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Instantaneous plastic strain associated 
with stress changes during the steady 
state creep of AI and AI-4,20 at% Mg alloy 

L. M O E R N E R ,  D.O. NORTHWOOD*,  I.O. SMITH 
Department of Mining and Metallurgical Engineering, University of Queensland, St. Lucia, 
Queensland, Australia 4067 

The instantaneous strains resulting from stress changes during steady state creep of 
polycrystalline aluminium and an AI -4 .2  at % Mg alloy in the temperature range 100 to 
300 ~ C, have been determined. Instantaneous plastic strains were found in both materials 
for stress increments and decrements. For polycrystalline aluminium the instantaneous 
plastic strain on a stress increment, Ae(+), was considerably larger than the instananeous 
strain on a stress increment, A e (--), whereas for A I-4.2 at % Mg A e (+) was approximately 
equal to Ae(--). Work hardening rates determined from Ae(+) and Ae(-,) for polycrystal- 
line aluminium vary from about one-tenth to one-half of Young's modulus and depend 
strongly on temperature and stress. The need to improve existing creep theories to 
include both climb (recovery) and glide components is suggested. 

1. I n t r o d u c t i o n  

Behaviour upon and after sudden stress changes 
during steady-rate creep at high temperatures is 
thought to depend on the type of glide motion 
of dislocations [1-3],  Oikawa and Sugawara [41 
suggest that when the stress is increased by a small 
amount, plastic strain occurs instantaneously in 
pure metals in which the glide motion of disloca- 
tions approximates free-flight and the creep is 
believed to be controlled by a recovery process. 
The work hardening rate, h, can be evaluated from 
the instantaneous plastic strain associated with the 
sudden increment in stress. On the other hand, 
Oikawa and Sugawara [4] consider that for mat- 
erials whose creep is controlled by the viscous 
glide of dislocations, instantaneous plastic strain 
does not occur when the applied stress is increased 
suddenly. These phenomena are schematically 
shown in Fig. 1. Note that for materials exhibiting 
free flight glide it is proposed that the total instan- 
taneous elongation on a stress increment, A/(+), 
has two components a plastic elongation Alp and 
an elastic elongation, A l  e . The elastic elongation 

is considered to be equal to the instantaneous con- 
traction experienced on an equivalent stress reduc- 
tion, Al-. In the case of the material exhibiting 
viscous glide, Al § = Al-,  which leaves one with 
the implicit assumption that there is no plastic 
component to the instantaneous strain on either a 
stress increment or on a stress reduction. 

Oikawa and Sugawara in their original paper 
[4] gave some limited data on A1 and A1-5.5 at % 
Mg which appeared to fit these general concepts 
and behaviour. More detailed data have recently 
been published by Oikawa et al. [5] for polycrys- 
talline aluminium which is in agreement with the 
behaviour illustrated in Fig. 1 a, i.e. elastic instant- 
aneous strain on a stress reduction and elastic plus 
plastic instantaneous strain on a stress increment. 
However Langdon and Yavari [6] in their analysis 
of the original data of Oikawa and Sugawara [4] 
indicate that although for the A1-5.5at%Mg 
alloy the instantaneous strains on a stress increase 
and the corresponding stress decrease are indeed 
approximately equal, they are both greater than 
the strain expected from purely elastic behaviour 
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Figure i Schematic drawings of the instantaneous elongation and contraction upon small stress changes in cases of 
(a) Oikawa and Sugawara free-flight glide, and (b) viscous glide [4]. 

(total instantaneous strain being approximately 
3.5 times that expected from etastic behaviour). 
Langdon and Yavari also showed that Oikawa and 
Sugawara's data for aluminium at 200 ~ C and an 
initial stress of  15 MPa in fact indicated an instant- 
aneous strain greater than elastic for both a stress 
increase and a stress decrease. Langdon and Yavari 
[6] also presented their own data for A1-5%Zn 
(behaves like A1 with free flight glide) and A1-  
5 % Mg (viscous glide) to show that the instantan- 
eous strain on a stress decrease was greater than 
that to be expected from purely elastic behaviour 
providing the stress reduction was greater than 
about 2 5 - 3 0 %  of  the initial stress level. Some- 
what similar behaviour was found for super-purity 
aluminium by Parker and Wilshire [7] where the 
instantaneous contraction was entirely elastic for 
stress decrements up to about 50%. If one is trying 
to determine the work hardening rate, h using the 
relationship: 

h = ZX~/(ZXlpl/t ) (1) 

