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The relation between vacancy concentration, Cv and tensile plastic strain, ~, has been constantly 
expressed as Cv oc ~m. To take into account the grain-size effect, we have recently proposed that 
Cv oc p~, where Pm is the mobile dislocation density. With the conventional expression that Pm oc ~ 
d -n, where d is the average grain size, the strain and grain-size dependence of vacancy 
concentration appears to be Cv oc ~13~ d-nv. This equation has proved effective in rationalizing the 
onset strain, ec, and stress amplitude, Act, of f low instability associated with the 
Portevin-LeChatelier effect of substitutional f cc  alloys, where ~c and A~ are described by 

oc ~c ~t/2+~) d-  n(1/2+r) T-1 exp( - O/kT) 
and 

A ( y  oQ [ ~  - 1  ~ ( 1 / 2 + y )  d-n(1/2+v) T-~ exp( - O/kT)] 2/3 

in which g, T, Q and k are the strain rate, temperature, Boltzmann constant and activation energy 
for solute migration, respectively. Using the same concept, we have obtained 

Acrv oc [ ~ 7  d-,V ta T -1 e x p ( -  O/kT)] 2/3 

to rationalize the increment of stress drop, Aov, observed at the instant of reloading after a static 
ageing time of ta. By adopting the above three equations, the strain-ageing data of two AI-Mg 
alloys in this study reveal that the vacancy concentration which is responsible for strain ageing is 
lower than the reported data from electrical resistivity measurements. This result is in agreement 
with the idea of migration of a vacancy-solute complex which has been proposed in the literature. 

1. I n t r o d u c t i o n  
Many experimental results [-1] have shown that the 
increase of electrical resistivity of metals at low tem- 
perature, Ape, upon plastic strain, a, can be interpreted 
as Ape oc ~m. By regarding Ape as raised by vacancy 
generation during deformation, the vacancy concen- 
tration, Cv, can then be expressed empirically as [2-4] 

Cv < ~" (1) 

Because excess vacancies are produced by climb- 
related dislocation motions, one can also take Cv as 
proportional to 9~ empirically, where 9m is the mobile 
dislocation density. With the commonly adopted 
equation [5, 6] that 

9m O~ 813 d-"  (2) 

where d is the average grain size, one then achieves 

Cv oc ~13r d-,~ (3) 

The strain exponent, 137 , of Equation 3, is identical to 
m in Equation 1. However, Equation 3 also reveals 
a grain-size dependence which is neglected in Equa- 
tion 1. 

Equation 1 has been widely accepted to model the 
serrated flow associated with the Portevin-LeChate- 
lier effect of substitutional fc c alloys [5, 7 18]; never- 
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theless, our recent analysis [19, 20] has shown that 
Equation 3 is more rational for the modelling. This 
analysis, which will be summarized in the next section, 
gives rise to two equations to rationalize the onset 
strain and stress amplitude of serration. Based on 
Equation 3, a third equation will also be derived in the 
present paper to interpret the stress drop which usu- 
ally occurs on reloading after static strain ageing. The 
three equations will be adopted as a basis to charac- 
terize the vacancy concentration involved in strain 
ageing of substitutional fc c alloys. For the character- 
ization, the data of two A1-Mg alloys will be reported 
and analysed. 

2. Theoretical analysis 
2.1. Onset strain and amplitude of serration 
For substitutional fcc  alloys under constant strain- 
rate tension, the critical strain at the onset of serration, 
~c, may decrease with increasing temperature 
[5, 9, 15, 21]; it may also decrease initially to a min- 
imum and then increase with increasing temperature 
[22 24]. Despite this variation, there exists a region of 
decreasing G with increasing temperature. In this tem- 
perature region, G is normally observed to increase 
with increasing strain rate [5, 9, 10, 15] and grain size 
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[5, 15, 20, 25]. Meanwhile, the amplitude of serration, 
Ac~, increases with increasing strain and temperature 
[9,21, 26]; it decreases with increasing grain size 
[9, 18, 27, 28] and strain rate [20, 29-31]. 

