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Abstract The plastic deformation behavior of Al–22 wt%

Ag alloy during phase transformation was investigated by

studying the creep behavior under cyclic stress reduction of

low frequencies. The cyclic creep curves obtained describe

clearly the cyclic stress acceleration behavior. Increasing

frequency of cyclic stress reduction enhanced the creep

deformation depending upon the combination of the

experimental variables as testing temperature, aging tem-

perature and static creep rate. The irregularity in the creep

parameters, n, b and est with increasing aging temperatures,

has been explained on the basis of structure transformations

occurring in Al–Ag system and their mode of interaction

with mobile dislocations.

Introduction

Al–Ag based alloys are often used in technological appli-

cations because of their casting and workable properties

[1]. Also, the system serves as a useful model for better

understanding the kinetics of the precipitation and coars-

ening of plate-shape precipitates [2]. The basic sequence of

decomposition in a supersaturated solid solution of Al–Ag

system is known to be spherical G.P. zones (tetrahedral) ?
metastable c0-phase ? equilibrium c-phase (hcp) [3].

Dubey et al. [4], using small angle X-rays scattering

(SAXS) studies, concluded that the composition of G.P.

zones (*Ag2Al) remains constant over a wide temperature

range from 20 to 250 �C. Previous studies [5, 6] on Al–Ag

system obtained the experimental evidence for the forma-

tion of an ordered g-state of G.P. zones below 170 �C and a

disordered e-state above this temperature. Positron trapping

method showed that the coarsening of G.P. zones takes

place simultaneously with the formation and growth of

c0-precipitates during isothermal aging above 473 K [4, 7].

The critical temperature for the cessation of the dislocation

splitting mechanism in Al–15 wt% Ag alloy was found [8]

to be 375 ± 5 �C; consequently, the transformation from

c0-phase to the equilibrium c-phase occurs above *375 �C.

Under service conditions, many structural members are

subjected to combinations of static and cyclic stresses. The

development of materials and the subsequent design of the

components for such applications is of great importance.

Continued creep at constant stress results from simulta-

neous work hardening and recovery processes is relatively

well understood. While most of the creep literature deals

with the determination of creep parameters under constant

stress, there are comparatively few investigations on the

effect of stress changes. The cyclic creep behavior relative

to the static creep behavior can vary considerably both

qualitatively and quantitatively. Stress cycling during creep

can cause either cyclic softening or cycling hardening.

When cyclic softening is the predominant effect of stress

cycling, the resulting cyclic behavior is the cyclic stress

acceleration. On the other hand, under certain conditions,

cyclic hardening is caused by stress cycling, and then the

cyclic creep behavior is cyclic stress retardation. The

cycling hardening phenomenon is predominant in single

crystals and at low stresses and low temperatures. Cyclic

creep acceleration has been observed in aluminum [9, 10],

copper [9, 11], lead [11, 12] and Al–Zn alloys [13]. Cyclic

creep retardation has been reported for Cd [9], Zn [14], Ni

alloys [15], and Cu alloys [16]. Recently, cyclic creep

acceleration has been observed in Al–Cu alloys [17], Al–Zn
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alloy [18], and Al–Mg alloy [19]. Cases of acceleration and

retardation of creep for the same metal have been reported

[10] for an aluminium alloy and pure aluminium.

In the course of a previous study by the authors [20, 21]

on the effect of amplitude of cyclic stress reduction and the

effect of the torsional oscillations of different amplitudes

on the creep of Al–Ag alloys, an acceleration of both

transient and steady state creep rates has been noticed.

Since cyclic creep rates are reported as strain time, it is

important to ask whether or not the cyclic creep rate is

frequency dependent. However, a systematic study of the

effect of low frequency of cyclic stress reduction on the

creep behavior of Al–Ag regime has not been studied.

The present investigation is an attempt to characterize the

features of repeated cyclic stress reduction of different low

frequencies (cyclic creep) on Al–22 wt% Ag in contrast to

the static stress deformation (static creep).

Experimental techniques

The material investigated, Al–22 wt% Ag alloy, was pre-

pared by melting pure aluminum and silver (99.999%)

under vacuum in a high-purity graphite crucible. After

solidification, the ingot was homogenized at 823 K for

4 days and then swaged in the form of wires of 0.35 mm in

diameter and length 0.05 m for creep study. To make the

tested specimens have the same thermal history, all wires

were annealed for 3 h at 798 K to cancel the cold work

introduced during swaging and were then quenched in iced

water. Immediately after quenching, the specimens were

aged for 1 h at different aging temperatures (Ta = 423,

453, 493, 563, 613 and 683 K) to produce the micro-

structures required of G.P. zones, metastable c0-phase,

equilibrium c-phase.

A constant load static creep machine was modified so that

cyclic and/or static creep experiments without completely

unloading can be carried out using the machine. Such

modifications done are described in detail elsewhere [22].

