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Abstract 

An artificially aged Al-Zn-Mg alloy with a grain size of ~ 1.3 m was processed by equal-

channel angular pressing (ECAP) and then subjected to dynamic compression at a strain rate of 

4000 s
-1 

in the range from room temperature to 673 K.  The results show the η phase is refined 

and a η phase is formed during the first pass of ECAP and after further processing 8 passes the 

GP zones are removed. An ultrafine-grained (UFG) structure with an average grain size of ~200 

nm was obtained after 4 passes. It is shown that dynamic compressive deformation assists the 

precipitation process through precipitate coalescence and by changing the precipitate orientations. 

The dynamic compressive yield strengths and flow stresses decrease gradually to different 

degrees with increasing temperature except after ECAP processing for 4 passes where there is 

thermal stability up to 473 K.  The ECAP processing significantly improves the strength of the 

alloy at elevated temperatures by comparison with the as-received material.  
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1. Introduction 

Al-Zn-Mg alloys are used extensively as structural materials in the aerospace and 

automobile industries due to their high strength-to-weight ratio. There is nevertheless much 

interest in further enhancing the mechanical properties of these alloys [1-4]. It is well-known that 

the ultrafine-grained (UFG) materials produced by severe plastic deformation (SPD) processing 

exhibit significantly higher strength by comparison with their coarse grained (CG) counterparts 

[5-7]. Among the various SPD processing methods, equal-channel angular pressing (ECAP) is 

especially attractive because it can be scaled-up relatively easily to produce large bulk UFG 

materials that may be used in structural applications [8]. 

Early research on the ECAP processing of Al alloys was generally focused on the 

significance of the grain refinement [9-12]. More recently, there is a growing interest in 

investigating the coupling effect of grain refinement and the introduction of dislocations and 

precipitation on the strength of Al alloys [13,14].  Very recent experiments showed that a UFG 

7075 alloy processed by ECAP for only 4 passes achieved maximum tensile properties due to the 

presence of many fine η phases and minor quantities of GP zones distributed in fine grains 

having a size of less than 600 nm [15]. Another study showed that the yield strength of the 7005 

alloy was remarkably increased after 7 ECAP passes due to a combination of precipitation 

strengthening, dislocation strengthening and grain boundary strengthening [16].  

To date, many researchers have studied the quasi-static mechanical properties of these UFG 

precipitate-hardened Al alloys processed by ECAP including Al-Zn-Mg alloys  Nevertheless, 

only very limited information is at present available on the dynamic properties of UFG Al-Zn-
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Mg alloys [17] although this information is an important prerequisite for making use of these 

alloys in many structural applications. For example, during subsequent service these alloys are 

often subjected to dynamic shock loading as in an automobile crash or when a bird strikes an 

aircraft fuselage or wing during operation.  Therefore, it is important to determine the dynamic 

response of these alloys in impact loading. 

Accordingly, the aim of this research was to investigate the effect of ECAP processing on 

the dynamic mechanical properties of an Al-Zn-Mg alloy over the temperature range from room 

temperature (RT) to 673 K. In addition, the microstructural evolution, including grain size and 

the presence of dislocations and precipitates, was studied before and after dynamic compression. 

2.  Experimental material and procedures 

The experiments used an Al-Zn-Mg alloy having a chemical composition, in wt. %, of Al-

4.6Zn-2.58Mg-0.35Mn-0.2Cr. The alloy was received as a plate with a thickness of 22 mm 

following solution treatment at 743 K for 1 h and then artificial aging at 393 K for 24 h (T6 

treatment): this is designated the as-received condition.  Billets with 9.8 mm diameter and 65 

mm length were machined from the plates and then processed by 1, 4 or 8 passes of ECAP using 

route Bc in which the sample is rotated by 90° in the same sense between each pass [18].  The 

ECAP was conducted at 423 K using a pressing speed of 2 mm s
-1

 and a solid die with an 

internal channel angle of 90° and an outer arc of curvature of 20° so that a strain of ~1 was 

imposed on the sample in each separate pass [19].  