The famous Orowan equation 

oc Om b V (4) 

where k, b and V are the strain rate, Burgers vector 
and average dislocation velocity, respectively, has 
been widely accepted as a primary equation to ration- 
alize the above-described behaviour of 8c and A~ 
[5, 7, 13-20, 32]. With L as the average pinning dis- 
tance of a mobile dislocation, McCormick [11] has 
proposed the following equation to interpret the aver- 
age dislocation velocity, V 

V = L/t, (5) 

where t~ is the total dynamic ageing time during dislo- 
cation motion and static ageing time while the disloca- 
tion is pinned. Normally, the dynamic ageing time can 
be neglected [11]. Therefore, ta can be described by the 
following equation according to the static ageing 
model postulated by Cottrell and Bilby 1-33] 

N(ta) oc Co(Dta/kT) 2/3 (6) 

where N(t,) is the number of solute atoms which 
diffuse to form a dislocation atmosphere during the 
static ageing time, ta. Co, D, k and T are the bulk 
average solute concentration, diffusion coefficient, 
Boltzmann constant and absolute temperature, re- 
spectively. By assuming that N(t~) at 8~ is a constant 
and the development of Acy is proportional to N(t,), 
substitution of Equations 2, 4 and 5 into Equation 
6 leads to 

~-1 8~/2 d-,/2 T- i  D = a constant (7) 

and 
AO" 0(2 (~;-1 813/2 d-n~2 T-x D)2/3 (8) 

In deriving the above two equations, the average pin- 
ning distance, L, in Equation 5 has been taken as 
equal to Pm ~/2 according to Mukherjee et al. [-34]. 

For substitutional systems, the diffusion coefficient, 
D, in Equations 7 and 8 can be described as [8, 35-37] 

D oc C~ exp( - Q/kT) (9) 

where Q is the activation energy for solute migration. 
With Equations 3 and 9, Equations 7 and 8 can be 
rewritten as 

OC 8c[2 (1/2+v) d -n(1/z+Y) T -1 exp( - Q/kT) (10) 

and 
Ao oc (~-1 F13(1/z+y)d-n(1/2+,l)T-1 exp( - Q/kT)) z/3 

(11) 

where the strain, e, in Equation 3 has been taken as the 
critical strain, 8~, in Equation 10. 

In order to rationalize the grain-size effect, the 
above derivation of Equations 10 and 11 has used 
Equation 3 (i.e. Cv ~ e13Yd -"~) instead of Equation 
1 (i.e. C~ (~ e~) for the description of vacancy concen- 
tration. In addition, the combination of Equation 
4 (i.e. ~ (~ Pm b V) and Equation 5 (i.e. V oc L/t,) and 
other related equations gives rise to the strain-rate 
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dependence of ac and Acy as revealed in Equations 10 
and 11. In addition to Equation 5, the critical disloca- 
tion velocity, Vc, associated with maximum Cottrell 
atmosphere drag has also been frequently taken as the 
average dislocation velocity [5, 8-10, 15]. According 
to the Cottrell-Jaswon model [38], Vo can be ex- 
pressed as 

V~ ~_ 4kTD/A (12) 

where A is the position independent solute atom/edge 
dislocation interaction energy term. 

By adopting Equation 1 for the vacancy concentra- 
tion and Equation 5 or 12 for the average dislocation 
velocity, other kinetic equations besides Equation 10 
can also be derived to interpret ~.  However, much 
data [19] have indicated that Equation 10 is the most 
proper one among these equations to rationalize the 
grain-size effect. For the rationalization of A~, other 
kinetic equations besides Equation 11 can also be 
derived by adopting Equation 1 for the vacancy con- 
centration. However, the data [20] have shown that 
only Equation 11 can rationalize the grain-size and 
strain-rate dependence of Acy. Based on the above 
statement, and on the fact that both Equations 10 and 
11 follow the same equations to describe Cv and V, 
Equations 10 and 11 should be appropriate to inter- 
pret 8r and Act, respectively; Cv determined from these 
two equations should also be suited to represent the 
vacancy concentration involved in strain ageing. In 
the following sections, methods to determine Cv from 
Equations 10 and 11 will be shown. Also, Cv deter- 
mined from the static strain-ageing experiments will 
be described. 

