Eyring
[1] and others [2-9] that Egs. (1) lead to very good description of the
behavior of many materials under a variety of different monotonic defor-
mation processes. In the following, the application of this theory to de-
scribe load controlled cyclic deformation behavior and creep will be pre-
sented.

Load Controlled Cyclic Loading

Constant Internal Stress

During cyclic deformation, the total strain rate é is the sum of two com-

ponents: the elastic strain, rate & and the plastic strain rate ép. That is

E.
L] L4 &
B=g.4+ 8, (4)

The elastic strain rate is related to the shear stress rate as

T @, M'r.a
Ee = =
E E

where E is the combined elastic modulus describing the net elastic re-
sponse of the test specimen and grip assembly.

(3)

In the simpiest deformation kinetics where thermally activated plastic flow
in ioad controlled cyclic deformation can be approximated with activation
over a single energy barrier, the plastic strain rate is

. 1 kT - AG; - W, (7,4)
£, = (—)bp, —lexp— ——~L4
’ (M) gy kT

The mechanical energy W( ’L'eﬂ,) is usually a linear function of the applied

(6)
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shear stress and is expressed by a relation of the form [1]

W, (T5)=V,(T,~1) )

since T = T, — T;» Where T is the applied shear stress, T, is the in-

ternal shear stress representing the resistance of the material to dislocation
motion, and Vi is the activation volume or the product of the area swept
out by the dislocation during a thermally activated movement and the Burg-

er’s vector, b, of the dislocation. The mobile dislocation density, p,,. is

essentially an experimentally measurable quantity and is expressed in terms
of stress or strain. A widely used form was introduced by Johnston [15]
that is

p.=po+ Be, (8)

where p;’l is the mobile dislocation density measured at the beginning of

plastic flow and is thus an empirical parameter that represents the previ-
ous 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.
Egs. (6), (7), and (8) can be combined and rearranged as

de A, Vit -1
—— = (= eRp A, B ©)
pﬁ'! + Bep pm kT
where
1. . &7 AG?
A, =—bp —lexp— c 10
f M pm h p kT ( )

For the purpose of the present discussion, it is considered that cyclic plas-
tic deformation takes place at constant internal stress, that is, the varia-
tions in the internal stress are negligibly small. During load controlled
cyclic deformation, the applied stress is a periodic, random, or complex
function of time. If y(t) is defined as

¢ VA, -1
y=I€XP . at (11)
0

kT

then the integration of Eq. (9) leads to
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B
£, ="§[6XPA}B)>—1) (12)
where
PuA; = A,

That is, within the stress and temperature range where the rate of plastic
flow during cyclic deformation can be approximated with activation over
a single energy barrier and occurs by dislocation movement and multipli-
cation, the plastic strain increases exponentially with time. However, as
straining proceeds, some of the mobile dislocations may loose their mo-
bility through interactions with other dislocations (annihilation), pinning
by solute atoms, or will be lost by emission through the surface.
Microstructural studies [16] have shown that during cyclic loading, the
mobile dislocation density of some materials increases rapidly at the be-
ginning of load cycling and reaches saturation after a few cycles. Hence,
for materials with negligible (net) dislocation multiplication, i.e., B — 0O,
Eq. (12) becomes

E; = A £y (13)

Consequently, the total strain during load controlled cyclic deformation
is expressed as

M(t,—1,)
E=§gy+ "E +Ay (14
Forcreep, 7 = T, =constant and the total strain is expressed in function
of time as
VAT—1)
e=¢g,+[A, exp—L L) (15)
o kT
while the strain rate is
V.(t,— 1))
g=A, exp—L—— (16)
kT

The conclusion thai follows from egs. (14), (15) and (16) is an important
one: creep deformation process is a special case of stress controlled cyclic
deformation. Consequently, it is anticipated that creep tests can be used to
measure the constitutive parameters Ar and Vy that represent the micro-
structure which can then be used in the development of the constitutive
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equation of the more complicated cyclic deformation behavior. Hence,
over the temperature, stress, and time ran ge where thermally activated plas-
tic flow in stress controlled cyclic deformation and creep can be approxi-
mated with activation over a single energy barrier, Egs. (15) and (16) can
be used to evaluate the constitutive parameters for the cyclic stress defor-
mation process where the variations in the internal stress are negligible.

