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Abstract 

A supersaturated Al-Zn-Mg alloy was processed by dynamic plastic deformation (DPD) 

using a Split-Hopkinson pressure bar (SHPB) facility with strain range from 0.5 to 1.5 and 

then subjected to compressive testing at strain rates of 1×10
-3

 ~ 4×10
3
 s

-1
. The results show 

that there is concurrent occurrence of grain refinement, increase in dislocation density and 

precipitation of fine precipitates in different morphologies during DPD at strain over 1. This 

enhances the yield strength of the Al alloy after DPD over the as-received material in peak-

aging state (T6). Grains are refined through the formation of low angle grain boundaries 

(LAGBs) by rearrangement of dislocations which leads to the subdivision of original grains. 

Heterogeneous coarse precipitates mainly of T (Al20Cu2Mn3) and E (Al18Mg3Cr2) phases 

distribute along dislocations and grain boundaries after DPD. Dynamic precipitation of very 

fine η' and η during DPD occurs where the volume fraction of precipitates increases with 

increasing the number of presses. The influence of precipitates on the strain rate sensitivity is 

also discussed.  
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1. Introduction 

Dynamic plastic deformation (DPD) is an attractive technique providing the capability of 

achieving grain refinement after deformation at strain rates of the order of 10
2
-10

3
 s

-1
 [1-5]. 

Many different DPD processing methods have been developed including Split Hopkinson 

Pressure Bar (SHPB) or high-speed hammer impacting [6,7], Dynamic Channel Angular 

Pressing (DCAP) [8] and Dynamic High-Pressure Torsion (DHPT) [9]. Within these methods, 

SHPB impacting is an especially effective way for producing ultrafine-grained (UFG) 

materials through the multi-axial impact of rectangular samples or by the unidirectional 

impact of cylindrical samples at a high strain rate of ~10
3
 s

-1
 for several presses [6].  

Several reports are now available describing the evolution of microstructure and the 

underlying mechanical properties of aluminium (Al) and Al-based alloys after dynamic 

testing [10-16]. For example, it was shown that dynamic compression of a peak-aged Al-Zn-

Mg alloy at 4.0 × 10
3
 s

-1
 assists the precipitation process through precipitate coalescence [16]. 

Very recent experiments demonstrated that DHPT processing of pure Al enhanced the 

dislocation density and led to the formation of a finer cell structure leading to an improvement 

in hardness up to strains of   2.5 [17]. Another study found that after one DCAP pass in 3003 

and 5556 Al alloys the average grain size decreased to less than  0.5 μm with the presence of 

a high density of dislocations and an increase in hardness [18]. Thus, the grains are refined 

and this is assisted by dynamic recrystallization after increasing numbers of DCAP passes up 

to 4 [18]. In another related study, the microstructure of an Al-Cu-Mg alloy subjected to 

dynamic compression was primarily of dynamic recrystallized grains and dislocation 

accumulation led to an improved yield strength [19].  Accordingly, it is concluded that the 

processing of Al alloys by DPD can refine the grains, increase the dislocation density and 

produce enhanced mechanical properties.  
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Aluminium alloys are widely used in aerospace, automobile, and other structural 

applications due to their high strength-to-weight ratio and good fracture toughness [20-23]. In 

practice, they may be subjected to dynamic shock loading during service. For example, the 

striking of miscellaneous objects on armaments, the occurrence of flying bodies on landing 

and automotive driving collisions are cases in which the mechanical components experience 

high strain rate loadings [24]. Furthermore, understanding the material behaviour during 

deformation under different strain rates is of major importance for further developing these 

engineering applications [25]. There is also great interest in using Al alloys in aerospace 

applications, as in wing and fuselage structures, where these parts may be subjected to loading 

at different strain rates [21, 26-27]. In addition, the effect of precipitate evolution in 

plastically-deformed Al-Zn-Mg alloys on the mechanical properties at different strain rates 

has been rarely studied [28] and more investigations are required to understand the influence 

of microstructure on the strain rate dependence of the mechanical properties. 

A review shows that only limited data are available to date documenting the 

microstructural response and the mechanical behaviour of Al-Zn-Mg alloys at different strain 

rates after DPD processing for different strains. Accordingly, and in order to address this 

deficiency, the present investigation was initiated to examine the microstructural evolution 

and the mechanical behaviour of an Al-Zn-Mg alloy under quassi-static compression (1.0 × 

10
-3 

s
-1

) and under high strain rates (2.0 × 10
3
 s

-1 
and 4.0 × 10

3
 s

-1
) after processing by DPD 

using the SHPB procedure.     

