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Abstract. The effect of the combination of natural aging and severe plastic deformation (SPD) 
produced by Equal-Channel Angular Pressing (ECAP) on the microstructure, the strength, as well 
as the ductility of age-hardenable AlZnMg alloys was investigated. A strategy is proposed for the 
processing of these “difficult-to-work” alloys at room temperature. Several advantages such as 
strengthening, precipitation-accelerating and ductility-improving effects of ECAP at room 
temperature are also shown and discussed in this work. 

Introduction 

The chemical composition and the aging conditions influence effectively the decomposition of 
supersaturated solid solutions (S.S.S.) in the Al-Zn-Mg ternary (7xxx) system [1-5]. The 
decomposition process near room temperature (RT) takes place by the formation of Guinier-Preston 
(GP) zones. At somewhat higher aging temperatures, a metastable (η ′ ) intermediate phase appears, 
while at still higher temperatures the formation of stable (or equilibrium η ) phase precipitates can 
be observed. For the early stages of the decomposition in these alloys only a few experimental 
results are available [4,6]. It was shown previously [6], by applying depth-sensing indentation, that 
following quenching, within a certain lifetime (ti) of the early stage of natural aging, AlZnMg and 
AlZnMgCu alloys show plastic instabilities the occurrence of which is caused by the interaction of 
solute atoms with moving dislocations, a phenomenon called dynamic strain aging (DSA) [7-10]. 
The occurrence of plastic instability, therefore, characterizes the transition from the SSS to a SSS + 
GP zone structure. After a lifetime of 100-200 min., the DSA effect disappears indicating the 
dominant effect of GP zones in this system. 

It is also well-known that the precipitation and strength of supersaturated AlZnMg alloys can be 
effectively changed by the application of pre-strain to the samples. Usually, a small amount of pre-
strain is introduced by conventional tension or compression [11]. Recently, severe plastic 
deformation (SPD) by Equal-Channel Angular Pressing (ECAP) has also been applied to change the 
microstructures and improve the mechanical properties of supersaturated alloys [12-15]. For 
precipitation-hardened AlZnMg materials, however, the application of SPD is often complicated. 
On the one hand, because of the hardening effect of precipitates (e.g. Guinier-Preston (GP) zones 
and/or other metastable particles), samples often break during ECAP at room temperature (RT). 
Therefore, in several cases supersaturated AlZnMg samples were processed by ECAP at elevated 
temperatures. On the other hand, at high temperatures the precipitation is often uncontrolled and a 
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recovery of the ultrafine-grained microstructures may occur. This paper examines the effect of a 
combination of RT pre-aging and severe plastic deformation produced by Equal-Channel Angular 
Pressing on the microstructure and mechanical properties of age-hardenable Al-Zn-Mg-Zr, and Al-
Zn-Mg-Cu alloys.  

Experimental Materials and Procedures 

Billets of polycrystalline Al-4.8Zn-1.2Mg-0.14Zr, and Al-5.7Zn-1.9Mg-1.5Cu alloys (wt.%) were 
first subjected to solution heat-treatment at 743 K (470 ºС) for 30 minutes and water-quenching, 
resulting in S.S.S. Following quenching, the samples were naturally aged at RT for different time 
periods prior to ECAP processing. Cylindrical billets of 10 mm in diameter and 70 mm in length 
were pressed through an ECAP die with 90° intersecting channels at RT for different numbers of 
passes in route BC (the billet was rotated around its longitudinal axis by 90° between intermediate 
passes [16]) at a constant displacement rate of 8 mm/s. Following the ECAP process, some samples 
were subjected to aging at 373 K (100 oC) or 413 K (140 oC) for 24 hours. Several important 
mechanical and precipitation properties of these alloys after quenching were reported earlier [6]. 

The hardness measurements were conducted using a Vickers microhardness indenter in a 
Shimadzu 202 machine with an applied load of 2000 mN. The deformation behavior was also 
studied before and after ECAP using uniaxial tensile testing with a computer-controlled hydraulic 
mechanical testing MTS 810 machine. The direction of tension was parallel to the longitudinal axis 
of each billet. The local mechanical behavior of different samples was examined by taking 
nanohardness measurements using a UMIS nanoindentation device with a Berkovich indenter and 
applying a maximum load of 5 mN. A series of 400 indentations was recorded with the indents 
arranged in a 20 × 20 matrix with a distance of 20 µm between neighboring indents. 