Linear Work Hardening

Consider that during load controlled cyclic loading, the internal siress in-
creases linearly with the plastic strain as

)
T =G e, (7

where 7? is the internal stress at the beginning of the experiment and H is
the work hardening coefficient. Within the high stress and low tempera-
ture range where the rate of plastic flow during work hardening can be
approximated with activation over a single energy barrier, the constitutive
equation becomes

= A, exp[—v—"—(r — 7 ——~8p)]

or
¥ V. He (1, —77)
ex "’—de = A lex Vil% — 7, dt
! P M j TR a8)

where the subscript h signifies that the activation parameters are associ-
aied with the work hardening mechanism, such as dislocation pile-up against
obstacles, intersection mechanisms, etc. It is considered that the variation
of the mobile dislocation density with time is negligible. Krausz and Craig
[17], Wyatt [18], and others {1,19,20] have shown that the activation vol-
ume, Vp, evaluated from constant stress creep and from stress relaxation

experimental results is inversely proportional to the initial stress T, In
the special case of uniform obstacles, Essmann [21] showed that
Vh, agl.oal/ T, where [ is the mean free length of mobile dislocation
segments. Hence, during (constant amplitude) cyclic loading, the activa-

tion volume Vy, is inversely preportional to Tmax Since the changes in the
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mean free length of the mobile dislocation segments may be considered as
irreversible. The plastic strain due to work hardening under cyclic loading
conditions is then obtained from the integration of Eq. (18) as

kTM . V,HA, jexp V.(t,— 1)

£, = In[
" V,H kTM

For constant stress creep, T, = T, = constant. Eq. (19) then becomes

kTM . _V,HA, V. (1,—-1°)
E,= In [ exp
V.H kTM
Eq. ( 20) describes low temperature creep as a function of time. When the
first term in the argument is much greater than unity, the plastic strain
versus the natural logarithm of time relation is represented by a straight
line. The slope of the curve is inversely proportional to the activation
volume and from this Vi, can be evaluated. This has been found to be the
behavior in numerous experiments [1,17-21].

t+1] (20)

Fig. 1 shows the effect of cyclic stress on the plastic strain. The curves
were calculated by using Egs. (19) and (20) for cyclic loading and creep,
respectively. A simple triangular load waveform was assumed while the
procedure to evaluate the integral in Eq. (19) is presented elsewhere [11,12].
The figure shows that the plastic strain (after time t) is smaller under the
cyclic stress than that under constant stress (equal to the maximum stress
during cyclic loading) crecep. The analysis also reveals that for a given
maximum stress, the greaier the stress amplitude the smaller is the plastic
strain. That is, the higher the applied shear stress range, the greater is the
cyclic hardening and hence the smaller is the accumaulated plastic strain.
The cyclic stress thus hardens the material. This behavior is sometimes
referred 1o as “cyclic stress retardation”.

The phenomenon of cyclic stress retardation has been observed experi-
mentally by several investigators [22-25]. Shety and Meshii [22] observed
the cyclic stress hardening behavior in Aluminum single crystals that were
tested at 77K. The behavior was also observed in zinc {23] at 203K, and in
many other materials [24,25]. The experimental observations confirm the
results of the present analysis that the plastic strain measured during cy-
clic stress hardening is smaller than that measured during constant stress
(equal to peak load) creep.
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Fig. 1 The effect of cyclic stress hardening on plastic strain (the curves
were calculated using Eq.. (20) for creep (R = 1) and Eq. (19) for

cvclic loading. The stressratio R = - / B The parameters

are:Vp=1100b3, =3.55eV, /M = 157 kg/mm2, = 1.8 kg/mm?2, T
=300K, ép, kT/h=12sec-!,and €,,=0.pisthecycle period).