2.2. Method of determining Cv 
from to and A~ 

Under constant d and T, Equation 10 predicts that the 
slope of the In + versus in 8c plot is 13(1/2 + Y). Also, 
under constant Act, d and T, Equation 11 predicts that 
the slope of the In g versus in a plot equals 13(1/2 + 7)- 
Because grain size is held constant and 13 can be 
determined separately from other experiments, 137 in 
Equation 3 can then be obtained. Apparently, the 
vacancy concentration involved in strain ageing can 
thus be determined from the 13y measurements. 

2.3. Method to determine Cv from the 
static strain ageing 

For substitutional fcc alloys such as AI-Mg [39, 40], 
Cu-Zn [41] and Cu-Sn [42] deformed in tension, 
a yield point usually occurs on restraining after static 
strain ageing. An analysis of this yield-point phenom: 
enon has been proposed by Russell and Vela [42]. In 
their analysis, the stress drop, Ac L, from the yield 
point to the otherwise smooth flow curve was assumed 
to be proportional to the number of solute atoms 
which diffuse to a dislocation during a static ageing 
time, ta according to Equation 6, i.e. A~, oc N(ta). 
Here, by adopting the assumption of Russell and Vela, 
substitution of Equations 3 and 9 into Equation 6, we 



obtain 

Ac~,toc [sP'td-~; 'G T 1 e x p ( -  Q/kr)] 2/3 (13) 

Under constant d and T, Equation 13 predicts that the 
slope of the in e versus In G plot is - 1/[3,/. Obviously, 
the 13q/in Equation 3 can also be obtained in this case. 
In the following sections the data of 137 determined 
according to Equations 10, 11 and 13 will be reported 
for further analysis. 

3. Experimental  procedure 
Al-l.9, 3.7 wt % Mg ingots (for detailed compositions 
see Table I), were used in this study. The ingots were 
heat treated for 3 days at 773 K and then extruded 
into round rods of 12 mm diameter. Tensile specimens 
with diameter 6 mm and gauge length 35 mm were 
machined from the extruded rods. The specimens were 
annealed at 773 K for 1 h and water-quenched prior 
to testing. The grain sizes of these two alloys, meas- 
ured using the linear interception method, were 165 
and 130 gm, respectively. 

A1-3.7 wt % Mg was used in the tensile test. An 
Instron machine was used to conduct tensile tests at 
temperatures ranging from 210 273 K and strain rates 
ranging from 9.5 x 10-5-1.05 • 10 -2 s -~. The load 
- t ime curves were plotted on a strip recorder equipped 
with zero suppression to extend the range of load for 
a better detection. 

Under a constant strain rate of 5.2 x 10 -4 S - I  , 

A1 1.9 wt % Mg was used in the static strain-ageing 
experiments. Four temperatures, ranging from 185 
-215K, were selected for the tests. The test procedure, 
shown schematically in Fig. 1, was the same as that 
described by Russell and Vela [42]. Namely, after 
a specific strain was reached, the specimens were aged 
for a fixed time, ta, without load removal. Following 
the static strain ageing, the specimens were re- 
deformed to a second specific strain for the next 
ageing process which was a repeat of the previous one. 
This process was performed 15 times consecutively on 
each specimen. The stress drop, Acyv, was then meas- 
ured with respect to strain, temperature and ageing 
time. 

4. Results 
4.1. Measurement Ofscand Ao 
A schematic representation of the typical stress-strain / curve of A1 3.7 wt % Mg is shown in Fig. 2. The onset 
of serration is observed only after a critical strain, ec, is 
reached and the serration amplitude, Ar is observed 
to increase monotonically with strain before it be- 
comes irregular. Only those Act data in the monotonic 
region will be reported below. 

T A B  L E I Chemical compositions of specimens used (wt %) 

Alloy Mg Fe Si Mn Ni AI 

A1 1 . 9 w t % M g  1.90 0.10 0.059 0.01 0.018 Bal. 
Al-3.7wt % Mg 3.70 0.13 0.054 0.01 0.007 Bal. 

Fig. 3 shows the In ~ versus In G plots for five test 
temperatures (i.e. 229, 239, 247, 257 and 273 K). The 
slopes of the linear curves in this figure are determined 
to be 2.0 _+ 0.1. 