The microstructure was investigated by a JEOL-200CX transmission electron microscope 
(TEM) operating at 200 kV. The TEM foils were taken from the centre of the cross section 
perpendicular to the axis of the output channel of the last ECAP pass. The dislocation density in the 
ECAP-processed samples was determined by X-ray diffraction line profile analysis using a special 
high-resolution diffractometer (Nonius FR591) with CuKα1 radiation. The line profiles were 
evaluated by the extended Convolutional Multiple Whole Profile (eCMWP) fitting procedure [17]. 
The formation and dissolution of precipitates were examined using differential scanning calorimetry 
(DSC) at 10 K/min heating rate from 300 to 750 K in a Perkin-Elmer DSC2 calorimeter. 

Results and Discussion 

1) Strategy for ECAP processing at room temperature 
 

Figure 1 shows four representative billets of the two alloys after a solution heat-treatment and 
water quenching followed by naturally aging at RT and then processing through one pass of ECAP 
at RT.  Figures 1(a) and (b) correspond to the Al-Zn-Mg-Zr and the Al-Zn-Mg-Cu alloys, 
respectively, where there was pre-aging at RT for ~10 minutes prior to processing by ECAP where 
the pre-aging corresponds to the small delay occurring between quenching and pressing.  Figures 
1(c) and (d) show the same two alloys where there was a pre-aging for an extended period of 7 days 
before processing by ECAP.  It is apparent from Fig. 1 that the occurrence of natural aging after 
quenching, and specifically the length of this pre-aging, has a very significant influence on the 
development of strain localization and the formation of cracks during ECAP.  Thus, in Figs 1(a) and 
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(b) the surfaces of both alloys are smooth after a short delay corresponding to an aging of ~10 
minutes at RT whereas in Fig. 1(c) the Al-Zn-Mg-Zr alloy shows the formation of intense shear 
bands after holding and aging of 1 week at RT.  Furthermore, Fig. 1(d) shows that the Al-Zn-Mg-
Cu alloy exhibits catastrophic cracking and segmentation when aging is permitted through 1 week 
at RT.  These results show the limited ductility of age-hardenable Al-Zn-Mg alloys during ECAP 
processing and they further demonstrate the importance of conducting the ECAP almost 
immediately following a solution heat-treatment and quenching. 

The macroscopic, even catastrophic, shear bands shown in Fig. 1 reflect unambiguously the 
combined effect of GP zones and SPD by ECAP. These results confirm that in order to avoid 
catastrophic shear bands caused by GP zones during ECAP the samples have to be processed by 
ECAP i) immediately after quenching, at least within the mentioned lifetime, ti, when the effect of 
GP zones is not so strong or ii) at elevated temperatures where GP zones (and other strengthening 
precipitates) cannot be formed. When applying the high temperature process (case ii), however, 
uncontrolled precipitation or undesirable recovery may occur in the samples. In the case of 
processing at RT, even immediately after quenching (case i), it must also be taken into account that 
the high density of dislocations produced already in the first ECAP pass can strongly accelerate the 
formation of GP zones. Therefore, there may be a detrimental effect of GP zones in subsequent 
passes. In the present work, when the samples were processed immediately (within 10 minutes) 
after quenching, the lower concentration Al-Zn-Mg-Zr alloy could be pressed by 7 passes and the 
more concentrated Al-Zn-Mg-Cu samples could undergo 3 passes in ECAP. This is in agreement 
with the report on a similar composition sample processed by ECAP for 2 passes at room 
temperature immediately after quenching [13].  

Figure 2 shows the hardness value, HV, as a function of aging time for (a) samples processed by 
1 pass in ECAP and (b) as a function of the number of passes in ECAP for samples pre-aged for the 
shortest time of 10 minutes: for comparison, the hardness values obtained on the quenched and 
naturally aged samples without ECAP are also plotted in Fig. 2(a). Considering the effect of natural 
aging, it is noted that the strengthening effect of GP zones is gradually enhanced up to about 1 year 
of aging time through storage at RT and thereafter the strength becomes saturated. The 
corresponding saturation hardness values of the lower concentration AlZnMgZr alloy and the higher 
concentration AlZnMgCu alloy are ~85 and ~185, respectively. 