In general, however, the creep rate in metals may either increase and/or
decrease upon cyclic loading depending on the combination of the experi-
menlal variables (temperature, stress amplitude, frequency, etc.). That is,
load cycling can cause either soilening of the metal which leads to in-
crease in the strain rate or hardening which is associated with decrease in
strain rate. Often, however, the hardening and softcning processes are not
separate: they may operate simultancously {22] during cyclic deforma-
tion. The application of the transition state theory to describe the simulta-
neous cyclic softening and hardening behavior is presented elsewhere [26].

Experiinental Details

Material

The material under investigation was a commercial grade (marketed as
Noranda Z-500), near eutectoid Zr-Al superplastic alloy of nominal com-
position: Al 25 Wt %, Cu 5 Wt %, Mg 0.05 Wt %, Zn balance. The mate-
rial was selected because, as determined in a previous inveastigation [8] on
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constitutive laws, this alloy exhibits stress relaxation to the extent of com-
plete unloading (it has very low internal stress), even at room temperature.
Its extreme deformation behavior lends itself to illustrate the application
of deformation kinetics to describe cyclic plastic deformation and to the
investigation of rate controlling mechanisms. Round, shouldered-end ten-
sile specimens, 6.41 = 0.01 mm diameter with gauge length of 63.5+ 0.1
mm were used for both load controlled cyclic loading and constant load,
creep experiments.

Experimental Procedure

Ioad controlled cyclic loading and creep (constant load) experiments were
conducted on a model TTC-M Instron machine. The tests were controlled
by means of a Motorola M6809 computer. The test specimen and grip
assembly were enclosed in an Instron temperature chamber, model 3111.
The chamber had a long term temperature stability of & 1.0cC. The tem-
perature in the chamber was independently monitored with a thermometer
placed near the specimen. During the experiment, the thermometer was
read through the glass window of the chamber. For further details of the
experimental procedure, references [11,26] can be consulted.

RESULTS AND DISCUSSION
Constitutive parameters
activation volume

The results of load controtled cyclic loading with a triangular load wave-
form and constant load creep experiments were used to evaluate the con-
stitutive parameters Ag and Vy. Previous cyclic loading and stress relaxa-
tion experiments [10,11,26,27] showed that for the Zn-Al alloy, < .
Consegquently, for the triangular load waveform, the integral in E{q 1)
was determined as [10]

i VAT -7, ¢ V(T -
J‘exp f( J ,)dr _ kff [exp f( a ,)
) kT V.1, kT

Hence, the total strain is evaluated in function of time t = mp (where m is
the number of cycles and p is the cycle period) and the stress amplitude as

-1] @D

Uhandisi Journal Vol. 19 No. 1 June 1995 60



Mshana

ARTE V(R T) Vi

£=¢g,+-—L—exp xp—=—1] 22)
Vi, bk kT

since at t = mp, 7 —7T, = C. The steady state total strain rate then is
2 AKTEVi(6-T)

V,T
— - xp 2
VT,

=] @3

[exp
kt kT
That 15, during (constant amplitude) load controlled cyclic deformation,
the steady state strain rate is constant and is a function of the initial effec-
tive shear stress and the stress amnplitude.

The censtitutive parameters were 2nalyzed by plotting the steady state
strain rate in function of the initial stress on a semi-logarithm scale as
shewn in Fig. 2. According to Eq. (23), the plot should be a straight line,
the slope of which is proportional to the activation vclume, Vg, while the

intercept at T, =0 1s proportional to the parameter A¢ and is a function of

the stress amplitude and the internal stress level. However, for the Zn-Al
alloy, the internal stress is negligibly small [8,10,11]. The constitutive
parameters that were evaluated from constant load creep and cyclic load-
ing experimental results are shown in Tables 1 and 2, respectively.