For dynamic testing, cylindrical specimens with diameters of 5 mm and heights of 4 mm 

were cut from both the ECAP-processed billets along the pressing direction and the as-received 

Al-Zn-Mg alloy plate. Dynamic compression testing was carried out at various temperatures 

from RT to 673 K at a strain rate of 4000 s
-1

 using a conventional split Hopkinson pressure bar 
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(SHPB) described earlier [20].  Elevated temperatures were obtained using a small furnace 

placed between the input and output bars of the SHPB setup. Before the dynamic testing, each 

specimen was held at the required temperature for 10 min to ensure a uniform temperature 

distribution throughout the sample. The microstructures of the as-received and the ECAP-

processed alloy were characterized before and after dynamic compression using transmission 

electron microscopy (TEM) with an F20 Field Emission TEM and JEM 2100 LaB6 operating at 

200 kV. For TEM characterization, thin foils of the materials were cut from the cross-sections of 

each billet which are perpendicular to the pressing direction. The foils were thinned to ~110 μm 

by mechanical grinding using grit papers ranging from 800 to 2000 mesh followed by thinning to 

electron transparency using a Gatan Dual Ion Milling System. The dislocation densities were 

evaluated using a D8 Advanced Bruker X-ray diffraction (XRD) facility. 

3.  Experimental results 

3.1 Dynamic mechanical properties 

The true stress-true strain curves of the as-received and the ECAP-processed alloy are 

shown in Fig. 1 for temperatures from RT to 673 K at a strain rate of 4000 s
-1

: the plots in Fig. 1 

are for (a) the as-received condition and after ECAP processing through (b) 1, (c) 4 and (d) 8 

passes.  It is readily apparent that the dynamic compressive yield strengths and flow stresses 

decrease gradually with increasing temperature. 
 
The reduction in the yield stress for the as-

received alloy between RT and 673 K is ~300 MPa whereas after ECAP processing for 1, 4 and 

8 passes the decrements are ~250, ~150 and ~180 MPa, respectively. The temperature sensitivity 

of the yield strength and the flow stress are reduced after ECAP processing. Moreover, the flow 

stresses of the alloy subjected to ECAP processing for 4 passes in Fig. 1(c) exhibit thermal 

stability up to 473 K. 
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By comparison, the alloy processed by ECAP has higher strength than the as-received 

material. The yield strength and peak stress of samples processed through 1 pass of ECAP at RT 

are 590 and 640 MPa, respectively, and this is higher than for the as-received material.  At the 

higher temperatures, the alloy possesses a much higher strength after ECAP processing than in 

the as-received condition.  Thus, the yield strength and peak stress after ECAP for 4 passes at 

373 K are approximately 25% and 12% higher than the as-received material but these numbers 

are increased to 50% and 40% at 673 K.  In addition, there is only a minor difference in the flow 

stresses at RT for the samples processed by different numbers of ECAP passes although the alloy 

subjected to 4 ECAP passes exhibits the highest strength at elevated temperatures. 

3.2 Microstructure characterization before dynamic testing 

Typical microstructures of the alloy before dynamic testing are depicted in Fig. 2 for (a) the 

as-received condition and after ECAP through (b) 1, (c) 4 and (d) 8 passes.  It is apparent from 

Fig. 2(a) that the as-received material has an average grain size of ~1.3 μm with a large number 

of precipitates of ~120 nm in length distributed reasonably homogeneously and a few 

dislocations observed near some grain boundaries. The precipitates for these same samples are 

shown by the higher magnification images including the selected area electron diffraction 

(SAED)   patterns in Fig.3. In Fig. 3(a) the precipitates in the as-received alloy are mainly GP 

zones and coarse η phases as verified by the SAED pattern. Diffraction spots were observed in 

the <322> zone axis where diffuse spots of GP zones at 1/3 {133} were present with η spots 

[21,22]. The microstructure after 1 pass of ECAP in Fig. 2(b) shows an elongated dislocation cell 

structure having a few platelet precipitates with the same size as observed in the as-received 

material in Fig.2(a) . Numerous very fine spherical precipitates, verified by Fig.3 (b) in which 
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indexing along <110> shows the presence of some GP zones as well as η and a few η phases 

[21-23].  

