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Abstract: Portevin-Le Chatelier (PLC) effect in a severely cold-rolled Al-Zn-Mg-Cu-Zr aluminum alloy (AA7055 type) plate before 
and after annealing was investigated. The results show that the sample annealed at 300 ℃ undergoes PLC effect, whereas the PLC 
effect is not observed in the deformed sample or the samples annealed at 110 ℃ or 200 ℃. The main precipitates in the sample 
annealed at 300 ℃ are the coarsened η phases, while a mixture of small η′ phases and η phases dominates in the sample annealed at 
200 ℃. In the deformed sample and sample annealed at 110 ℃, GP zone are the main precipitates. The different flow behaviors are 
ascribed to the type of precipitates as well as the dislocation density differences. 
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1 Introduction 
 

The properties of aluminum, chiefly high strength 
and light mass, make it ideal in many commercial uses. 
Its usage is limited, however, by a series of bands that 
form in rolling or deformation[1−2]. This phenomenon is 
referred to Portevin-Le Chatelier(PLC) effect, which is 
also known as serrated yielding[3−15]. The detailed 
mechanism is that, once a mobile dislocation has been 
impeded by obstacles, a solute-atom atmosphere can 
form around it and effectively pin it. With applied stress, 
the mobile dislocations then have to break away from the 
atmospheres and continue their motion. Therefore, the 
repetition of the interaction between the mobile 
dislocations and solute atom atmosphere leads to serrated 
yielding. 

Although the effects of microstructure on the PLC 
effect have been investigated extensively in aluminum 
alloys, such as Al-Mg[11,13], Al-Cu[2, 15−16] and Al-Li 
systems[17−19], less attention is paid to Al-Zn-Mg-Cu- 
Zr aluminum alloy. THEVENET et al[8] once studied the 
PLC effect in one of the Al-Zn-Mg-Cu aluminum alloys, 
7475 type, and concluded that above tageing=2 h and 
θageing=70 ℃ any PLC effect could not be observed. 
However, they only considered the influences of the  

precipitates on the PLC effect. In the present work, the 
effect of both initial dislocation density and type of 
precipitates on the serrated yielding in the AA 7055 Al 
alloy subjected to different ageing treatments is present. 
The reason of the PLC appearance in AA 7055 alloy 
subjected to deep ageing is explained. 
 
2 Experimental 
 

The aluminum alloy AA 7055 was used and its 
chemical composition is listed in Table 1. 

The alloy was firstly solid solution treated at    
477 ℃  for 1 h and quenched into water at room 
temperature. Then, the alloy was cold rolled to about 0.4 
mm-thick sheets (80% deformed). Samples of 15 mm in 
gauge length and 6 mm in width were cut from sheets in 
the rolling direction. Then, they were aged at various 
temperatures (110, 200, and 300 ℃) for 1 h and cooled 
in air. The ageing temperatures were chosen in terms of 
thermal analysis of the deformed sample. Immediately 
after heat treatment, tensile tests were carried out at a 
strain rate of 1.7×10−3 s−1 at room temperature using an 
Instron testing machine. It should be noted that the 
deformed samples for tensile test might be naturally 
aged. 

Thermal analysis was performed in a differential 
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Table 1 Chemical composition of AA 7055 aluminum alloy (mass fraction, %) 
Zn Mg Cu Zr Fe Si Cr Mn Al 

7.76 1.94 2.35 0.12 0.061 0.055 0.0051 0.0076 Bal. 
 
scanning calorimeter(DSC). Polished alloy disks with a 
diameter of 5 mm were sealed in Al pans and heated in 
an Ar atmosphere from room temperature to 500 ℃ at a 
constant heating rate of 5 ℃/min. 

To characterize the precipitates, X-ray 
diffractometer and transmission electron microscope 
were used. X-ray diffraction(XRD) measurements were 
performed using a Rigaku D/max-rB X-ray 
diffractometer with Cu Kα radiation. Scanning from 2θ= 
10˚ to 100˚ was performed to record the XRD pattern. 
Transmission electron microscopy(TEM) observation 
was performed using a Philips Tecnai20 microscope 
operated at 200 kV. 
 