It is evident from Tables 1 and 2 that the constitutive parameters deter-
mined from the analysis of constant load (creep) and cyclic loading ex-
perimental results are identical. The equality of the constitutive param-
cters indicates the validity of the assumption that the material structural
characteristics remain constant during cyclic deformation. Consequently,
within the high stress and low tenperature range where the rate of plastic
flow can be approximated with activation cver a single energy barrier,
constant load (creep) experiments can be employed to determine the con-
stitutive parameters and, by using the constitutive laws developed in this
report, load controlled cyclic deformation behavior can be evaluated.
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Fig. 2 The natural logarithm of strain rate plotted in function of the
initial stres (The lines were obtained from least square method
using Eqgs. (16) and (23) for creep and cyclic loading, respectively.
The symbols indicate the experimental data. For 7 =3.1kg/mm?=,
each of the experimental points was determined from a different

specimen while for the other stress amplitudes, a single specimen
was used).

Table 1 Constitutive parameters determined from constant load ex-

periments
Expa;‘ui‘ment Tt‘??{‘l; . (z;) , (s:(c’I)
1 298 13 “he.3 x oW
2 317 13 Y. X 10
3 330 . 13 5.42 x 10%
4 345 1 2.5 x 107
—
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Table 2 Ccnstitutive parameters determined from load controlled
cyclic loading experiments

Experiment ‘ Tenp £ y v; _ A,"
No. (K) (kg/um’) (b’) (sec)
1 298 1.6 13 ’ 10*
2 298 11 14 7.8 x 10°
3 wE AT s 1 {24 %100
I -

Activation Energy

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

range the material structural characteristics (AG+, p and V¢) remain un- -
m

changed. That is, the material structural characteristics are constant dur-
ing the activation energy measurements. When these conditioas are satis-
fied, then it follows from Eq. (7) that, because the strain rates measured at
two different temperatures T and T are related, the experiinental appar-
ent activation energy AGy can be expressed from

%~ expl- L Ly |
o =EXplm—H(— 24) .
8:}2 k T-] T2 ( /
or
dlne.,
AGf = ’"k—l'!-"
ah (25)
r
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Fig. 3 shows a typical strain versus time curve measured in a temperature
cycling experiment. From the results of the test, the experimental activa-
tion energy was =valuated from Eq. (24). From the experimental results
AGy = 8.577 x 103k, while the activation energy at zero stress was deter-
mined from eqgs. (3) and (7) as AG¢=0.964 eV.

The experimental activation energy was also evaluated from the Arrhenius
type plot using Eq. (25} (Fig. 4) leading to AGs = 9.054 x 103 k with a

e cnane Yot snaen (Plooogaiian SofS N O T
correlation 1actor or u.%J.

Similarly, the activation energy AG+¢ at zero stress was determined as 0.956
eV.

The least square analysis of the arrhenius plot also leads to the evaluation
of the parameter

‘ i ‘ ! ' I I ' :
3l _
" T =125 kg/mm®
AL Ty ® 320K i
g Ty = 3K
Y 2 (2) .
Z |
< i E
x : .
!:__ 1
N (1)
.&J . i
[T
O
et
4 .
O L l i [ } ! 1 l ! 1
0 600 1200 1800 2400 3000
TIME,t (sec).

Fig. 3 A typical strain-time curve obtained from a temperature c¢y-
cling experiment. The strain rate in region (1) was evaluated as
1.2 x 10-5/sec. while that in region (2) 1s 5.53 x 10-6/sec.
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Fig. 4 The Arrhenius type plot for creep of the near eutecioid Zn-Al
alloy (The experiments were carried out on a single specimen and
al 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 1¢ K from 300 K io 370 K).