These experimental results demonstrate that processing by ECAP, even by a single pass, 
typically improves the strength or hardness by ~10-40% compared to the saturation hardness.  
Furthermore, for both alloy compositions the strength attained by ECAP is not significantly 
dependent either upon the time of pre-aging at RT or even upon the number of passes of ECAP.  
This shows that the strength of these quenched AlZnMg alloys may be significantly enhanced by 
pressing through only 1 or 2 passes of ECAP without continuing to larger numbers of passes. This 
finding may have important practical significance because it is advantageous in industrial 
 

Figure 1: The surface topography of billets 
processed by ECAP for one pass: (a) the Al-
Zn-Mg-Zr alloy, (b) the Al-Zn-Mg-Cu alloy 
after quenching and pre-aging at room 
temperature for 10 minutes, (c) the Al-Zn-Mg-
Zr alloy and (d) the Al-Zn-Mg-Cu alloy after 
quenching and pre-aging at room temperature 
for 1 week. 
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applications to press through a minimum number of passes when using a continuous production 
facility [18].  Thus, the application of a small number of passes leads not only to a significant 
savings in time but also it reduces the possibility of micro-crack formation which often occurs 
during processing by SPD. 

2) Accelerating effect of ECAP on the precipitation in supersaturated alloys 
 

Figure 3 shows the DSC thermograms taken on four AlZnMgZr samples naturally aged and 
processed by ECAP under different conditions. The dislocation densities determined by X-ray 
diffraction of these samples were found to be the same, (6.5±1)x1014 m-2, within the experimental 
error. It can be seen from Fig. 3 that the DSC curves after different pre-aging and ECAP coincide, 
showing the same processes consisting of the dissolution of GP zones at the low temperature 
endothermic peak, the dissolution of the equilibrium η  phase particles at the high temperature 
endothermic peak, and the formation of ηη /′  precipitates at the exothermic peak (intermediate 
region). This result indicates the same GP zone microstructures formed in different naturally-aged 
and ECAP-processed samples explaining, together with the same dislocation densities, the same 
strength gained after ECAP depending neither on the time period of pre-aging at RT nor on the 
number of passes of ECAP. 
 
 
 
 
Figure 3: DSC thermograms taken on  

Al-Zn-Mg-Zr samples processed by  
ECAP under different conditions. 

 
 
 
 
 
 

Figure 2: The values of the Vickers microhardness (a) as a function of pre-aging 
time for the samples processed by only 1 pass in ECAP and (b) as a function of the 
number of passes in ECAP for samples pre-aged for 10 minutes: the hardness 
values recorded without ECAP are also shown in (a). 
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Figure 5: A TEM image showing the grain 

structure in the Al-Zn-Mg-Zr alloy after 
processing through 4 passes in ECAP. 

Figure 4 shows the DSC thermograms taken on the samples naturally aged for 10 minutes and 
processed by 1 pass in ECAP (denoted simply as ECAP) and on other samples subsequently aged at 
373 K or 413 K for 24 hours in the case of both AlZnMgCu and AlZnMgZr alloys 

In the case of the ECAP samples, which contain only GP zones as precipitates, the DSC curves 
show that after the dissolution of GP zones (at the first endothermic peak), the formation of the 
intermediate metastable η ′  phase and equilibrium η  phase particles practically overlap, resulting in 
a complex exothermic peak in both alloys. This overlapping indicates unambiguously that the 
ECAP process accelerates also the formation of η’ and η phase precipitates in supersaturated 
AlZnMg alloys. Because of this accelerating effect of the ECAP process, the formation of  
equilibrium phase (η ) particles is enhanced when the ECAP samples are subsequently aged 
isothermally in the temperature range between 373 and 413 K, where η ′  phase precipitates are 
dominantly formed in undeformed alloys of the same composition [1-4]. The accelerating effect of 
the ECAP process leads to the gradual disappearance of the first exothermic peak on the DSC 
curves of the ECAP samples aged at 373 K and 413 K. In the case of lower concentrated AlZnMgZr 
alloy, the exothermic peak of the samples aged at 413 K is missing, as shown in Fig. 4a, indicating 
a well-developed ηη /′  precipitate structure in this sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: DSC thermograms taken on a) Al-Zn-Mg-Zr and b) Al-Zn-Mg-Cu samples naturally aged 
for 10 min. and processed by 1 pass in ECAP and samples subsequently aged artificially. 
 

 
3) Improving effect of ECAP on the ductility of the age-hardenable AlZnMg alloys.  