Figure 2(c) reveals the presence of well-defined equiaxed grains after ECAP for 4 passes 

and this replaces the band-like dislocations substructure. Also, these precipitates are 

predominantly η and η phases with weak spots of few retained GP zones as verified along <112> 

in the diffraction pattern displayed in Fig. 3 (c). The weak diffraction at {311}/2 is from GP (II) 

zones [24] and the diffraction spots close to {111} are from η and η at ¾{220} [25,26]. Finally, 

it is apparent from Fig. 2 (d) that further ECAP processing to 8 passes leads to additional grain 

refinement and, in addition, it is apparent from Fig. 3 (d) that the sizes of the dominant 

precipitates are slightly increased. The precipitation spots are in the orientations of η2 and η1 

[27,28]. 

The average grain sizes of the samples subjected to 4 and 8 passes of ECAP were estimated 

using the linear intercept method and the mean grain sizes were ~200 and ~190 nm after 4 and 8 

passes, respectively. The dislocation densities were estimated by XRD using the modified 

Williamson-Hall method [29] and the values were 2.5 × 10
13

, 3.5 × 10
14

, 3.2 × 10
14 

and 3.3 × 

10
14 

m
-2

 for the as-received and after processing through 1, 4 and 8 passes, respectively. For 

convenience, the microstructural features in Figs. 2 and 3 are summarized in Table 1.  

3.3 Microstructures after dynamic testing 

Figure 4 shows typical TEM micrographs of the as-received and the ECAP-processed alloy 

after dynamic testing at a strain rate of ~4000 s
-1 

at RT (top row), 473 (middle row) and 673 K 

(bottom row), respectively. Fig.5 (a)-(l) shows the corresponding SAED of Fig.4 (a)-(l). Fig. 4(a) 

shows that the microstructure of the as-received alloy tested at RT exhibits a high density of 

dislocations and precipitates mainly in the form of η phases and GP zones, and this is confirmed 
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by the SAED shown in Fig. 5(a) along <411> containing diffraction of η2 along <011> and GP 

zones at {1,1/4,0} [24,27]. The dislocation density is reduced and the precipitates are in the form 

of η and η  after testing at 473 K in Fig. 4(e) and finally the formation of equiaxed grains due to 

partial dynamic recrystallization is evident at 673 K in Fig. 4(i).  Patterns associated with η  and 

η are shown in Fig. 5(e) along <112> and Fig. 5(i) along <011> projections [22,24,30]. An 

example of a coarse precipitate of ~35 nm is shown in Fig. 6(a) which has a hexagonal η as 

examined through fast Fourier transform (FFT).   

For the alloy subjected to 1 pass of ECAP, the microstructure after dynamic testing at RT 

shown in Fig. 4(b) exhibits tangled dislocations with fine η precipitates, as proven by the 

corresponding <110> SAED in Fig. 5(b). New subgrains and a lower dislocation density are 

observed at 473 K in Fig. 4(f) where the precipitates in the matrix are primarily in the form of η 

precipitates with some precipitation of η as indexed in Fig. 5(f). At 673 K there is a polygonized 

structure with a high density of dislocations as shown in Fig. 4(j). The corresponding SAED 

shows diffraction spots of precipitates scattered along the white ring patterns of the η and η [25].  

Experimental evidence of precipitate coalescence at 673 K is shown in Fig. 6(b) for the merging 

of two η precipitates.  

Figures 4(c) and (g) show the microstructures of the alloy after 4 passes of ECAP followed 

by dynamic testing at RT and 473 K, respectively. These images reveal the presence of high 

dislocation densities arranged in the form of tangles. The precipitations are mainly η and η as 

observed in Fig. 5(c) and 5(g). At 673 K equiaxed grains are visible with an average size of ~900 

nm as shown in Fig. 4(k). In addition, the η and η phases are coarsened at 673 K which display 

random orientations along <110> as shown in Fig. 5(k). The diffracted spots located in the first 

circle to the center spot belong to η along {1121} and {0008}. The outer circles spots are 
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referred to η which displays different orientations with the presence of GP zones along {311}/2 

[22,25]. 