Fig. 4 shows the In ~ versus In e plot for four test 
temperatures (i.e. 229, 239, 247 and 257 K), all with 
a constant Act = 2 MPa. The slopes of the linear 
curves in this figure were determined to be 1.8 _+ 0.1. 

4.2.  M e a s u r e m e n t  of  Acy,/ 
Typical results of the static strain-ageing experiments 
are given in Figs 5 and 6. In Fig. 5, the effect of strain 
and ageing time on the stress drop, Acre, under a con- 
stant temperature of 195 K is shown. Acy, is observed 
to increase with increasing strain and ageing time. 
Fig. 6 shows a plot of the data of stress drop versus 
strain for four test temperatures (i.e. 185, 195, 205 and 
215 K), all with a fixed ageing time of 10 s. Except for 
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Figure 1 A schematic stress-strain 
Ac~.,, on reloading steps after static 

curve showing the stress drop, 
strain ageing at specific strains. 

Stroin 

Figure 2 A schematic drawing 0f the  typical flow curves obtained in 
this study, showing the critical strain, G, at the onset of serration 
and the serration amplitude, A~. 
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Figure 5 Effect of plastic strain and ageing time on the stress drop, 
zXa,;, T = 195 K. ( ) No serrations, ( - - - )  serrations appear, t,: 
(A) 5 s, (at) 10 s, (D) 25 s, (B) 40 s, (�9 60 s, ( 0 )  120 s, (@) 240 s. 
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Figure 3 Logarithm plot of strain rate, ~, versus critical strain, ec for 
various constant temperatures: (O) 273 K, (O) 257 K, (at) 247 K, 
([Z) 239 K, (B) 229 K. 
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Figure 4 Logarithm plot of strain rate, g, versus plastic strain, e. The 
data are associated with the same serration amplitude, i.e. 
Aa = 2 MPa. (O) 257 K, (&) 247 K, (D) 239 K, (11) 229 K. 

those at 215 K at high strains, which are depicted by 
the dotted line in the figure, all the data reveal that the 
increase of Aa, with strain behaves monotonically. 
The high strain stress drop data at 2t5 K are accom- 
panied by the appearance of serrated flow. To avoid 
complication, only those plots without serration are 
adopted for the analysis. 

By choosing a constant Aa, of 1 MPa, Fig. 7 gives 
the respective In e versus In ta data for all the test 
temperatures. The slopes of the linear curves in this 
figure were found to be - 0.48 + 0.02. 
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Figure 6 Stress drop versus plastic strain for the four test temper- 
atures with ageing time, t~ = 10 s. ([]) 185 K, (111) 195 K, (O) 205 K, 
( e )  2 1 5  K .  
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Figure 7 Logarithmic plot of plastic strain, e, versus ageing time, t a. 
The data are associated with the same stress drop, i.e. Aa,; = 1 MPa. 
(IS]) 185 K, (Q) 195 K, (A) 205 K, (11) 215 K. 



5. Discussion 
As stated previously, the vacancy concentration in- 
volved in strain ageing can be obtained from the 
determination of [37 in Equation 3. However, the phys- 
ical meaning of the obtained vacancy is ambiguous. 
To reveal the characteristic of the obtained vacancy, in 
the following, we will compare the 137 with the m value 
determined according to Equation 1. 

5.1. 137 determined from Sc 
The results in Fig. 3 shows that the slope of In ~ versus 
In e~ plot is 2.03 which according to Equation 10 is 
equal to [3(1/2 + 7). The 13 values have been reported 
as 1.0 for aluminium [43] and copper [44], 1.05 1.08 
for silver [45], 1.14-1.15 for Ag-6.3 wt % A1 [46], 1.17 
for Cu-5 wt % Sn [10] and 1.2 for many Cu-Zn alloys 
[47], all ranging from 1.0 1.2. On this basis, one may 
regard 13 as 1.0-1.2 for the A1 Mg in this study. Hence, 
[3y in Equation 3 is then 1.4-1.5. No m value has been 
determined from Equation 1 for the binary A1-Mg 
alloy. However, m has been reported to be 1.0 for 
aluminium [1], 1.0-1.1 for A1-Mg-Si [12, 13] and 1.14 
for A1 Mg-Mn [14]. Apparently, the most likely 
value of m for A1-Mg is in between 1.0 and 1.14. 
Comparing 137 with m, reveals that [37 is larger than m. 
Many data [19] have indeed shown that [37 > rn. To 
check the coincidence of this result, [3y obtained from 
the Acy and A~ v measurements, will be compared 
further with rn = 1.0-1.14. 