where Ao is stress change, A/p] is plastic elonga- 
tion, l is original length and Alpl = A / + -  Al - ,  
and if Al  - is considered to be entirely elastic then 
large errors could arise when A l -  is not entirely 
elastic. Given the disagreement between the differ- 
ent researchers particularly with regard to the 

existence of  an instantaneous plastic strain on a 
stress reduction it was considered useful to per- 
form further tests. Pure aluminium and an A1-  
4.20 at %Mg alloy were chosen for study as being 
representative of  materials exhibiting free-flight 
glide and viscous glide in steady state creep respec- 
tively. Tests were conducted over a range of 
temperatures ( 1 0 0 - 3 0 0 ~  in order to deter- 
mine whether the behaviour was temperature 
dependent. 

2. Experimental details 
The aluminium specimens were o f  high purity 
(99.999 %) and were in the form of  2.95 mm diam- 
eter wire. The specimens were annealed for 1/2 h at 
400 ~ C and furnace cooled in order to remove any 
residual cold-work. The A1-4.20 at %Mg alloy was 
vacuum cast using high purity metals. The ingot 
was swaged and drawn to 2.95 mm diameter wire 
with appropriate intermediate annealing treat- 
ments. The alloy wire specimens were also annealed 
for 1/2 h at 400 ~ C but then quenched into water to 
obtain a complete a-phase solid solution prior to 
creep testing. 

A uniaxial constant stress creep machine with 
high sensitivity was used. The experimental set-up 
is described in more detail by Smith [8]. All tests 
were performed in air with a temperature gradient 
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along the 76mm gauge length of < I ~  Test 
temperatures of 100, 200 and 300~ were used 
for the aluminium specimens and 200, 250 and 
300~ for the A1-4.20at%Mg specimens. The 
specimens were loaded and allowed to reach 
steady state creep. Steady-state creep rates down 
to 10 -8 sec -1 could be measured with confidence 
and reproductibility. Once steady state creep was 
obtained various levels of stress increment or decre- 
ment were applied and the/instantaneous strain 
measured. Between each stress change the stress 
was brought back to the initial level and the speci- 
men allowed to approach steady state creep. Three 
or four tests were conducted for each level of stress 
increment/decrement. The instantaneous strains 
were compared to those calculated assuming purely 
elastic behaviour and using the published values for 
the elastic moduli of aluminium [9]. 

3. Experimental results 
3. 1. Creep behaviour 
The creep curves for aluminium showed a typical 
normal primary stage with steady state setting in 
at a true strain of about 0.2. The limited number 
of tests for aluminium gave a stress exponent of 
4 to 4.5 which is typical for aluminium and indi- 
cates control by free-flight glide [5]. The A1 
4.2at%Mg alloy showed an inverted primary 
stage which is typical of A1-Mg alloys containing 
more than about 3 %Mg [10]. Steady state creep 
also set in the alloy at a true strain of about 0.2. 
The stress exponent of steady state creep measured 
for the A1-4.2 at % Mg alloy at 300~ was 3.68 
when calculated using the applied stress, Oe, and 
3.06 when calculated using the effective stress 
% [11]. A stress exponent of about 3 would 
indicate control of creep by a viscous glide pro- 
cess [61. 

3.2. Instantaneous strain 
3,2. 1. A/uminium 
The instantaneous (total) strains measured at the 
three temperatures (100,200 and 300 ~ C) and two 
different initial stress levels are summarized in 
Fig. 2. The strain on an increase in load was 
always larger than that on the corresponding 
decrease in load. Stress increments were also the 
most sensitive to the loading method and showed 
considerable scatter from test to test. The instan- 
taneous elongation increases rapidly with the mag- 
nitude of stress increment whereas the smaller 
contraction is almost linearly proportional to the 

magnitude of the stress decrement. There were 
some indications that the instantaneous strain on 
a stress decrease for small stress changes was 
approximately equivalent to that expected from 
elastic behaviour. However, for stress decreases 
greater than about 10 % (expressed as percentage 
of initial stress) the instantaneous contraction was 
always greater than elastic. These observations are 
in general agreement with those of Oikawa et al. 
[5] except for the very important observation that 
the instantaneous contraction is greater than that 
expected from elastic behaviour. 