The microstructures of the alloy processed by 8 passes of ECAP and tested dynamically are 

shown in Fig. 4(d), (h) and (l). In Fig. 4(h) there are a small number of small equiaxed grains 

formed due to recrystallization when testing at 473 K.  Equiaxed grains are also formed with an 

average grain size of ~800 nm at 673 K in Fig. 4(l). Spots of η and η are observed along <112> 

and <110> in Fig.5(d) and Fig.5(h), respectively. In addition, there are high densities of 

precipitates consisting of η and η phases after dynamic deformation at temperatures from RT to 

673 K. Inspection of the SAED pattern in Fig. 5(l) shows a circle of GP zones, η and η 

precipitates. The first circle surrounding the central spot refers to η precipitates along {11 2 0}, 

the second circle is for the η and GP zones and the outward 3 rings refer to η precipitates [22,25-

26].  The presence of GP zones in the diffraction patterns of Figs. 5(k) and 5(l) suggest dynamic 

precipitation (DPN) as there are no GP zones before testing in Fig. 3. Furthermore, the presence 

of η phases along different diffraction rings indicates that these precipitates have different 

orientations which indicate that the accumulated strain produced by dynamic compression 

significantly alters the η orientations.   

4. Discussion 

4.1 Precipitation evolution during ECAP 

The precipitation evolution during ECAP processing is significantly different from the as-

received Al-Zn-Mg alloy. The corresponding SAED patterns in Fig. 3 reveal that the dominant 

precipitates are η and η after ECAP for 4 and 8 passes while GP zones and η phases are 

predominant for the material subjected to a single ECAP pass and also for the as-received 

material. Moreover, the size of a majority of the η precipitates is significantly decreased after 1 
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ECAP pass which may be a direct consequence of shearing of the η precipitates by dislocations 

during the ECAP processing as observed in Fig. 3 (b) or the formation of new η precipitates 

from GP zones [26,31]. Precipitation fragmentation during ECAP was also reported earlier in Al-

Cu, Al-Mg-Si and 7034 alloys [32-34].  Thus, increasing the ECAP to 4 passes means that the η 

phases are formed and there is a further increase in size with increasing to 8 passes.  

The absence of GP zones after ECAP for 8 passes confirms that the precipitation process 

transforms the GP zones to η and η with subsequent coarsening. The size of η grows by ~60% 

when increasing the ECAP passes from 1 to 8. Therefore, it is concluded that ECAP processing 

affects the precipitation thermodynamics by promoting isotropic growth and by forming 

equiaxed η precipitates [26].  

4.2 Precipitation evolution during dynamic compression 

With increasing temperature for dynamic testing, the η precipitates grow slightly and η 

particles appear for both the as-received alloy and after ECAP processing for 1 pass.  The 

coalescence of two η precipitates was observed in the ECAP processed material after 1 pass at 

673 K as shown in Fig. 6(b).  This demonstrates that precipitates may merge and coarsen during 

dynamic testing.  

GP zones were observed in the alloy after 8 passes of ECAP and further dynamic testing.  

However, these solute-enriched regions were not found before dynamic testing in the alloy 

processed by ECAP for 8 passes.  In addition, dislocations can assist DPN through the formation 

of lath-like η by pipe diffusion paths that increase the overall diffusion rate [35]. Accordingly, 

Fig. 4(l) shows lath-like η in or close to dislocations.  

The microstructure of the alloy subjected to ECAP processing and further dynamic testing 

at 673 K contained coarser precipitates than the other tested samples and this ultimately leads to 
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a more random orientation of the η phase as shown in Fig. 5. This may be attributed to an 

increase in the surface energy at the interface between the precipitates and the matrix after SPD 

whereby the higher energy at the interface promotes the growth of precipitates [26]. The 

coarsening of precipitates may also be attributed to the higher dislocation density during ECAP 

for additional 4 passes. It has been proposed that the nucleation and coarsening of precipitates 

may be assisted by dislocations through a heterogeneous nucleation process [36]. 