3 Results 
 
3.1 Thermal analysis 

Fig.1 shows DSC curve from the 80%-deformed 
rolling sample with a heating rate of 5 ℃/min. An 
experimentally obtained baseline has been subtracted in 
order to identify the peaks. The curve has an endothermic 
reaction at lower temperatures (peak 2), exothermic 
reactions at intermediate temperatures including two 
overlapped peaks (peaks 3 and 4), and an endothermic 
reaction at higher temperatures (peak 5). It is worth 
noting that the peak 1 results from the system error by 
thermal instability at the beginning of the measurement. 
Therefore, the curve can be classified into three regions 
marked as Region Ⅰ , Region Ⅱ  and Region Ⅲ , 
respectively. Comparison in the literature data indicates 
that the peak 2 is due to the dissolution of GP zone, the 
peak 5 is due to the dissolution of the equilibrium η 
phase, and the exothermic reactions in Region Ⅱ 
includes the formation of the metastable η′ phase, and the 
 

 
Fig.1 DSC curve from 80%-deformed rolling sample with 
heating rate of 5 ℃/min 

formation and coarsening of the η phase. According to 
the analysis of the DSC results, three temperatures 
(marked by dot-and-dash lines in Fig.1) are selected for 
subsequent annealing treatment to study the effect of the 
precipitates on PLC effect. 
 
3.2 Stress—strain curve 

Fig.2 shows the stress—strain curves of samples 
under different conditions. The stress—strain curves can 
be classified into two groups according to their shapes. 
The first one shows a smooth curve for the deformed 
sample and the samples annealed at 110 ℃ and 200 ℃. 
The stress—strain curve of the second group shows that 
a serrated flow behavior, which is so-called the Portevin- 
Le Chatelier(PLC) effect, appears for the sample 
annealed at 300 ℃. The onset strain of serrations is 
about 2%. From Fig.2, it can be also seen that in group 
one, the deformed sample shows the highest strength due 
to a high dislocation density produced during the rolling 
deformation. The sample annealed at 110 ℃ has a little 
lower strength than that of the as-deformed one. The 
decrease of the strength may be the reason of the 
dissolution of small precipitates, such as GP zones. With 
increasing annealing temperature (annealed at 200 ℃), 
the strength is decreased significantly, suggesting the 
rearrangement of the dislocations (also called recovery) 
and the precipitation of large precipitates. The strength of 
the sample annealed at 300 ℃ is lower than that of any 
one in the group one, due to the complete recovery and 
coarsening of the precipitates at such high annealing 
temperature. 
 
3.3 Phase analysis 

The XRD patterns of the samples before and after 
annealing are shown in Fig.3. In this figure, the diffraction 
 

 
Fig.2 Stress—strain curves of samples under different conditions 
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diffraction plane indexes of the hexagonal η phase are 
also indicated. For the deformed sample before  
annealing, besides Al reflections, there appear some 
weak peaks at about 2θ=20˚ and 2θ=40˚. These peaks 
deviate from the position of the hexagonal η phase. This 
deviation is contributed to the metastable hexagonal η′ 
phase, whose lattice parameters are a little larger than 
those of η phase[20−21]. ZHAO et al[22] has been 
reported that the broad peak at about 20˚ corresponds to 
the GP zones. Therefore, these weak peaks indicate that 
there exists a mixture of GP zones and η′ phase with a 
very small amount in the deformed sample. 
 

 
Fig.3 XRD patterns of samples before and after annealing:    
(a) 80%-deformed; (b) 80%-deformed+110 ℃, 1 h; (c) 80%- 
deformed+200 ℃, 1 h; (d) 80%-deformed+300 ℃, 1 h 
 

After annealing the deformed sample at 110 ℃ for 
1 h, the GP zone peak at about 20˚ becomes weaker, 
indicating the dissolution of the GP zones. With 
increasing annealing temperature to 200 ℃, the η′ phase 
is formed. The intensities of η′ peaks between Al(111) 
and Al(200) increase significantly, suggesting the 
precipitation of a large amount of η′ phases during 
annealing. The small deviation of the peaks from those 
of η phase is still observed, indicating a mixture of η′ and 
η phases. For the sample annealed at 300 ℃ for 1 h, 
peaks of the precipitates turn sharper and move to the 

positions of η phase, suggesting all of the η′ phases are 
transformed into the η phases and η particles are 
coarsened, that is to say, the coarsened η phases 
dominate in the sample annealed at 300 ℃. 

Fig.4 shows the TEM images of the samples 
annealed at 110, 200 and 300 ℃ for 1 h. It can be seen 
that the dislocation density inside grains is high when the 
sample is annealed at 110 ℃ for 1 h, as shown in 
Fig.4(a). At such low annealing temperature, only a few 
precipitates can be observed. When the sample is 
annealed at 200 ℃ for 1 h, a lager number of η′ needles 
with a length ranging from 3 nm to 15 nm can be 
observed, as shown in Fig.4(b). Some larger η needles 
with the length of 30 nm can be also seen in such 
condition. In Fig.4(c), η needles with the length of 
40−80 nm and coarsened η particles larger than 100 nm 
can be observed after the sample is annealed at 300 ℃ 
for 1 h. The observations of precipitates by TEM agree 
well with the results from the XRD. Additionally, no 
high density dislocations inside grains are observed in 
the samples annealed at 200 and 300 ℃. 
 