 
In a previous paper [19], it was shown by 

TEM that microscopic shear bands developed in 
AlZnMg samples processed by 1 pass of ECAP. 
These bands have relatively high dislocation 
densities surrounded by regions having 
relatively low dislocation densities so that the 
microstructure is inhomogenous. This sandwich-
like structure, in general, has a strengthening 
effect, but it is not so advantageous for the 
ductility of the materials. In practice, it is well 
established that the application of more passes 
in ECAP leads to a higher fraction of boundaries 
having high angles of misorientation and this is 
important in promoting deformation 
mechanisms such as grain boundary sliding [20-
25]. The TEM image in Fig. 5 shows the 
microstructure of the Al-Zn-Mg-Zr alloy 
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Figure 6: ,anohardness distributions in 
AlZnMgZr samples (a) only aged at RT for 
1 week, (b) in a sample aged for 10 min. at 
RT and ECAP-processed for 1 pass and (c) 
in a sample aged for 10 min. at RT and 
ECAP-processed for 4 passes.  
 

processed through 4 passes by ECAP at RT, revealing a much more homogenous structure having 
an average grain size of ~300 nm, which is essentially smaller than that obtained in the same alloy 
processed through 8 passes at a high temperature of 473 K [15]. The results of X-ray diffraction and 
mechanical investigations also show that both the average dislocation density (of 

214 m10)7.05.6( −⋅± ) and the hardness (of 135) of the sample processed for 4 passes at RT in the 

present work are higher than for the samples processed at 473 K ( 214 m10)4.02.3( −⋅±  and 85 [15], 
respectively). These measurements also confirm, therefore, the advantages of processing 
supersaturated alloys by ECAP at RT to avoid additional precipitation and microstructural recovery. 
 

      The different degree of homogeneity in the 
microstructure of the ECAP samples suggests that 
there is also a difference in the fluctuation of local 
mechanical properties of the samples processed by 
different passes in ECAP. The spatial distribution of 
the strengthening effect of several structural 
characteristics such as micro-shear-bands, grain 
boundaries and precipitates, was monitored by 
making a hardness map on the surface by 
nanoindentation. Figure 6 shows the nanohardness 
distributions in an AlZnMgZr sample only aged at 
RT for 1 week (Fig. 6a), in a sample aged for 10 min 
at RT and ECAP-processed for 1 pass (Fig. 6b) and 
in a sample aged for 10 min at RT and ECAP-
processed for 4 passes (Fig. 6c). Thus, the hardness 
distribution changes significantly as a function of 
ECAP passes. Specifically, after only 1 pass in 
ECAP the hardness distribution is bi-modal 
characterizing the behavior of undeformed regions at 
lower hardness values and of the highly deformed 
regions at higher hardness values. These two 
characteristic regions reflect the existence of the 
shear bands as discussed previously [19]. It can be 
seen that the distribution obtained for the sample 
processed by 4 passes indicates unambiguously a 
more homogenous microstructure in this sample. 
                           
      Figure 7 shows the stress-elongation curves for 
the same samples as in Fig. 6. As already noted with 
reference to Fig. 1, because of the strengthening 
effect of the GP zones it is difficult to deform the 
age-hardenable AlZnMg samples. The results of 
tensile testing show that AlZnMgZr samples aged at 
RT for a long period of time (for 1 week or longer) 
can be deformed by only 13% elongation. 
Furthermore, the application of the ECAP process 
may increase not only the strength but also the 
ductility of the age-hardenable samples after a 
certain number of ECAP passes.  For example, the 
elongation of the sample processed by 4 passes is 
increased to about 15%. 
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      Although more systematic investigations 
should be conducted to clarify the effect of a 
combination of natural aging and the severe 
plastic deformation (SPD) produced by Equal-
Channel Angular Pressing (ECAP) on the ductility 
of the samples, it seems that the larger fraction of 
high-angle boundaries facilitates grain boundary 
sliding and this in turn improves the ductility of 
the age-hardenable alloys despite the well-
documented non-advantageous effect of the GP 
zones.  It is readily apparent from these early 
investigations that the processing of age-
hardenable aluminum alloys by ECAP is relatively 
complex and it is possible to significantly 
influence both the feasibility of conducting the 

ECAP by avoiding premature cracking and the strength and ductility of the finished as-pressed 
product. These results have important implications for the future use and development of SPD 
processing for these industrial alloys.  

Summary 

The effect of a combination of natural pre-ageing and severe plastic deformation produced by 
Equal-Channel Angular Pressing on the microstructural and mechanical properties of age-
hardenable AlZnMg alloys was investigated. The investigation reveals a critical strategy for the 
successful processing of age-hardenable alloys by conducting the processing immediately following 
quenching from the solution heat-treatment temperature. The results also demonstrate several 
advantages of the ECAP processing for these alloys. It is shown that in order to improve the 
strength by using ECAP, it is sufficient to process supersaturated AlZnMg alloys up to only 1 or 2 
passes, reducing the possibility of the formation of micro-cracks often formed during SPD. 
Furthermore, the application of the ECAP process may increase not only the strength but also the 
ductility of the age-hardenable samples after a certain number of ECAP passes, when a large 
fraction of high-angle boundaries developed during repeated ECAP processes facilitates grain 
boundary sliding. This in turn improves the ductility of age-hardenable alloys despite the non-
advantageous effect of precipitates formed in the materials. 