4.3 Temperature dependence of the dynamic compressive properties 

The temperature dependence of the yield strength in the Al-Zn-Mg alloy subjected to 

dynamic testing in the as-received and the ECAP-processed condition is depicted in Fig. 7. Thus, 

increasing the testing temperature from RT to 673 K leads to a gradual decrease of the yield 

strength in the as-received alloy and in the material processed by 1 ECAP pass. Part of the 

strength in the as-received alloy comes from a restriction to dislocation motion due to the large 

number of GP zones in addition to the lattice strain interactions between precipitates of semi-

coherent η and the dislocations. Therefore, increasing the testing temperature accelerates the rate 

of dislocation annihilation and ultimately leads to a reduction in yield strength. After ECAP for 1 

pass, the increase in strength over the as-received alloy is attributed to the higher density of 

dislocations and the finer GP zones and η. Furthermore, the yield strength after 1 pass of ECAP 

also decreases as a result of recovery similar to the as-received material.  

By contrast, the UFG structure with a large number of precipitates obtained by ECAP for 4 

passes possesses an exceptional thermal stability at temperatures up to 473 K. The reason for this 

stability may be evaluated by considering the precipitation during dynamic testing at different 

temperatures. There are no overall differences in the microstructure of the alloy subjected to 4 

passes of ECAP and further dynamic testing within the temperature interval from RT to 473 K. 
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After dynamic straining over this temperature range, it is readily apparent from the TEM images 

displayed in Figs. 4(c) and (g) that the presence of fine precipitates effectively pins the grain 

boundaries and dislocations and therefore the migration rate of grain boundaries and dislocations 

is restricted. The situation is different after 8 passes of ECAP as the coarser precipitates observed 

in Figs. 4(h) and (l) provide a lower drag force to hinder the grain boundary and dislocation 

movement and the material partially recrystallizes at 473 K as in Fig. 4(h).  

The mechanical strength of the alloy after 4 and 8 passes of ECAP and further dynamic 

testing at 673 K is improved by comparison with both the as-received alloy and the alloy 

processed by ECAP for 1 pass because the spheroidal precipitates effectively prevent grain 

growth and η provides the presence of athermal long range barriers for dislocation movement.  

The flow stresses are up to ~150 MPa higher than in the as-received material after ECAP through 

4 passes and dynamic straining at temperature from 373 to 673 K.  Accordingly, it is concluded 

that SPD processing is a valuable procedure for producing automotive components such as 

sensors and actuators that will be used in high temperature environments. 

4.4 The work hardening rates 

In order to compare the work hardening and dynamic softening at different testing 

temperatures, the work hardening rate, θ (= dσ/dε, where σ is the true stress and ε is the true 

strain), is plotted as a function of the true strain for various conditions in Fig. 8. It is evident that 

the relation of θ to strain can be divided into three stages at all experimental conditions following 

strain hardening theory [37-39]. Initially, the value of θ is positive at low strains when 

dislocation accumulation is dominant. With further straining θ decreases until it reaches zero 

value indicating a balance between strain hardening and dynamic softening at this point. This is 

followed by stage II which is characterized by fluctuations of θ around the zero line. Generally in 
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this stage the strain hardening is slightly greater than dynamic softening and it is also shown in 

Fig.1 that the flow stress further slightly increases with strain increasing in the same strain range. 

The apparent wave-like perturbations of the work hardening rates are probably due to variations 

in the rates of dynamic recovery and dislocation accumulation in the presence of non-shearable 

precipitates which also acts as a hardening mechanism [40-43]. Stage III is initiated when the 

values of θ become zero at a certain strain and is maintained negative with further straining. In 

this final stage, dynamic softening is caused by dynamic recovery or dynamic recrystallization 

may be overwhelming [44]. 

The starting point of stage III represents the beginning of dynamic softening and this is 

sensitive to the testing temperature and ECAP processing. An examination of the values of the 

starting strain for stage III for the as-received and the ECAP-processed materials in Fig.8 shows 

that the sample at 4 passes possesses the highest resistance to dynamic softening when tested at 

RT and 473 K because the strains are 0.32 and 0.34, respectively, and these values are higher 

than any other experimental conditions. This is consistent with the exceptional thermal stability 

of the alloy processed by ECAP for 4P at temperatures up to 473 K as shown in Fig.7 and 

analyzed by evaluating Fig.4(c) and (g).  However, the starting strain of dynamic softening tested 

at 673 K for the alloy after ECAP for 1, 4 and 8 passes decreases to no more than ~0.22 and this 

is lower than the as-received material with a value of ~0.31. This is attributed to the occurrence 

of earlier recrystallization at 673K for the ECAP-processed materials as demonstrated in Fig. 4 

[45].  