3.2.2. A I--4.2 at % Mg a//oy 
The instantaneous (total) strains measured at the 
three temperatures (200, 250 and 300 ~ C) for two 
different initial stress levels are summarized in 
Fig. 3. The instantaneous elongation and the 
instantaneous contraction for equal stress changes 
are almost the same with the instantaneous elonga- 
tion being slightly higher. There is an approxi- 
mately linear relationship between the instan- 
taneous contraction/elongation and the stress 
change. In general both the instantaneous elonga- 
tion and contraction are larger than that expected 
from elastic behaviour. These results agree very 
well with those of  Oikawa and Sugawara for 
A1-5%Mg tested at 300~ [4] but differ some- 
what from the results of Langdon and Yavari [6] 
for A1-5%Mg tested at 400~ where the dif- 
ferences between instantaneous elongation and 
instantaneous contraction were greater and stress 
changes greater than about 25% were required for 
the instantaneous contraction to exceed that 
expected from elastic behaviour. 

4. Discussion and analysis of results 
In their analysis of the instantaneous strains in 
aluminium Oikawa et al. [5] calculate an apparent 
work hardening rate, H, using the expression 

H = Ao/Aep (2) 

They estimated the plastic strain Aev and the dif- 
ference between the total strain increase Ae(+) 
on a stress increase and the total strain decrease 
Ae(--) on a stress decrease of the same amount. 
Ae(--) was in agreement with the value calculated 
from Young's modulus of the specimen and the 
machine stiffness. However in the present work on 
aluminium, and also in Langdon and Yavari's work 
on A1-5%Zn [6] which also exhibits free flight 
glide, A e ( - )  is generally greater than elastic 
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Figure 2 Instantaneous strains in polycrystalline aluminium on stress change during steady state creep. Ae(+)[0] is 
instantaneous strain on stress increment + aa ;  A e (--)[ h ] on stress decrement - -A a; and AeE[.] is calculated using 
Young's modulus. 

contraction. Using the rationale of  Oikawa et al. 

[5] this would indicate some permanent strain 

occurs on a decrease in load. There is thus a degree 

of  uncertainty in calculating H using Aep = Ae(+)  

-- Ae(--) .  It would seem more correct to calculate 
Aep  using the strain calculated from Young's 

800 

modulus at the relevant temperature, Ae~, (where 

E indicates elastic). Therefore Aep = A e ( + ) - -  

AeE.  For the purpose of  the discussion of  the 

results we will designate H calculated from Aep = 

�9 A e ( + )  -- Ae(- - )  as H1 and H calculated from Aep 

�9 = A e ( + )  -- AeE as H2. 
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Figure 3 Instantaneous strains in A 1-4.2 at % Mg on stress change during steady state creep. 2x e (+)[0] is instantaneous 
strain on stress increment + 2xa; z~e (--) [ ,x] on stress decrement -- z~a; and Ae E [el is calculated using Young's modulus. 

A plot illustrating the dependence of H (in this 

case H2)  on the stress changes Ao is given in Fig. 4 
for an initial stress of 3.25 MPa and a temperature 
of 200 ~ C. The plot is made of l o g H  against Ao 
since Oikawa e t  al. [5] found that log H increased 

linearly as Aa decreased. Allowing for the scatter 
in experimental data, such a dependence is also 
found for the present results. The true work-hard- 
ening rate h, which is not affected by recovery can 
be estimated as [5] 
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Figure 4 Example of the Ao dependence of the apparent work hardening rate H 2 determined from the instantaneous 
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h = lim H 
A a - - ~  0 

A a  ---~ 0 

Thus to find h we can extrapolate the log Hagains t  
A a  plot  back to A a  = 0 as shown in Fig. 4. Such 
an extrapolat ion was performed for all initial stres- 
ses and temperatures using bo th  H 1 and Ha and the 
results are summarized in Table I. The l imited 
number of  results for H are replot ted in Fig. 5 to 
illustrate the effect of  initial stress and tempera- 
ture. In agreement with Oikawa et aL [5] the 
value of  h decreases with increasing o, the magni- 
tude of  decrease depending on temperature,  with 
lower temperatures  producing a larger decrease in 
h with increasing a. Assuming h can be represented 

by the equation, [5] where Qh is the activation 
energy 

h = h0 o ~h e x p - ( Q h / R T )  (4) 

a stress exponent  n h can be calculated. For the 
present experiments n h has values of  - 0 . 6 9 ,  
- -2 .37  and - -6 .38  for temperatures of  300 ~ C, 

200~ and 100~ respectively. These values for 
nh plus the data of  Oikawa et al. [5] and other 
results determined by Horita and Yoshinaga [12] 
using the strain rate change method during conven- 
t ional tensile testing are p lot ted  in Fig. 6 as a func- 
t ion of  the testing temperature.  The present results 
at 300~ agree well with the previous Japanese  
data, It is particularly interesting that our results 
suggest that the stress exponent  of  hardening, nh, 