The creep tests have been performed under cyclic stress

corresponding to a static stress of rmax = 68 MPa (maxi-

mum or peak stress) lowered through unloading by constant

amplitude of cyclic stress reduction rcy = 23.8 MPa at

different testing temperatures, Tt, of 348, 368, 388 and

408 K with the working wire in a vertical position. Such

cyclic stress reduction with partial unloading—time-

dependent stress—has the form of a sinusoidal wave (see

Fig. 1) with frequency in the range 0.2–0.44 Hz. The aging

and testing temperatures were monitored with chromel-

alumel thermocouples held in contact with the test specimen

and were maintained to within ±1 K. Transmission electron

microscopy (TEM) micrographs investigated by the author

for the same alloy show the existence of fine G.P. zones,

coarse G.P. zones, reversion of G.P. zones into metastable

c0-phase, coarse metastable c0-phase and the equilibrium

c-phase were published elsewhere [23, 24].

Experimental results

The cyclic softening that leads to cyclic creep acceleration

occurs only above a threshold stress [20]; accordingly, the

amplitude of cyclic stress reduction used (rcy = 23.8 MPa)

exceeds the threshold stress for the alloy understudy. The

stress was cycled between peak stress of 68 MPa and mini-

mum stress, rmin = 44.2 MPa, i.e. the amplitude of cyclic

stress reduction, rcy = 23.8 MPa (see Fig. 1). The speci-

mens of Al–22 wt% Ag alloy pre-aged at different aging

temperatures (Ta = 423–683 K) for 1 h were crept under

different testing temperatures (Tt = 348–408 K) until the

steady state stage was attained. Figure 2 demonstrates rep-

resentative curves of strain–time relations for specimens pre-

aged at 423 and 683 K worked at testing temperature of

348 K with imposed cyclic stress reduction of different

frequencies, m = 0.2, 0.28, 0.36 and 0.44 Hz. The relation

for samples not subjected to cyclic stress reduction (static

creep) is also drawn on identical scales for comparison. All

the strain–time relations of Fig. 2 showed the same normal

Fig. 1 Stress–time variation for

fluctuating stress
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creep behavior under the different conditions investigated.

A monotonic shift toward higher strains and creep rates is

observed with increasing the applied frequency compared to

static stress of similar maximum or peak stress. The most

interesting observation of the experimental results is the

drastic difference between the static creep behavior and

cyclic creep behavior. The results reported here are in con-

trast to that obtained by Lorenzo and Laird [10] on their work

on polycrystalline copper where no frequency effect was

detected. In the present work, the transient stage is charac-

terized by a short duration time (*3–5 min) while a steady

state stage lasts 3 h with a constant creep rate without

specimens failure except specimens aged at 683 K and

worked at maximum frequency (m = 0.44 Hz) and maxi-

mum testing temperature (Tt = 408 K).

The transient creep strain, etr, was found to obey a

relation in the form [25]:

etr ¼ b ttrð Þn ð1Þ

where ttr is the transient creep time (in s), b and n are

constants depending on the test conditions. From the

relations between ln etr and ln t at different aging and

testing temperatures for different magnitudes of frequency,

m, the parameter n is obtained as the slope of the straight

lines. The transient creep parameter b was deduced from

the intercept at ln etr axis. The aging temperature, Ta,

dependence of the parameter n at different values of testing

temperatures for different magnitudes of m is given in

Fig. 3, and Fig. 4 shows the same relations for the

parameter b. The steady state creep rate, est, values of the

Fig. 2 Representative strain–

time curves for representative

specimens of Al–22 wt% Ag

alloy crept under cyclic stress

reduction, rc = 23.8 MPa of

different frequencies, m, at

testing temperature of 348 K.

The applied frequencies and

aging temperatures, Ta, are

indicated

Fig. 3 Dependence of transient creep exponent n on aging temperature Ta at different frequencies, m, of cyclic stress reduction. Testing

temperatures, Tt, and the frequency applied are indicated
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tested samples are calculated from the slopes of the linear

parts of the creep curves of Fig. 2. Figure 5 demonstrates

these values as a function of different aging tempera-

tures at different testing temperatures and frequencies

superimposed.

It is important to point out that:

(i) The general thermally induced behavior est in Fig. 5

is similar to that of n and b (Figs. 3 and 4).

(ii) For a given aging temperature and frequency, the

value of n, b and est tends to increase as testing

temperatures increase.

(iii) The peak value of n, b and est at Ta = 423 and 493 K

shows sudden drop at Ta = 453 and 563 K followed

by further increase at higher aging temperatures,

Ta = 613 and 683 K.

(iv) The drop values of n, b and est induced at Ta =

453 K are always more deep than those at Ta =

563 K, and the following rise in these values is more

high at Ta = 613 K than that at Ta = 493 K.