5. Summary and conclusions 
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1.  An Al-Zn-Mg alloy with a grain size of ~ 1.3 m was processed by ECAP at 423 K from 

1 to 8 passes and then tested dynamically at a strain rate of 4000 s
-1

 at temperatures from RT to 

673 K. 

2. Processing by ECAP produced fairly homogeneous grain structures with average grain 

sizes of ~200 and ~190 nm after ECAP through 4 and 8 passes, respectively.  The as-received 

alloy contained GP zones and coarse plate-like η.  The experiments show the η phase is refined 

a η phase is formed during the first pass of ECAP and after further processing to 8 passes the GP 

zones are removed.  In addition, dynamic straining at a high strain rate assists the precipitation 

process through dynamic precipitation, the coalescence of precipitates and through changes in 

the precipitate orientations. 

3. The dynamic compressive yield strengths and flow stresses of the as-received and the 

ECAP-processed alloy decrease gradually to different degrees with increasing temperature, 

except for the alloy after 4 passes of ECAP which exhibit thermal stability up to 473 K due to the 

presence of nano-sized η and η precipitates which restrict grain boundary migration and 

recrystallization.  

4. Excellent mechanical properties were achieved after processing the alloy by ECAP.  Both 

the yield strength and peak stress were superior by comparison with the as-received material 

when dynamically deformed at temperatures ranging from RT to 673 K.  Specifically, in the 

interval from 373 to 673 K the flow stresses after 4 passes of ECAP was ~150 MPa higher than 

in the as-received alloy. 
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Table 1. Summary of microstructural features observed in the as-received and ECAP processed Al-Zn-Mg alloy. 

 

  

  As-received 1  ECAP pass  4  ECAP passes 8 ECAP passes 

Average grain  size  1.3 μm 800 nm in width 200 nm 190 nm 

Precipitates Type GP zones η’ GP zones η’ η’ η η’ η 

Precipitates Morphology spherical 
Plate- 

like 
spherical 

Plate- 

like 
spherical 

Oval-

like 
spherical 

Oval-

like 

Precipitates size (nm) 5 120 3.9 5(120) 13 60 18 65 

Dislocations density (m-2) 2.5 × 1013 3.5 × 1014 3.2 ×1014 3.25 × 1014 
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Fig. 1 True stress-strain curves of Al-Zn-Mg alloy deformed at 4000 s
-1

: (a) as-received and after 

ECAP for  (b) 1 pass, (c) 4 passes and (d)  8 passes. 
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Fig. 2 TEM micrographs of the alloy (a) as-received and after ECAP for (b) 1 pass, (c) 4 passes and (d) 8 

passes. 
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Fig. 3 TEM micrographs of Al-Zn-Mg alloy and corresponding SAED patterns (a) as-received and after ECAP 

for (b) 1 pass, (c) 4 passes and (d) 8 passes. 
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Fig. 4 Representative micrographs of the alloy processed by ECAP and then dynamically tested at 4000 

s
-1

 at RT (top row), 473 (middle row) and 673 K (bottom row). 
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Fig. 5 SAED patterns of Al-Zn-Mg alloy processed by ECAP and then dynamically tested at 4000 s
-1

 and at RT (top 

row), 473 (middle row) and 673 K (bottom row). 
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Fig. 6 TEM and FFT of (a) η’ precipitates in the as-received Al-Zn-Mg alloy tested at 673 K and (b) two η’ 

precipitates in the alloy processed by 1 pass of ECAP and then tested at 673 K. 
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Fig. 7 Temperature dependence of the yield strength of the alloy in the as-received and ECAP-processed conditions. 
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Fig. 8 Strain hardening rate vs. true strain for (a) as-received material and after ECAP through (b) 1, (c) 4 and (d) 8 

passes of ECAP at different deformation temperatures with a strain rate of 4000 s
-1

. 

 

 




