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On the serrated yielding in Cu-14.1 at % AI 
polycrystals 
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Cu-14.1 at%AI polycrystals with three different grain sizes (76,11 3 and 1 57 #m) have been 
tested for the Portevin-LeChatlier effect under various conditions of temperature ( -  1 96 to 
200°C) and strain rate (2.78 x 10 ~ to 5.56 × 10-3sec -1). In the above range of strain rate, 
serrated yielding was observed in the temperature range 60 to 1 60 ° C. The strain rate depen- 
dence of the onset of serrations is most probably due to the diffusion of vacancy-solute atom 
pairs, as indicated by the low value of the activation energy for migration (0.77 eV). The cor- 
relation governing the test variables at the onset of serrations appears to be: ~ = (const)e 22~°2 
#-0.87 ~ 0.03, where ~, ~0 and # are strain rate, critical strain for the onset of serration and grain size, 
respectively. The onset of serrations is most probably due to dynamic strain ageing, although 
the possibility of short range ordering is not ruled out. 

1. In troduct ion  
Many solid solution alloys, both substitutional and 
interstitial, show serrated yielding after a smooth plas- 
tic flow within a certain range of test conditions, 
i.e. temperature and strain rate. This behaviour 
commonly called "repeated yielding" or "Portevin-  
LeChatelier Effect" has been the subject of intensive 
research since it was first observed by Portevin and 
LeChatelier in 1923 [1]. Different investigators have 
studied this effect in various alloy systems and have 
tried to explain the phenomenon by some suitable 
mechanism. Amongst these are the dynamic strain 
ageing model of Cottrell [2], the short range order 
effect proposed by Koppenaal and Fine [3], dislocation 
pile-up model of Korbel et al. [4, 5], and the cluster 
theory of Onodera et. al [6]. 

The dynamic strain ageing model is based on the 
interaction between solute atoms and moving dislo- 
cations enhanced by vacancies produced during 
deformation. Moving dislocations are repeatedly 
locked by solute atmosphere. When the rate of dif- 
fusion of solute atoms equals the speed of dislocation, 
dynamic strain ageing occurs. 

The strengthening effect produced due to short 
range order can be calculated on the basis of the 
interaction between nearest neighbour shells and the 
constitution of the alloy [3]. Hence the change in yield 
stress at a serration may be compared to that caused 
by short range order strengthening. 

The dislocation pile-up model and cluster theory 
mentioned above cannot be examined quantitatively; 
hence they will not be considered. 

Other possible explanations for the Portevin 
LeChatelier, P-L,  effect are Suzuki locking [7] and 
Schoeck locking [8]. These possibilities are not ruled 
out and will be examined in the following sections. 

2. Experimental procedure 
Cu-14 .1a t%A1 prepared from 99.99% pure alu- 
minium and 99.91% pure copper was drawn to a wire 
1 mm in diameter. Test specimens 50 mm in length cut 
from this wire were annealed at 700°C for 20 rain, 
straightened by rolling between two flat pieces of 
glass, reannealed in vacuum at 700, 800 and 950 ° C for 
1 h and furnace cooled to room temperature to obtain 
various grain sizes. 

Tensile tests were conducted at temperatures rang- 
ing from - 1 9 6  to 200°C at strain rates between 
2.78 x 10 -s and 5.56 x 10 3sec 1 using an Instron 
type machine. The gauge lengths of the specimens 
were 30ram. Constant-temperature baths used for 
temperatures below 20°C were liquid nitrogen and 
alcohol cooled by liquid nitrogen. Water and silicon 
oil were used for baths of  room temperature to 100 ° C 
and 100 to 200 ° C, respectively. 

Grain size measurements and other measured par- 
ameters are presented in Table 1. 

3. Theory 
The dynamic strain ageing model of Cottrell [9] for the 
onset of serrated flow suggests that the critical velocity 
of  moving dislocations below which the solute atmos- 
phere forms around, and is dragged by the dislocation 
is 

4D 
V~ - t (1) 

where D is the diffusion coefficient of  solute atoms at 
onset of serrations and l is the effective radius of  the 
solute atmosphere. At this instant the critical strain 
rate is 

= b~V~ = (4b~ / l )D  (2) 
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T A B L E I The values of  experimental results 

Annealed temperature Grain size 
(o c) (~m) 

( m  + f i )  Selected strain 
(%) 

Activation energy Em (eV) 

From aT - 1/T From ~ - 1/T 

5 0.77 0.73 
700 76 1.97 3 0.74 0.71 

1 0.82 0.78 

5 0.72 0.70 
800 113 2.02 3 0.75 0.72 

1 0.84 0.81 

5 0.74 0.71 
950 i57 2.01 3 0.75 0.72 

1 0.79 0.75 

where b is the Burgers vector, and 0 is the mobile 
dislocation density. The diffusion coefficient of the 
solute atoms is given by Seitz [10] and Mott  [11] as 

O = a Z v Z C v e x p ( - E m / k T )  (3) 

where a is the lattice parameter, v Debye frequency, z 
the coordination number (12 for fc  c structure), Cv the 
vacancy concentration, E m  the effective activation 
energy for solute migration, k the Boltzman constant 
and T the temperature. 