2. Experimental material and procedures 

The investigated Al-Zn-Mg alloy has a chemical composition (wt.%) of Al-4.53 Zn-2.52 

Mg-0.35 Mn-0.2 Cr-0.11 Cu-0.1 Zr received as a plate in a T6 state (solid solution treatment 

at 743 K for 1 h and peak aging at 393 K for 24 h). The material was cut into cylinders with 

diameters of 14 mm and lengths of 18 mm and then were heated to an homogenization 
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temperature of 853 K and quenched in water followed by a solid solution (SS) treatment at 

743 K for 1 h and again quenched in water before DPD. The cylinders were subjected to DPD 

at a strain rate of ~10
3
 s

-1
 under uniaxial compression at room temperature (RT, ~298 K) 

using an SHPB facility as described earlier [29] with input and output bars having diameters 

of 30 mm. The Al alloy was pressed for 2, 4 and 6 times to reach strains of ~0.5, ~1.0 and 

~1.5 where the strain was estimated as ln(L0/Lf), where L0 and Lf  are the cylinder heights 

before and after the DPD processing, respectively. This processing combining a solid solution 

heat treatment and DPD processing is henceforth designated SS-DPD. 

Cylindrical compression specimens with 5 mm in diameter and 4 mm in height were cut 

from the as-received and the centres of the DPD-processed cylinders. Quasi-static 

compression testing was performed at room temperature under a strain rate of 1.0 × 10
-3

 s
-1

 

using an Instron testing machine. Dynamic testing at strain rates of 2.0 × 10
3
 and 4.0 × 10

3
 s

-1
 

were conducted using SHPB with input and output bars having diameters of 10 mm. The 

microstructures of the as-received and the SS-DPD processed alloy were characterized by 

Electron Backscatter Diffraction (EBSD) analysis by a scanning electron microscope (SEM) 

FEI Quanta 650F. The average grain size was measured from the grain boundary spacing 

determined using the linear intercept method. Low-angle grain boundaries (LAGBs) were 

defined as having misorientation differences from 2° to 15° and high-angle grain boundaries 

(HAGBs) had misorientations larger than 15°. Microstructures were observed also using 

transmission electron microscopy (TEM) with an F20 Field Emission TEM equipped with a 

scanning unit and an energy dispersive (EDS) detector operating at 200 kV. The TEM 

samples were prepared by electro-polishing as described earlier [30]. The average particle 

sizes were evaluated through calculating the mean of ~500 particles for each condition [31]. 

The foil thickness measurements were performed for quantifying the volume fraction of 

precipitates using convergent beam electron diffraction (CBED). The TEM region was tilted 
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to collect a two-beam condition with a dark Kikuchi line crossing the (000)Al bright disk and a 

bright Kikuchi line crossing the (220)Al dark disk in the CBED. A full detailed description of 

the thickness determination is given elsewhere [32]. 

3. Experimental results 

3.1 Mechanical behaviour at different strain rates 

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

shown in Fig. 1 for strain rates of (a) 1.0 × 10
-3

, (b) 2.0 × 10
3
 and (c) 4.0 × 10

3
 s

-1
. It is 

apparent that the yield strength increases with increasing numbers of DPD presses and DPD 

processing for over 4 presses enhances the yield strength under both quasi-static and dynamic 

testing by comparison with the as-received alloy in the T6 state. Thus, the yield strengths at 

1.0 × 10
-3 

s
-1

 after 4 and 6 presses are ~410 and ~450 MPa which are higher than the as-

received material by ~14% and ~22%, respectively. Similarly, they are higher by ~14% and 

~25% at 2.0 × 10
3 

s
-1 

and by ~8% and ~11% at 4.0 × 10
3
 s

-1
 than for the as-received condition 

tested at identical strain rates. However, the yield strengths of the Al alloy processed by DPD 

for 2 presses are lower than for the as-received alloy at all three stain rates. In addition, Fig.1 

shows the as-received alloy has a higher peak stress by comparison with the SS-DPD 

processed Al alloys due to its superior work hardening capability.   