L2 = 2210
M

which compares well with that determined from the anaiysis of the stress
relaxation experimental results [12]. Table 3 shows the activation energy,

AGH+, that was evaluated frem the temperature change tests in creep and

from stress relaxation. It is observed that the activation energy (for plastic

flow of the near eutectoid zn-Al alloy) that was determined from the present

analysis is comparable to that obtained by other investigators.

Comparative Analysis of Constitutive Parameters

In previous studies [10-12], the constitutive parameters for strain control-
led cyclic deformation and stress relaxation were determined. The.activa-
tion volune, Vi, for both stress relaxation and strain controlled cyclic de-
formation was determined as 17 £ 4b3 while the activation free energy,
AG+r was 1.06 £ 0.02 eV. The present study shows that the activation
volume, Vy, determined from load controlied cyclic loading and constant
load (creep) experimental results is 13 % 1b3 while the activation free
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Table 3 Activated energy for plastic flow of the near eutectoid Zn-Al

alloy
Testing Mathod of Activation - Investigators
Method Temperature Energy AG.(eV) .
Variation
stress Tests at 1.06 = 0.02 1 Mshana and
relaxation different Krausz [12]
temperatures
Creep Temperature 0.964 Present study
cycling
Creep Temperature 0.956 | Present study
changs i
Creep Tamperature 1.09 * 0.04 . . ‘| chaudnari {29]
x change : : ’ '
Creep Temperature 0.82 t 0.05 vaidya, Murt
cycling i | and Dorn |31
Creep Temperature 0.82 Mohamed and
change Laangdoen 30|

energy, AGy, is 0.95 £ 0.01 eV. It is evident, therefore, that the material
structural characteristics determined from stress relaxation, creep, load and
strain controlled cyclic loading experimental results are identical. The
conclusion that follows {rom this analysis is an important one: load and
strain controlled cyclic deformations are different manifestations of the
same basic process, depending on the control condition. The measured
activation volume at room temperature for cyclic (strain and load control-
led) deformation indicate that the process may be controlled by disloca-
tion movement, either by Peierl’s-Nabarro mechanism or by cross-slip
mechanism [1]. A more detailed and definitive study would be outside of
the scope of this report.

It is realized that for some materials, the variations of the structural char-
acteristics during cyclic deformation may be significant. T he mobile dis-
location density may increase significantly due to dislocation multiplica-
tion and the activation volume may vary with the applied stress. For these
materials, therefore, the variations of the structura! characteristics must be
incorporated in the development of the constitutive equations of cyclic
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loading.

CONCLUSIONS

It is concluded that cyclic deformation is a rate phenomenon, strongly
dependent on the temperature and loading rate. Over the high stress and
low temperature range where thermally activated plastic flow in cyclic
(load and strain controlled) deformation can be approximated with activa-
tion over a single energy barrier, strain controlled cyclic deformation is
essentially a stress relaxation process while load controlled cyclic defor-
mation is a creep process. The material structural characteristics deter-
mined from stress relaxation, creep, load and strain controlled cyclic load-
ing experimental results were identical, leading to the conclusion that load
and strain controlled cyclic deformations are different manifestations of
the same basic process, depending or: the control condition. Consequently,
it is recommended that stress relaxation and creep can be employed to
determine the material structural characteristics which can then be used to
predict the cyclic deformation behavior, using the constitutive laws devel-
oped in the present and previous [10-12] studies. However, the validity of
the constitutive laws is limited to the stress, temperature, and time (or
number of cycles) range where the rate of thermally activated plastic flow
can be approximated with activation over a system of two consecutive
energy barriers. It is aiso limited to cyclic deformation during which the
mobile dislocation density remains constant. This limitation implies that
the strain and stress amplitudes should be small, depending on the varia-
tion of the mobiie dislocation density with stress or strain. For the Zn-Al
alloy, however, the variations of the mobile dislocation density with stress
or strain amplitudes and with number of cycles appears to be insignificant.
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