According to van Bueren [12] 

Cv = Be m (4) 

where e is the plastic strain and B and m are constants. 
0 is given by Conrad and Christ [13] as 

= N ~ I  S "  (5) 

where n, N and fi are constants and ~t is the grain size. 
At the onset of serrations the critical strain t0 equals 
the plastic strain e. 

Substituting Equations 3, 4 and 5 into Equation 2 
gives 

= (4a2bNvz/ l )Be~+P# -" exp ( - E m / k T )  (6), 

The term Ba2bvz/ l  is constant, therefore for con- 
stant temperature and grain size 

= (const)e~ +~ (7) 

which may be rewritten in logarithmic form as 

log ~ oc (m + f l) log t0 (8) 

Hence, as it will be proved later, (m + fl) is tem- 
perature independent. If/~, t0 and (m + fl) are treated 
as constants, Equation 6 becomes 

ln~ oc - E m / k T  (9) 

Therefore, it is possible to measure E m  using 
Equation 9. The velocity of  the moving solute atom V~ 
is given by the Einstein relation [14] as 

D F  
V~ - k T  (10) 

where F is the interaction force between the dislo- 
cation and solute atom. 

According to the Cottrell's model for serrated flow 
V~ must equal V~. Substitution of  Equation 10 in 2 
gives 

= (Ba2bNFvz / kT )dg+~#  -" exp ( - -Em/kT)  

(11) 

where Ba2bNFvz /k  is constant. For constant tem- 
perature, grain size, (m + fl), # and t0, Equation 11 
reduces to 

In (T~) oc - E m / k T  (12) 

Equation 12 is an alternative means for measuring 
activation energy Em.  

4. Results 
The stress-strain curves of  the alloy at a strain rate 
of 2.78 x 10 4sec 1 at different deformation tem- 
peratures are presented in Fig. 1. As it is clear from 
these curves, the frequency of serrations increases with 
temperature, but at the same time they become less 
and less regular in shape. 

Fig. 2 shows the effect of strain rate on the stress- 
strain curve. Here it is seen that increase in strain rate 
reduces the frequency of serrations, but they are more 
regular at higher strain rates. At any specific strain 
rate, the frequency of serrations increases with increas- 
ing strain. 

4.1. Cri t ical stress o- 0 and strain ~o for onset  of 
serrat ions 

The effect of strain rate and deformation temperature 
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Figure 1 Temperature dependence of  shape of  s t ress-s t ra in  curve in 
C u - 1 4 . 1 a t %  A1 alloys. Grain size 76gin,  strain rate 2.78 x 
10 4sec 1. 
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Figure 2 Strain rate dependence of  shape of  stress-strain curve in 
Cu-14.1 at % A1 alloys. Grain size 76 #m, deformation temperature 
120 ° C. 

on s0 are shown in Figs 3 and 5, and on cr 0 in Figs 4 
and 6. From these figures, it is clear that both critical 
stress and critical strain increase with increasing strain 
rate and decreasing deformation temperature. Both So 
and a0 show linear variation with strain rate on a 
log-log scale (figs 3 and 4). 

Variation of e 0 with grain size is shown in Fig. 5. 
This figure indicates that for any specific strain rate 
and at deformation temperature of 120°C, higher 
critical strains are expected for larger grain size 
material. Fig. 6 shows that the same tendency exists 
for deformation temperatures below 120 ° C, whereas 
for a deformation temperature of 140°C, there is a 
certain grain size for which s0 is minimal. Materials 
with larger or smaller grain size have higher critical 
strains. 
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Figure 3 The relationship between critical strain and strain rate for 
selected temperature in Cu 14.1 at % A1 alloys. Annealed at 950° C, 
grain size 157/zm, mean value (m + fl) = 2.01. Deformation 
temperature (°C); (O) 80, (n) 100, (o) 120, (v)  140, ( I )  160. 
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Figure 4 The relationship between critical stress and strain rate for 
selected temperature in Cu 14.1 at % AI atloys. Annealed at 950° C. 
Deformation temperature (°C); (o)  80, (rq) 100, (e)  120, ( I )  140. 