TABLE I Work hardening rates of polycrystalline aluminium obtained from extrapolating apparent work hardening 
rates to the limit where the stress change Zxa = 0 

Temperature Initial stress h h Average h hay 
(~ C) (MPa) determined from H~ (GPa) -if- 

from H ~ (GPa) 
(GPa) 

100 7.5 39 32 35.5 0.53 
8.0 24 25 24.5 0.37 

200 2.5 22 21 21.5 0.34 
3.25 10 t3 t l .5  0.18 

300 1.75 8 8 8 0.13 
2.5 6 6.5 6.3 0.10 
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Figure 5 The stress dependence of the average true work 
hardening rate, hay, during the steady state creep ofpoly- 
crystalline aluminium. 

becomes more highly temperature dependent at 
temperatures of  200 ~ C or less. This trend was not 
noted in the previous Japanese work since their 
lowest testing temperature was 232 ~ C [5]. 

Our results for the true work-hardening rate, 
h, are compared in Fig. 7 with previous data for 
polycrystalline aluminium that has been deter- 
mined using three different methods. The work 
hardening rate, h, and the applied stress, ~, have 
both been normalized by dividing by Young's 
modulus, E. The data of  Oikawa et  al. [5] were 
obtained by a similar method to the present 
results, namely, from stress change tests during 
steady state creep. The data of  Horita and Yosh- 
inaga [12] were obtained using a strain rate change 
method during conventional tensile testing and 
those of  Sakurai et  al. [13] by a stress relaxation 
method during conventional testing. For compar- 
able temperatures lower work hardening rates were 
found in the present tests than previously. Our 
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Figure 7 The normalized stress dependence of the nor- 
malized true work-hardening rate determined using three 
methods during the steady deformation of polycrystalline 
aluminium at high temperatures. =-= Present work; e - e  
Oikawa et al. [5], stress change tests during steady state 
creep; n-[] Horita and Yoshinaga [12], strain rate change 
method during conventional tensile testing; a_zx Sakurai 
et al. [13] stress relaxation method during conventional 
tensile testing. 

data at 100 ~ C were comparable to other results ob- 
tained at temperatures of  about 300 ~ C. Although 
our results for h are a smaller fraction of  E than 
the Japanese result for polycrystalline aluminium 
[5, 12, 13] they are more in line with data deter- 
mined for the high temperature deformation of  
a-Fe. Ishida and McLean [14] and Davies and 
Williams [15] determined h for a-Fe at 5 0 0 -  
650~ using the plastic strain associated with 
stress increments during steady state creep and 
reported that h was about one tenth of  E. Wata- 
nabe and Karashima [16] also determined h for 
a-Fe from the slope of the stress-strain curve 
immediately after creep and found it to be about 
0.05 at temperatures from 600 to 750 ~ C. 

Thus when looking at our results for polycrys- 
talline aluminium and comparing them principally 
with the results of  Oikawa e t  aL [5] the qualita- 
tive agreement is good and some results agree 
quite well quantitatively. However, there are major 
differences in that the strain we measured on a 
stress decrement was greater than elastic whereas 
only elastic contraction was noted by Oikawa e t  

al. [5] and also that the strain hardening rates 
were significantly lower in our work. In trying 
to account for the differences it was noted that 

there were some differences in procedures used in 
making the measurements of  Ae(+)  and Ae(--). 
The procedure of  Oikawa e t  al. [5] involved let- 
ting the material reach steady state creep, at a stress 
of  o adding a load Ao, leaving for 2 sec and then 
removing the extra load Ao,  and measuring Ae(--).  
AXe(+) was the instantaneous strain on going from 
o -~ o + AXo and AXe(--) was the instantaneous 
strain on going from o + Ao -~ a. Such a method 
of  measuring the instantaneous strains does not fit 
in with the original concepts for the instantaneous 
strain measurements as illustrated in Fig. 1 in that 
although A e ( + )  is measured as indicated, i.e. on 
going from steady state for a -~ o + Ao,  Ae(--) as 
measured by Oikawa e t  al. [5] is the instantaneous 
strain going from o + A � 9  ~ o rather than from 
o ~ o -  Ao. Also when Oikawa e t  al. performed 
the stress decrement from o + A � 9  ~ o the material 
was not undergoing steady-state creep at the stress 
of  o + A � 9  since the lapse time of  2 sec is far too 
short for steady state creep to have been attained 
before the stress drop. Inour tests care was taken to 
ensure that the steady-state was closely approached 
at stress o before either applying a stress increment 
(4- AXo) or decremen t (-- Ao). To gauge the impor- 
tance of  the difference in procedures we repeated 
selected tests measuring Aa(--)  by both methods 
i.e. going from a ~ o --  AXo, (our original method) 
and from o +  A x o ~ o  (Oikawa's method). In 
general Ae(--)o + A o ~  o was smaller than Ae- 
(--)o ~ o - -  Ao. This can be rationalized if one 
considers the creep rates before the decrement 
where the specimen would be creeping faster at 
o + A � 9  than at o. The faster rate of  the forward 
creep could tend to mask or conceal some of  the 
contraction. However the differences were not 
that great and Ae(+)  was always considerably 
larger than Ae(--)  measured by either method. 
One must therefore look towards the measurement 
of  Ae (+ )  to explain any differences in calculated 
work hardening rates. The measurement is very 
sensitive to the mode and consistency of  loading 
and judgement as to where the instantaneous 
strain ends and transient creep begins. Pure alu- 
minium due to its "soft"  nature is not the easiest 
of  materials to work with and it is expected that 
more consistency could be obtained in an alloy was 
employed. Alloys such as A1-Li  or A I - Z n ,  which 
also exhibit free-flight glide, may prove more 
suitable materials for investigation. 