The influence of different frequencies superimposed on

the levels of n, b and est for specimens aged at different

aging temperatures is demonstrated in Figs. 6, 7, and 8

Fig. 4 Dependence of transient creep exponent b on aging temperature Ta at different frequencies, m, of cyclic stress reduction. Testing

temperatures, Tt, and the frequency applied are indicated

Fig. 5 Aging temperature dependence of the creep parameter, est, on Ta at different frequencies, m, of cyclic stress reduction. Testing

temperatures, Tt, and the frequency applied are indicated
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respectively. These figures indicate that the magnitudes of

n, b and est increase with the increase in frequency values

affecting the testing specimens.

Discussion

The irregularity in the values of n, b and est with the

increase in the aging temperature as shown in Figs. 3, 4,

and 5 can be explained on the basis of structural changes

generated in Al–Ag system; spherical G.P. zones ?
metastable c0-phase ? equilibrium c-phase and their

interaction with moving dislocations [26, 27]. In the pres-

ent study, quenching the specimens from 423 K results in

the formation of intense fine ordered g-state of G.P. zones

and a disordered e-state zones above this temperature up to

453 K [5, 28]. These fine precipitates are considered as

second phase particles, whereas they act as obstacles or

pinners for moving dislocations enhancing the creep

resistance in specimens investigated [1, 3, 21, 23, 27, 29].

Fig. 6 Dependence of transient creep n, on frequency of the cyclic stress reduction. Testing temperatures, Tt, and the frequency applied are

indicated

Fig. 7 Dependence of transient creep parameter b on frequency of the cyclic stress reduction. Testing temperatures, Tt, and the frequency

applied are indicated
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The following increase in n, b and est was found in the

aging temperatures range 453–493 K can be explained due

to coalescence and partial dissolution of G.P. zones. G.P.

zones of large sizes and less numbers are known to be less

competent as barriers for moving dislocations [21, 23, 27,

29, 30]. Aging the specimens at the temperature range 493–

563 K yields alloy containing a few number of semi-

coherent c0 precipitates that grow at the expense of the

more soluble G.P. zones already existing in the matrix [31].

The plate-like c0 precipitates of small size concurrently

with the remainder coalescence zones are known [26, 29]

to block dislocations motion very effectively, as a result

lower values of n, b and est are expected. The enhanced

creep of n, b and est in the temperatures range 563–613 K

as observed in Figs. 2, 3, and 4 might be ascribed to the

coarsening of semi-coherent c0 precipitates together with

early precipitation stages of c-phase [1, 20, 23]. Such a

coarsening results in an increase in precipitates thickness

accompanying with a decrease in their numbers. So, the

number of barriers for dislocation motion will extensively

be reduced and the recovery of dislocations occurs by a

higher rate, leading to less of strength [1, 20, 27, 32]. The

plainly increase in the creep parameters at the temperatures

range 613–683 K is based on the fact that at this temper-

ature range, the matrix gets ready to form the equilibrium

c-plates as the metastable phases (G.P. zones and c0 pre-

cipitates) dissolved in the matrix and completely disap-

peared [24]. The c-plates are very thick and of less volume

fraction, so they are considered to be less efficient as

impeding agents for dislocation motion [31, 32].

As shown in Figs. 3, 4, and 5, under the same conditions

of testing temperatures and frequencies superimposed, the

levels of n, b and est for specimens aged at 423 K are

smaller than those obtained for specimens aged at 493 K.

Also, the levels of n, b and est for specimens pre-aged at

Ta = 453 K are more deep as compared with their level for

specimens pre-aged at Ta = 563 K. These results are

consistent with those obtained before [21] and confirmed

that (i) ordered g-state of G.P. zones of small size and large

number resist mobile dislocation by a higher rate compared

with coarse G.P. zones of less number. (ii) Disordered

e-state zones inhibit the dislocation motion more effec-

tively compared with c0 precipitates of less number and

small size.

The most important observation made in the course of

the present investigation was that the cyclic creep behavior

of Al–22 wt% Ag can vary considerably relative to the

static creep behavior. The cyclic creep behavior in poly-

crystalline and single aluminum were qualitatively similar

[10]. Therefore, cyclic softening and hardening are not

grain boundary related phenomena. It should be recognized

that neither of these cyclic creep behaviors can be pre-

dicted from any analysis of static creep data and thus they

are uniquely characteristic to cyclic stressing. In the course

of cyclic acceleration, the change in the mode of stressing

from static to cyclic increases the creep rates. Since the

peak stress during cycling is the same as the initial static

stress, the increase of creep rates necessarily means soft-

ening and can be ascribed to a decrease in the internal

stress, ri which is associated with smaller work-hardening

rate. In a first order approximation, the stress dependence

of cyclic creep acceleration behavior obeys the equation:

rM ¼ ri þ re ð2Þ

Fig. 8 Dependence of the creep parameter, est, on frequency of the cyclic stress reduction. Testing temperatures, Tt, and the frequency applied

are indicated
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where rM is the applied stress and re is the effective stress

determining the creep rate. Thus, the investigation of the

dependence of the creep behavior on rM also corresponds to

the dependence on ri. The stress cycling induces a change in

the dislocation obstacles rearrangements, i.e. induces dis-

location rearrangements such as to facilitate the dislocation

motion by helping it to surmount the precipitates which act

as dislocation barriers [24] and produce lower internal

stresses and work hardening. So, the softening process

results from the transformation of a dislocation structure

which is characteristic to the static mode of stressing into a

structure characteristic to cyclic stress. It is suggested that

the change in the obstacle structure takes place under the

influence of internal stress, ri rather than the applied stress,

rM. The experimental results do, however, indicate that this

transformation is sensitively depending upon the frequency

of the cyclic stress reduction. The results obtained indicate

that increasing the frequency of cyclic stress reduction

results in a greater strain accumulation associated with

small work-hardening rate (see Figs. 5, 6, and 7). This

additional softening can best understood in terms of the

temporary pinning of mobile dislocation which are gradu-

ally freed as magnitude of frequency increases. At the same

time, the additional energy introduced by frequency toge-

ther with stress cycling causes the rearrangements of the

dislocation-obstacles structure, enhance the recovery during

creep process [33] and reduce the value of ri. The testing

temperature dependence of the cyclic creep behavior

observed in the present study is consistent with the quali-

tative ideas developed so far. At higher testing tempera-

tures, however, even during static creep dislocation

rearrangements take place due to spontaneous thermal

recovery. The characteristic dislocation processes that may

be involved in the softening phenomena discussed before

will be reported in the future.

The activating energy of the transient or the steady state

creep, E, was calculated using an Arrhenius equation of the

form [34]:

b ¼ Constant exp.
E

KTt

� �
ð3Þ

est ¼ Constant exp.
E

KTt

� �
ð4Þ

where K is the Boltzmann constant, Tt is the testing tem-

perature in Kelvin. The relation between ln b and 103/Tt K-1

(Fig. 9) and ln est versus 103/Tt K-1 (Fig. 10) gave straight

lines for different aging temperatures and frequencies. The

calculated activation energies were found to be independent

on either frequency or aging temperature, but showed

dependence on the kind of stage. For transient and steady

state creep stages, the calculated energies assumed values

*17 kJ/mol and *23 kJ/mol, respectively. The close val-

ues of these activation energies consist with conclusion that

the mechanism responsible for the creep process is the dis-

locations intersection mechanism [1, 22, 24, 27].

Fig. 9 The relation between ln b and 103/Tt at different frequencies, m, and aging temperature, Ta
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As creep is a continuous thermally activated process, the

parameter b was reported to correlate with steady state

creep rate est through the relation [35]:

b ¼ b0 estð Þa ð5Þ

where b0 is a constant and a = (d ln b/d ln est) relates both

the transient and the steady state creep stages. a is the slope

of the straight lines relating ln b and ln est given in Fig. 11

which shows that a is a frequency independent ratio with a

mean value of 0.8. These values of a are comparable with

Fig. 10 The relation between ln est and 103/Tt at different frequencies, m, and aging temperature, Ta

Fig. 11 A plot relating ln b and ln est at different frequencies, m, and aging temperature, Ta
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those obtained by Abd-El salam et al. [36, 37] in their study

on Al–40 wt% Zn. This relatively high value of a confirms

that the mechanism controlling the transient stage still act

upon the steady stage and may be explained as follows: the

middle of primary creep stage is characterized by a nearly

constant rate [38], this property is named as sub-steady

state creep stage. At the end of sub-steady state stage, the

hardening process becomes the predominate process due to

the piling up of the moving dislocations on their slip planes

resulting in a decrease in their density. Then, the re-dis-

tribution of dislocations takes place and a balance between

the hardening rate and recovery rate occurs, at which the

steady state stage begins to appear.

Conclusions

1. The irregularity in the values of n, b and est with the

increase in the aging temperature has been explained

on the basis of structural changes generated in Al–Ag

system and their interaction with moving dislocations.

2. The creep rate in Al–22 wt% Ag increases by cycling

the applied stress depending on the combination of the

experimental variables.

3. The transformation of the characteristic dislocation

obstacle structure during cyclic stress acceleration

occurs under the influence of internal stress.

4. The frequency of the stress cycling and testing

temperature are effective in enhancing both the

transient and steady state creep rates.

5. The calculated activation energies were found to be

independent on either frequency or aging temperature,

but showed dependence on the kind of stage.

6. The high values of a suggested a high dependence of

steady state creep on the transient creep stage.
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