4.2. Correlations between strain and vacancy 
concentration 

Fig. 3 shows linear variation of log % with log L This 
can be considered as a graphical representation 
of Equation 7 with the slope of the lines equal to 
1/(m + /3). The values of (m + /3) thus obtained for 
different grain sizes and deformation temperatures are 
presented in Table I. These values range from 1.8 
to 2.3 with a mean value of 2.0 _+ 0.2. Therefore 
Equation 7 becomes 

= (const)e 2°-+ °2 (13) 

/3, the exponent for dislocation density due to plastic 
strain is generally estimated for different metals to be 

1.0. Hence Equation 4 becomes 

Cv = Be 1"°+~°'2 (14) 

4.3. Ac t iva t ion  e n e r g y  for v a c a n c y  migra t ion  
It has already been shown that (m + /3) is almost 
independent of temperature (Fig. 3 and Table I). 
Therefore, the activation energy for migration of 
vacancies, Era, may be calculated at a specific critical 
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Figure 5 The dependence of  grain size on critical strain for selected 
strain rate. Cu-14.1 at % A1. Deformation temperature, 120°C. 
Grain size (#m); ( I )  76, (~,) 113, (v)  157. 
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Figure 6 The relationship between critical strain and grain size at 
various deformation temperature in Cu-14.1 at % AI alloys. Strain 
rate 2.78 x 10-4sec -L. 

strain. For example as shown in Fig. 7 for grain size 
of 157/~m, values of Era = 0.75, 0.72 and 0.71 eV (or 
0.73 _+ 0.02eV) are obtained for strains of e = 1, 3 
and 5% respectively. Figures for other grain sizes are 
represented in Table I. Equation 11 for constant 
(rn + /3) reduces to Equation 12. Hence, a plot of 
log ~ Tagainst 1/Talso renders Era, which provides an 
alternative method for evaluation of this parameter. 
For example in Fig. 8 for grain size of 157 #m, values 
of Era = 0.79, 0.75 and 0.71 eV (or 0.765 +_ 0.025eV) 
are obtained for strains of 1, 3 and 5%, respectively. 

4.4 Temperature dependence of work 
hardening 

Fig. 9 shows the variation of flow stress with defor- 
mation temperature. In this figure the open squares 
correspond to conditions wherein no serrations were 
observed, while solid squares are indicative of obser- 
vation of serrations. In the range about 0 to 30°C an 
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Figure 7 The relationship between critical strain rate and reciprocal 
temperature in order to determine activation energies for the 
process in Cu 14.1 at % A1 alloys. Annealed at 950°C. Grain size 
157#m. (v) s = 5%, (A) e = 3%, (m) s = 1%. 
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Figure 8 The relationship between critical strain rate times tempera- 
ture and reciprocal temperature in order to determine activation 
energies for the process in C u - 1 4 . 1 a t %  A1 alloys. Annealed at 
950°C. Grain size = 157#m. Strain; (v)  5%, (A) 3%, (m) 1%. 

inverse effect of temperature on flow stress is observed, 
resulting in higher stress levels than extrapolated 
values for higher temperatures. Apart from this 
behaviour in the range 0 to 30 ° C, 80 decreases with 
increasing deformation temperature. 

5. Discussion 
5.1. Serrations 
According to Cottrell [2], serrations occur when the 
velocity of moving dislocations V~ equals the solute 
atom drift velocity. Equation 3 shows that for con- 
stant temperature, diffusion coefficient D is only a 
function of the vacancy concentration Cv, which in 
turn is only dependent on strain e (Equation 4). i.e. 

D De fl(Cv) oc f2(8) (15) 

Therefore, increasing k must increase D, that is e is 
increased to produce more vacancies (Fig. 3). 

Equation 6 for constant strain rate gives 

(= const) = (const)e~ +# exp ( - E m / k T )  

(16) 

Hence, the exponent term increases with increasing T 
with a consequence of reduction in 80 (Fig. 5). It is 
clear that the present results qualitatively approve 
Cottrell's model. 