It is evident that the yield strength increases with increasing strain rate from 1.0 × 10
-3 

to 

4.0 × 10
3
 s

-1
. The incremental increase in yield strength for the as-received alloy is ~20 MPa 

from 1.0 × 10
-3 

to 2.0 × 10
3
 s

-1 
and ~70 MPa from 2.0 × 10

3
 to 4.0 × 10

3
 s

-1
 while the 

increments are ~30 and ~120 MPa for the 2 presses of SS-DPD, ~30 and ~110 MPa for 4 

presses of SS-DPD and ~30 and ~100 MPa for 6 presses of SS-DPD with increasing strain 

rates from 1.0 × 10
-3 

to 2.0 × 10
3
 and 4.0 × 10

3
 s

-1
, respectively. Thus, it is concluded that 

there is a minor increase in the yield strength with increasing strain rate from 1.0 × 10
-3 

to 2.0 
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× 10
3
 s

-1
 in the as-received and the SS-DPD processed samples but a major increase when the 

strain rate is increased from 2.0 × 10
3
 to 4.0 × 10

3
 s

-1
.  

3.2. Microstructure characterization after DPD  

Typical EBSD orientation maps of the as-received and the SS-DPD processed alloy are 

shown in Fig. 2 where these maps were recorded on the transverse sections perpendicular to 

the compression direction. Inspection of Fig. 2(a) shows that the as-received alloy has mainly 

an elongated structure with HAGBs and some evolved equiaxed grains with average sizes of 

~1.3 μm. After 2 presses of SS-DPD the microstructure is again elongated but the grains are 

refined to ~1 μm as shown in Fig. 2(b). Increasing the numbers of presses to 4 leads to some 

coarse elongated grains transforming to equiaxed subgrains having fine LAGBs together with 

the presence of a few recrystallized grains as denoted by arrows in Fig. 2(c). A further 

increase to 6 presses and most elongated structures disappear so that more fine equiaxed 

grains are present with LAGBs as depicted by arrows in Fig. 2(d). The average grain sizes 

determined by EBSD after 4 and 6 presses were ~0.8 and ~0.7 μm, respectively.  

The misorientation angles for the as-received and the SS-DPD processed Al alloy are 

shown in Fig.3. It is apparent from Fig. 3(a) that the as-received alloy has a high fraction of 

LAGBs (~64%) and this fraction further increases after DPD to 78% and 86% when 

increasing from 2 to 6 presses as depicted in Figs 3(b-d). The increase in the LAGBs is due to 

the formation of more subgrains at higher DPD strains [33].  

The corresponding {111}Al pole figures for the as-received Al alloy and after DPD 

pressing are presented in Fig. 4. In Fig. 4(a) it is apparent that the texture in the as-received 

alloy is an annealing texture {110}<001>Al and a shear texture {100}<011> Al with a peak 

intensity of 4.29 MUD (multiple of uniform density) [34]. There is a strong texture of 

intensity 12.94 MUD after DPD processing for 2 presses where a cube texture {100}<001> Al 

is dominant as in Fig. 4(b) but this texture is transformed to shear {100}<011> Al in the DPD 
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processed Al alloys for 4 and 6 presses as in Figs. 4(c,d). The texture intensity is also high 

after 4 presses by 11.9 MUD and further increases to 15.37 after 6 presses which is attributed 

to the recrystallization during deformation [33]. 

Typical TEM micrographs of the supersaturated Al alloy followed by DPD processing 

are shown in Fig. 5. Inspection of Fig. 5(a) shows the microstructure after 2 presses of DPD 

has elongated grains containing dislocation tangles. The visible precipitates occurring 

primarily along grain boundaries and dislocations as displayed in Fig. 5(b) are spherical with 

diameters of ~40 nm or plate-like with average lengths of ~60 nm. The estimated volume 

fractions were ~0.05 0.004 for the spherical and ~0.03 0.004 for the platelets, respectively. 

Indexing along <110>Al showed the precipitates are G.P. zones along 1/3{220}Al, η' along 

{100}Al, η along {111}Al, T (Al20Cu2Mn3) along {123}Al and E (Al18Mg3Cr2) phase along 

{133}Al [35-37]. 