Acknowledgements 

This work was supported in part by the Hungarian Scientific Research Fund, OTKA, Grant No. 
K67692 (NQC, JG and JL) and in part by Polish Ministry of the Science and Information Society 
Technologies as the Project No.3 T08A 067 28 (TC), as well as by the National Science Foundation 
of the United States under Grant No. DMR-0243331 (TGL). In addition, NQC thanks the 
Hungarian-American Enterprise Scholarship Fund for support and JG is grateful for the support of a 
Bolyai János Research Scholarship of the Hungarian Academy of Sciences. 

References 

1. L. F. Mondolfo, Int. Metall. Rev. 153 (1971) 95. 

2. I. J. Polmear, "Light Alloys", Butterworth-Heinemann, 3rd edn., London (1995) 

3. H. Löffler, I. Kovács and J. Lendvai, J. Mater. Sci. 18 (1983) 2215. 

4. J. Lendvai, Mater. Sci. Forum 217-222 (1996) 43. 

5. G. Sha, A. Cerezo, Acta Mater. 52 (2004) 4503.  

Figure 7: Stress-elongation curves 
obtained by tensile testing of the 
samples shown in Fig. 6.  
 

Materials Science Forum Vols. 633-634 533

http://www.scientific.net/feedback/72448
http://www.scientific.net/feedback/72448


6. N. Q. Chinh, J. Lendvai, D. H. Ping, K. Hono, J. Alloys Comp. 378 (2004) 52. 

7. A. H. Cottrell, Phil. Mag. 44 (1953) 829. 

8. A. Van den Beukel, Phys. Stat. Sol. (a) 30 (1975) 197. 

9. L. P. Kubin and Y. Estrin, Acta Metall. 38 (1990) 697. 

10. P. Hähner, Mater. Sci. Eng. A 207 (1996) 208. 

11. D. Wang and Z.Y. Ma, J. All. Comp., in press (2008) 

12. C. Xu, M. Furukawa, Z. Horita, T. G. Langdon, Acta Mater. 51 (2003) 6139. 

13. Y. H. Zhao, X. Z. Liao, Z. Jin, R. Z. Valiev, Y. T. Zhu, Acta Mater. 52 (2004) 4589. 

14. C. Xu, M. Furukawa, Z. Horita, T. G. Langdon, Acta Mater. 53 (2005) 749. 

15. J. Gubicza, I. Schiller, N. Q. Chinh, J. Illy, Z. Horita, T. G. Langdon, Mater. Sci. Eng A 460-
461 (2007) 77. 

16. M. Furukawa, Y. Iwahashi, Z. Horita, M. Nemoto, T.G. Langdon, Mater. Sci. Eng. A 257 
(1998) 328. 

17. L. Balogh, G. Ribárik, T. Ungár, J. Appl. Phys. 100 (2006) 023512. 

18. K. Venkateswarlu, M. Ghosh, A.K. Ray, C. Xu, T.G. Langdon, Mater. Sci. Eng. A 485 (2008) 
476. 

19. N. Q. Chinh, J. Gubicza, T. Czeppe, J. Lendvai, Z. Hegedűs, C. Xu and T. G. Langdon, Mater. 
Sci. Forum 584-586 (2008) 501. 

20. Z. Horita, M. Furukawa, M. Nemoto, A. J. Barnes and T. G. Langdon, Acta Mater. 48 (2000) 
3633. 

21. Y. Huang, T.G. Langdon, J. Mater. Sci. 37 (2002) 4993. 

22. Y. Huang, T.G. Langdon, Mater. Sci. Eng. A 358 (2003) 114. 

23. N. Q. Chinh, P. Szommer, Z. Horita, T. G. Langdon, Adv. Mater. 18 (2006) 34. 

24. R.Z: Valiev and T. G. Langdon, Prog.Mater. Sci. 51 (2006) 881. 

25. N.Q. Chinh, J. Gubicza, T.G. Langdon, J. Mater. Sci. 42 (2007) 1594. 

 
 

534 Ductility of Bulk Nanostructured Materials

http://www.scientific.net/feedback/72448
http://www.scientific.net/feedback/72448