T A B L E  II  The values of  index (m + /3) 

Specimen m + /3 Investigators 

C u - S n  alloy 1.9 V6ringer et al. [15] 
Cu-1  ~ 7 a t %  Sn 2.2 + 0.1 Russell [16] 
Cu 30wt % Zn 1.9 Charnock [17] 
C u - 2 0  ~ 3 5 w t %  Zn 1.9 ~ 3.7 Munz  et al. [18] 
Cu-14.1 at % A1 2.0 _ 0.2 Present work 
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T A B L E  I I I  The values of  index fl 

Specimen fl Investigators 

Cu alloy 1.2 Lomer et al. [19] 
C u - 3 . 2 a t  % Sn 1.17 Ham et al. [20] 
Pure Cu 1.0 Baily [21] 
Ag-6 .3  A1 1.14 1.15 Hashimoto and Miura  [22] 
C u - 2 7 . 8 %  Zn 1.00 + 0.02 Miura  and Matsuba  [23] 

5.2. Dependence of serrations on a 0 and 
The relationship between ~0 and d for serrated flow is 
shown in Fig. 3 (Equation 13). The value (m + fl) = 
2.0 + 0.2 is comparable to those obtained by other 
investigators for different alloys (Table II). 

Table III shows values of fl for several f c c  sub- 
stitutional solid solutions. Assuming fl = 1, gives 
m = 1.0 _+ 0.2 (Equation 14) which is smaller than 
the value 1.3 for ~-brass reported by Bolling [24]. 
However, Charnock [17] has considered m = 1.3 an 
overestimation. 

5.3. Effect of grain size on serrations 
For constant T, Equations 6 and 11 reduce to 

= (const) e~,+B# , (17) 

As mentioned before, (m + fl) is independent of 
grain size, hence for constant ~0, Equation 17 becomes 

= (const)/~-" (18) 

Equation 17 can be rewritten as 

ao = (const) ~l/(m+#) ]jn/(m+fl) (19) 

which for constant ~ becomes 

~0 = (const)/t  "/(m+#) (20) 

n can be estimated from Fig. 10 (or Equation 18), or 
Fig. 11 (or Equation 20). The values of n thus esti- 
mated are 0.87 _ 0.03 and 0.89 _+ 0.03, respectively, 
which are close enough within experimental error. 
However, the former value (n = 0.87) is more reli- 
able, as the error associated with (m + fl) is excluded. 
Hence Equation 17 becomes 

= (const) e O  2 " 0 - + 0 " 2  ] ~  0.87+0.03 (21) 

The values of n estimated in present work are corn- 
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Figure lO The relationship between the critical strain rate and grain 
size for the constant  critical strain at 120°C in Cu-14.1 at % A1 
alloys. 

pared with those obtained by other methods in Table 
IV. 

5.4. Work hardening coefficient 
Generally flow stress is expressed in terms of strain as 

a = A g  p (22) 

where p, the work hardening exponent has a positive 
value. Equation 22 can be rewritten as 

e = A ' o  lip (23) 

In the above two equations A and A' are constants. 
Substituting Equation 23 in Equation 7 for the con- 
dition e = e0 and o = o0 gives 

a = (const) e ;/(m+#) (24) 

The exponent p / ( m  + fl) is the slope of  the plot of  
log ~ against log a. Knowing m + fi, p is calculated. 
From Fig. 5, p = 0.33 is obtained. Hence Equation 22 
becomes 

O" = A s  0"33 (25) 

5.5. Activation energy for vacancy migration 
From the two sets of  values for E m  in Table I, the first 
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Figure 9 The dependence of deformation tem- 
perature on flow stress for selected strain at the 
strain rate of  5.56 x 10 4 sec-~ in Cu-14.1 a t %  
AI alloys. (n)  no serrations, ( i )  observed ser- 
rations. Annealed at 800°C. Strain rate ~ = 
5.56 x 10-4sec -~. 



T A B L E  IV The values of index n 

Specimen n References Methods 

Cu 0.5 Conrad et al. [13] Resistivity measurement 
Fe 0.5 Keh et al. [25] TEM 
Cu-30  at % Zn 1.0 Charnock [17] TEM 
Cu-14.1 at % A1 0.87 4- 0.03 Present work Dynamic strain ageing 

set (determined from log ~ against l / T ,  Fig. 7) are in 
the order of 0.03 ~ 0.04eV higher than the second 
set. This discrepancy is not unexpected, as two dif- 
ferent approaches are used. The first set of data is on 
the basis of the effective radius of solute atmosphere, 
whereas the second set is based on the interaction 
between dislocations and solute atoms (diffusion). The 
second approach is preferred, and as E m  is indepen- 
dent of grain size, the value 0.77 eV is used for further 
work. 

Values of E m  for pure copper and copper alloys 
reported by various investigators are listed in Table V. 
The values quoted from Koppenaal and Fine [3] are 
from static strain ageing measurements for different 
ageing times. Therefore, E m  values corresponding to 
lower ageing times can be compared with the E m  for 
dynamic strain ageing. The value 0.77 eV obtained in 
the present work is close to the lower limits of E m  

values given by Koppenaal and Fine. 
There are not many reports regarding the measure- 

ment of the binding energy between solute atoms and 
vacancies in copper. The present work provides a 
means for assessment of this parameter through 
measurement of activation energy for migration of 
vacancies in pure metal, E m .  