Fig. 5(c) shows grains and subgrains having high dislocation density after DPD for 4 

presses. The precipitates are mainly of η' along {100}Al, η along {111}Al , T phase along 

{123}Al and E phase along{331}Al as depicted in Fig. 5(d). The size of the spherical 

precipitates slightly decreases after 4 presses to ~35 nm and the platelet particles have average 

length of ~40 nm. The volume fraction of precipitates also increases after 4 presses to 

~0.055 0.003 for the spherical and ~0.04 0.002 for the platelets, respectively. 

After DPD processing for 6 presses, the elongated grains are replaced with some fine 

new grains which contains dislocation networks within the grains as shown in Fig. 5(e). The 

selected area electron diffraction (SAED) pattern in Fig. 5(f) shows that the precipitates are 

predominantly η' across {112}Al, η at {113}Al with diffraction spots of T phase along {032}Al 

and E phase along {113}Al. The average size of the spherical precipitates after 6 presses is 

~30 nm and the platelet average lengths are ~40 nm with increased volume fractions to 

~0.07 0.003 for the spherical and ~0.04 0.003 for the platelet precipitates, respectively. 
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Grain boundary precipitates (GBP) with spherical and platelet morphologies are observed 

along the grain boundaries as denoted by arrows in Figs. 5(b,d,f). It is clear that increasing the 

number of DPD presses leads to an increase in the number of precipitates across the GB. The 

dislocation densities were estimated by XRD and the values were ~2.5   10
13

, ~2.85   10
14

, 

~3.0   10
14

 and ~3.1   10
14

 m
-2

 in the as-received and the SS-DPD processed alloys after 2, 4 

and 6 presses, respectively. 

Fine G.P. zones and η precipitates were observed in the HRTEM micrographs and the 

corresponding fast Fourier transform (FFT) pattern presented in Fig. 6 after DPD for 2 presses 

[38]. Thus, Fig. 6(a) shows coarse T and E precipitates along dislocation tangles and at a 

higher magnification in Fig. 6(b) it is clear that the T and E phases are incoherent with the Al 

matrix which is consistent with earlier results [30].  

The overlapping of precipitates and the presence of fine η' and η precipitates are 

displayed in a series of TEM micrographs of the DPD sample after 4 presses in Fig. 7. Fig. 

7(a) shows coarse particles on dislocations with the presence of twinning within these 

particles and Fig. 7(b) displays selected fine η' and η precipitates with size ranges of  5 nm as 

identified by the FFT pattern. An η phase is observed attached to the T phase presented in the 

high resolution transmission electron microscopy (HRTEM) image of Fig. 7(c) where the η 

phase is identified through the FFT pattern along {111}Al. The inverse FFT pattern shows 

incoherency between the two phases along the {111}Al plane. Another fine η phase close to 

dislocations along {111}Al is attached to the T phase where the interface has three twinning 

planes along {022}Al as depicted in the HRTEM image and corresponding FFT pattern in Fig. 

7(d). Dislocations close to the precipitates lead to lattice distortions in the interfaces between 

the precipitates and the Al matrix which transform these dislocations into twins during severe 

straining [30, 39]. Fig. 8 shows TEM micrographs of the Al-Zn-Mg alloy processed by SS-

DPD for 6 presses. Coarse precipitates are present along the dislocations and grain boundaries 
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as shown in Fig. 8(a). HRTEM observations show the presence of fine platelet η precipitates 

having lengths of  ~12 nm across {011}Al as depicted in Fig. 8(b). Fig. 8(c) shows a HRTEM 

image of other fine η precipitates along dislocations with               15 nm. A selected E 

phase shows the presence of multiple twinning with the aid of HRTEM in Fig. 8(d) identified 

by the FFT pattern along {400}Al.  

4. Discussion 

41 The mechanism of grain refinement during DPD  

Observations of the Al alloy processed by DPD at ~10
3
 s

-1
 through EBSD and TEM 

show the occurrence of dynamic recrystallization. The Al alloy has a high stacking fault 

energy so that at the start of plastic deformation the multiple slip system promotes a dense 

dislocation wall formation on the slip planes [40]. LAGBs form subgrains by the 

rearrangement of dislocations [41] and therefore the initial stages of straining introduce high 

dislocation densities which rearrange in cellular substructures with further strain. This leads to 

a subdivision of the original grains into much more heavily misoriented small areas. The 

boundaries around these small areas are the so-called incidental boundaries which are 

essentially low-angle boundaries consisting of stored dislocations [42, 43]. Inspection of Fig. 