5.2. 137 determined from Ao 
The results in Fig. 4 show the slope of In ~ versus In 

plot is 1.8, which according to Equation 11 is equal 
to//(1/2 + 7). By taking 13 = 1.0~1.2, 137 is then 1.2 1.3 
in this case. Again, the value of 137 obtained is larger 
than m = 1.0 1.14. 

5.3. J3 7 determined from Ao 7 
The results of Fig. 7 show that the slope of the In 

versus In t, plot is - 0 . 4 8  which, according to 
Equation 13, is equal to - 1/137, i.e. 137 = 2.08. Obvi- 
ously, this 137 is also larger than m = 1.0 1.14. 

5.4. The characteristic of vacancy involved in 
strain ageing 

The above comparisons have shown that the 13y values 
obtained from Equation 3 are all larger than the 
m values of Equation 1. Because the plastic strain is 
practically less than 1, the result [37 > m reveals that 
the vacancy concentration which is responsible for 
strain ageing is lower compared to that determined 
from Equation 1. This phenomenon can be ration- 
alized from the following consideration on the idea of 
vacanc~solute atom complex migration. 

As pointed out by Cottrell [48], if a vacancy and 
a solute atom migrate together as a pair of va- 
cancy-solute atom complex, the activation energy for 
such complex migration may be given as 

Ev - Eb (14) 

where E~ is the activation energy for a vacancy migra- 
tion in pure metal and E b is the binding energy be- 
tween a vacancy and a solute atom. Brindly and 
Worthington [28] have shown that the activation 
energy obtained from the serrated flow in an 
A1-3 w t% Mg was 0.42 and 0.56 eV. By adopting 
Equation 14, because Ev in pure aluminium was re- 
ported as 0.75 eV [49, 50] and E b for a vacancy and 
a magnesium atom was reported as 0.2 eV [51, 52], 
they can rationalize the obtained activation energy by 
0.75-0.2 = 0.55eV. Actually, many results [11, 15, 
25, 53] have indeed attributed the activation energy 
associated with the serrated flow to the energy for 
a pair of vacancy solute atom complex migration. 

The above statement implies that the vacancy con- 
centration which is responsible for strain ageing is 
determined by the effective combination number of 
the vacancy-solute atom complex. If the vacancy in 
the complex is considered to be that near the disloca- 
tion core region [19, 54], the meaning of 137 > m could 
not be rationalized. However, as Johnson [55] 
pointed out, if a vacancy and a solute atom migrate 
together as a pair of vacancy-solute atom complex 
during diffusion, the complex can move in the lattice 
without the assistance of additional vacancies. Ac- 
cording to this concept, the meaning of [37 > m can be 
suitably rationalized. 

6. Conclusions 
1. Based on Equation 3 (i.e. Cv oc ~13Y d-,~), ~c, Acy 

and Ac~, can be expressed by Equations 10, 11 and 13, 
respectively. The vacancy concentration involved in 
strain ageing can then be determined from the 
measurement of [37 through these three Equations. 

2. From ec measurements, the slope of the In ~ ver- 
sus In a~ plot is 2.0 which, according to Equation 10, 
results in 137 = 1.4-1.5; from A~ measurements, the 
slope of the In g versus In e plot is 1.8 which, according 
to Equation 11, results in 137 = 1.2-1.3; however from 
A~y measurements, the slope of the In ~ versus in t a 
plot is - 0 . 4 8  which, according to Equation 13, re- 
sults in [37 = 2.08. 137 values obtained in all the above 
three manners are larger than the m values determined 
from Equation 1. 

3. 137 > rn reveals that the vacancy concentration 
involved in strain ageing is lower compared to that 
determined according to Equation 1. This phenom- 
enon can be rationalized by the idea of vacancy solute 
atom complex migration. 
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