4 Discussion 
 

Results show that PLC effect appears concurrently 
with precipitation of coarsened η phase in this 
Al-Zn-Mg-Cu aluminum alloy only. According to the 
dislocation−solute atom interaction model, the reasons 
will be discussed. 

It is well known that GP zones can delay the 
appearance of the PLC effect based on the interaction of 
their strain fields with alloying atoms or vacancies     
[8, 23]. Normally, the vacancies serve as channels for 
alloying atoms moving to mobile dislocations and 
forming an atmosphere, which favors the appearance of 
the PLC effect. When GP zones are present, however, 
they may trap vacancies as well as alloying atoms. The 
more the GP zones there are, the less alloying atoms will 
reach that destination. Therefore, PLC effect only 
becomes possible. Additionally, the metastable and partly 
coherent η′ phase can grow at a suitable temperature with  

 

 

Fig.4 TEM images of samples annealed at 110 ℃(a), 200 ℃(b) and 300 ℃(c) for 1 h 
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vacancy cluster serving as nuclei. They are also capable 
of influencing the PLC effect, also by the way of binding 
vacancies[23]. In the present work, the precipitates in 
deformed sample and the samples annealed at 110 ℃ 
and 200 ℃ are mainly GP zones, η′ phases and the 
mixture of them, respectively. The GP zones and η′ 
phases delay the PLC effect by means of trapping 
vacancies. It may be the one reason for the absence of 
the PLC effect in these samples. 

The other reason for the absence of the PLC effect 
may be the initial dislocation density. It is known that as 
the strain increases further during the tensile test, more 
dislocations are generated, and the interaction between 
the dislocations increases rapidly, resulting in more 
immobile dislocations and obstructing the movement of 
the mobile dislocations[13]. Therefore, in a material with 
much high initial dislocation density, once the mobile 
dislocations are pinned by the alloying atoms, they are 
more difficult to break away than those in a material 
without initial dislocation, resulting in the inhibition of 
PLC effect. This seems be the case of the deformed 
sample and the sample annealed at 110 ℃. For these 
samples, the initial dislocation density is much higher 
than that in the sample annealed at 300 ℃, as shown in 
Fig.4(a). With the strain increases during the uniaxial 
tensile test, the dislocation density increases further, 
leading to the decrease of the amount of the mobile 
dislocation. Additionally, the dislocations can also be 
obstructed by the small precipitates, GP zones and     
η′ phases, in these samples. According to the above 
discussion, it is believed that both the precipitates 
(including GP zones and η′ phases) and high dislocation 
density cause the absence of the PLC effect in the 
deformed sample and the samples annealed at 110 ℃ 
and 200 ℃. 

For the sample annealed at 300 ℃ where the PLC 
effect has been observed, the dominate precipitates are 
stable η phase. Stable phases influence the PLC effect in 
a different way from the GP zones and η′ phases. The 
detailed mechanism remains unknown. But researchers 
[8, 23] have been pointed out that the stable phases 
interfere with PLC effect by affecting the type of 
serration and the stress drop size, but not influencing the 
onset strain, which indicates that there are no effective 
sinks for vacancies. On the other hand, after the sample 
is annealed at such high temperature, the initial 
dislocation density in the deformed sample reduces 
significantly and the stable phases coarsen to a large size. 
These all contribute to the movement of the mobile 
dislocations. Therefore, in terms of dislocation−solute 
atom interaction model, it is easy to understand the 
appearance of the PLC effect in sample annealed at   

300 ℃ . The small magnitude of stress drop in the  
stress—strain curve is contributed to the small amount of 
alloying atoms in the matrix due to the complete 
precipitation at such high annealing temperature. 
 
5 Conclusions 
 

1) In the AA 7055 aluminum alloy, the PLC effect 
appears in the samples annealed at 300 ℃ for 1 h after 
80% cold rolling deformation, while no PLC effect is 
observed for the deformed sample and samples annealed 
at 110 ℃ and 200 ℃. 

2) Different types of precipitates have different 
mechanisms to influence the PLC effect. GP zones and η′ 
phase can delay the PLC effect, whereas the PLC effect 
is promoted by the stable η phase. 

3) High initial dislocation density can also impede 
the appearance of the PLC effect by means of obstructing 
the movement of the mobile dislocations. 
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