2 shows that the as-received material grains are elongated. During SS-DPD processing, the 

elongated grains after 2 SS-DPD presses start to evolve into finer grains with LAGBs at a 

DPD strain of 0.5 and these have a strong texture as presented in Fig. 4. Then with further 

dynamic deformation a series of recrystallized grains with LAGBs start to form within these 

primitive elongated grains. 

4.2 Precipitate evolution during DPD  

In the present investigation, heterogeneous coarse precipitates were observed across the 

dislocations and grain boundaries after DPD processing. These precipitates were mainly of 

spherical and platelet morphologies with some overlapping of T and E phases while η' and η 
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precipitates were very fine as verified by the HRTEM images where the volume fraction of 

precipitates increased with increasing numbers of presses as shown in Fig. 5. 

It is suggested that the fine precipitates, mainly of G.P. zones, η' and η, observed in the 

DPD processed Al alloy shown in Figs. 6, 7 and 8 through HRTEM images are dynamically 

formed during deformation [44, 45]. Thus, the G.P. zones are nucleated by displacement of 

very small numbers of solute atoms during the waiting time of dislocations when they are 

pinned by solute obstacles [44]. The growth of the precipitates and the transformation of G.P. 

zones into more stable phases are assisted by pipe diffusion along the dislocation lines during 

further straining [38, 44]. The coarse T and E phases observed after 2 DPD presses may be 

present during the homogenization treatment before DPD processing [46, 47]. In practice, the 

presence of coarse T and E phases close to dislocations is attributed to the atomic movement 

generated by dislocation slip which can induce significant solute diffusion during 

compression at high strain rates [48]. GBP are observed after DPD processing and this 

increases with increasing numbers of DPD presses. This is due to the lower free energy 

barrier for precipitate nucleation along the boundaries by comparison with the matrix [49]. In 

addition, both solute segregation and solute diffusion along the boundaries increase the rate of 

providing solute atoms for nucleation [49].  

 The density of mobile dislocations also plays an important role in the precipitate 

evolution during DPD. The T and E phases after 6 presses of DPD are sheared by the 

increased dislocation density and the nucleation of fine precipitates is assisted by dislocation 

motion leading to a reduction in the precipitates average size. Inspection of Fig. 5 shows that 

the amount of platelet precipitates decreases while spherical precipitates increase in size after 

increasing the numbers of presses from 4 to 6. The coarse platelet precipitates are sheared by 

dislocations with further straining and they are fragmented into spherical morphologies which 

continue to increase in size after 6 presses through rapid solutes diffusion assisted by 
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dislocations [50]. The presence of η located at the edges of the T phase can be attributed to 

the decomposition of the T phase during the deformation. Similar observations were also 

reported in Al-Cu and Al-Mg binary alloys showing a dissolution of precipitates under severe 

deformation conditions [51-53].  

4.3 The strengthening after DPD processing 

 The results of the compression tests show that SS-DPD processing for 4 and 6 presses 

are beneficial in improving the yield strength compared to the as-received Al-Zn-Mg alloy in 

the T6 state. The first contribution to an increase in the yield strength of the DPD samples is 

solid solution strengthening. The strengthening effect of solutes in the Al-Zn-Mg alloy may 

be estimated from the relationship [54]: 

 MgZnss    3
2

3
2

MgMgZnZn cBcB    (1) 

where Zn and Mg are the effective strengthening components related to the Zn and Mg 

solutes, respectively, BZn and BMg are constants related to the size, modulus and electronic 

mismatch of the solutes including various resolution factors and having values of 3.1 and 

20.5, respectively [55] and cZn and cMg are the solute concentrations in wt% of the Al alloy 

processed by SS-DPD. Thus, solute strengthening by Mn, Cr, Cu and Zr are ignored as the 

content of these solutes are all generally less than 0.5 wt.% in the Al-Zn-Mg alloy [55]. If all 

solute atoms are assumed to be within the matrix, the solid solution strengthening is estimated 

as ~50 MPa. However, the solute atom concentration in the DPD-processed alloy is much less 

than in the solid solution because precipitates form by dynamic precipitation and consume 

many of the solute atoms within the matrix during the DPD processing. Thus, it is concluded 

that solid solution strengthening provides a small contribution to the overall strengthening of 

the DPD samples. 