If a vacancy and a solute atom migrate as a pair 

E m  = EI% - E B (26) 

But, if a vacancy migrates by breaking away from the 
solute atom 

E m  = E~% + E ~ (27) 

According to the data presented in Table V, the 
migration energy in pure copper is greater than 1.0 eV. 
The fact that E~v is greater than E m  indicates that 
migration takes place as a vacancy-solute atom pair. 
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Figure 11 The relationship between the critical strain and grain size 
for the constant critical strain rate at 120°C in Cu-14.1 at % AI 
alloys. 

Therefore, the binding energy is 

E B = 1.00 - 0.77 = 0.23eV (28) 

5.6. Mechanisms of serrated yielding 
As mentioned in Section 1, the mechanisms proposed 
for serrated yielding are the Cottrell effect [2], Suzuki 
locking [31], short range ordering [3] and Schoeck 
locking [8] (stress induced short range order). 

Amongst the above mechanisms, the first three 
depend on the diffusion of solute atoms, but the last 
one, Schoeck locking, is assisted by stress, and thermal 
diffusion is not the necessary condition for its occur- 
rence. Therefore, this possibility is rather weak. 

Howie and Swann [7] did not observe the precipi- 
tates indicative of Suzuki locking in Cu-A1 alloys. 
Hence Suzuki locking is not considered as a strong 
possibility. 

Occurrence of short range order in Cu-A1 alloys 
has been confirmed by X-ray scattering [32]. Cottrell 
[33] has mentioned the possibility of short range order 
being responsible for yielding in these alloys. Kop- 
penaal and Fine [3] have shown that both a yield point 
effect and strain ageing may be attributed to short 
range ordering. 

Although, the present results confirm the Cottrell 
model as a strong possibility for the onset of ser- 
rations, the mechanism responsible for their continu- 
ation is not as clear. The fact that Cu-A1 alloys.have 
extended dislocations and stacking faults are pro- 
duced between them makes the Cottrell model less 
favoured. 

5.7. Temperature dependence of work 
hardening 

The increase in critical strain due to increase in strain 
rate observed in Fig. 10 may be attributed to the 
locking of dislocations by solute atoms. Nevertheless, 
this condition is necessary but not sufficient. Accord- 
ing to Koppenaal and Fine increasing T or decreasing 

enhances diffusion, so that the degree of ordering 
increases. Hence increase in stress is not only due to 
the locking of dislocations by solute atoms, but may 
be due to short range ordering as well. 

6. Conclusions 
1. Cu-14.1 a t %  A1 shows serrated yielding in the 

temperature range 60 to 160°C and at strain rates 
between 2.78 x 10 .5 and 5.56 x 10 3 sec ~. The strain 
rate dependence is due to the diffusion of vacancy- 
solute atom pairs. 

2. The index (m + /~) is independent of grain size 
and is estimated to be 2.0 _+ 0.2. 

3. Activation energy of vacancy migration which is 
independent of grain size is estimated to be 0.77 eV. 
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T A B  LE  V The values of  activation energy Em (eV) 

Specimen Em (eV) References Methods 

Cu I ~ 7 a t %  Sn 0.79 4- 0.05 Russell [16] 
Cu 4 w t %  Sn 0.71 4- 0.05 Russell et al. [26] 
C u - 2 0  ~ 3 5 w t %  Zn 0.47 ~ 0.70 Munz  et al. [18] 
C u - 1 4 a t  % A1 0.67 ~ 1.13 Koppenaal  et al. [3] 
Pure Cu 0.88 4- 0.13 Simmons [27] 
Pure Cu 1.3 Airoldi et al. [28] 
Pure Cu 0.7 Kimura  et al. [29] 
Pure Cu 1.0 Schfile et al. [30] 
Cu-14.1 at % A1 0.76 ~ 0.78 Present work 

Dynamic  strain ageing 
Static strain ageing 
Dynamic strain ageing 
Static strain ageing 
Thermal equilibrium 
Quenching 
Quenching 
Quenching, deformation 
Dynamic strain ageing 

Therefore the diffusion of vacancy-solute atom pairs 
seems to be the operative mechanism. 

4. The interrelation between 8, t0 and/~ at the onset 
of serrations is ~ = (const) e~'O+0"2# -0'87+-0"03 

5. Shor t  range order assisted by diffusion and the 
Cottrell effect seem to be the two possible operative 
mechanisms. 
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