In the case of  the A1-4.2 at%Mg alloy Axe(+) 
and Ae(--)  are approximately equal, and both are 
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higher than expected from elastic behaviour. This 
agrees very well with the earlier data of Oikawa 
and Sugawara [4] for A1-5%Mg. This type of 
result, i.e. equivalence of Ae(+) and Axe(--) is 
taken to imply that the glide motion of disloca- 
tions is viscous under these experimental condi- 
tions [4]. This conclusion derived from the 
instantaneous plastic strain measurements is in 
accord with that from other mechanical properties 
of an A1-5Mg alloy [17] and that from stress 
exponent measurements of  steady-state creep [11]. 

However, Oikawa et  al. [5] reason that the 
presence of instantaneous plastic strain for poly- 
crystalline aluminium on a sudden increase in 
stress, even when the amount of stress change is 
small, suggests that there is little resistance to dis- 
location glide on slip planes, i.e. dislocations glide 
in a free-flight-like manner. Following on from this 
they reason that the rate-controlling step or the 
most time-consuming step is not a process of dislo- 
cation glide but a recovery process. They then 
examine a number of. current recovery creep 
theories [1, 18-22]  and find them wanting in 
many respects. Whilst we would agree with most 
of the reasoning of Oikawa et  al. we feel that their 
analysis itself is somewhat incomplete and incor- 
rect. The presence of an instantaneous plastic 
strain on a sudden increase in stress is also found 
for A1-4.2 at %Mg (present work) and for other 
A1-Mg alloys [4, 6]. Since these materials exhibit 
viscous glide one can hardly suggest the presence 
ot; the instantaneous strain indicates that there is 
little resistance to dislocation glide on slip planes 
and that the dislocations glide in a free-flight man- 
ner. Furthermore there is an instantaneous strain 
observed for both A1 and A1-4.2at%Mg on a 
stress reduction and this must be factored into any 
creep theory. These observations, together with 
the fact that the true work hardening rate has an 
inverse dependence on temperature for aluminium, 
would suggest that any theory to accurately 
describe the high-temperature creep behaviour is 
likely to be extremely complex. We would sub- 
scribe that any such creep theory would incorpor- 
ate both climb (recovery) and glide with the relative 
importance of each process varying from material 
to material. We would agree with Oikawa et  al. [5] 
that such a theory awaits more high-precision 
creep tests, such as constant-structure creep tests 
in the true sense, coupled with the observation of 
the fine structure developed during creep. 

5. Conclusions 
Instantaneous plastic strains have been found for 
both stress increments and stress decrements 
applied during the steady state creep of polycrys- 
talline aluminium and A1-4.2at%Mg. For poly- 
crystalline aluminium the instantaneous plastic 
strain on a stress increment, Ae(+), was consider- 
ably larger than the instananeous strain on a stress 
decrement, Ae(--), whereas for A1-4.2at%Mg 
AXe(+) was approximately to Axe(--). 

Work-hardening rates determined from Axe(+) 
and Axe(--) for polycrystalline aluminium at 100 
to 300 ~ C vary from about one tenth to one half 
of Young's modulus and depend strongly on tem- 
perature and stress. It is suggested that these 
results indicate the necessity to improve existing 
creep theories and that any such creep theory 
should indicate both climb (recovery) and glide 
components. 
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