It was shown from Figs 2 and 5 that DPD processing for 4 and 6 presses leads to grain 

refinement. However, the microstructure after DPD pressing mainly consists of a deformed 
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structure where the majority boundaries are LAGBs. Thus, the Hall-Petch relationship is not 

applicable for grain boundary strengthening and strengthening by grains consists mainly of a 

cellular dislocation structure through the relationship [56] 

d

nGb
GB                (2) 

where n is a constant of the order of ~10, G is the shear modulus, b is the Burgers vector and 

d is the average grain size. It is apparent that grain refinement to ~0.8 μm and ~0.7 μm 

through SS-DPD for 4 and 6 presses contributes to an increase of strength compared to the as-

received material having grains with an average size of ~1.3 μm.   

The precipitates enhance the strength of the SS-DPD-processed Al alloy by either 

dislocation shearing and/or the Orowan dislocation bypassing mechanisms [57-59]. 

Precipitation strengthening increases with an increasing volume fraction of fine precipitates 

[60]. Moreover, increasing the numbers of SS-DPD presses leads to an increase in the 

dislocation density as shown in Fig.5 and this leads to enhancing the yield strength according 

to the Bailey–Hirsch relationship [61]. In addition, strengthening by dislocations is greater in 

the deformed materials than in the as-received sample as it requires a higher stress to activate 

alternative dislocation sources [62]. Thus the combination of grain refinement, the increase in 

the dislocation density and the volume fraction of the precipitates after 4 and 6 presses of SS-

DPD all contribute to the improved strength of the material over the as-received Al alloy [30].  

The strength after SS-DPD for 2 presses is lower than for the as-received material 

despite of the increase in the dislocation density after the SS-DPD presses. This is owing to 

the lower numbers of fine precipitates due to an insufficient dynamic precipitation as 

presented in Fig. 5(b) compared with the as-received alloy from peak aging as demonstrated 

in earlier work [30].  

The Al alloy subjected to DPD processing has a lower work hardening rate than the as-

received alloy. This is a consequence of the DPD-processed alloy containing a higher density 
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of dislocations as shown in Fig.5 which leads to the occurrence of dynamic recovery during 

compression and thereby assists in decreasing the work hardening rate by comparison with 

the as-received alloy [63, 64].  

4.4 Effect of strain rate on compressive strength after DPD 

Fig. 1 shows that the yield strengths of the as-received and the SS-DPD-processed alloy 

increase with increasing strain rate. The strain rate sensitivity exponent (SRS), m, can be 

expressed as follows [65]: 

)log(

)log(

12

12






m        (3) 

where 
1  and 

2  are the yield strengths at strain rates of 1  and 2 , respectively.  

Fig. 9 displays the variation of the yield strength with strain rate. Although there is an 

increase by ~20~30 MPa in yield strength for all experimental samples with increasing strain 

rates from 1.0 × 10
-3

 to 2.0 × 10
3
 s

-1
, the SRS is essentially insensitive to the numbers of DPD 

presses. The SRS may be expressed with respect to the solute diffusion coefficient, D, and the 

dislocation waiting time, tw, through the expression [66]: 

])Dt(K(1[
lb

Tk3
m 3

2

w2

b 


           (4) 

where kb is Boltzmann’s constant, T is the absolute temperature, l is the dislocation spacing 

and K is a factor dependent upon the dislocation motion and solute-dislocation binding energy 

[28]. According to Eq. (4), the formation of precipitates assisted by dynamic precipitation 

after DPD pressing causes an increase in the dislocation waiting time by pinning the 

dislocations and decreasing the dislocation spacing, thereby leading to a reduction in the 

values of m. At the same time, the values of m tend to increase assisted by grain refinement 

after DPD and compensating the reduced values from the pinning of dislocations by 

precipitates. This maintains m  0.006 for different numbers of DPD presses [66, 67].  
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Dislocation motion is mainly controlled by thermal activation within the low strain rate 

regime and by a drag mechanism in the high strain rate regime [68, 69]. Under low strain 

rates for 
.

         crease in strength is given by [70]: 

))(1( 20
1 TCe

k 


    (5) 

where σ0 is a reference flow stress, k1 is a material constant and C2(T) is a factor depending on 

temperature which is also a constant in the current work. The increase in strength in the high 

strain rate regime (2 × 10
3
 to 4 × 10

3
 s

-1
) can be expressed as [70]: 

 

1

0

c
e                     (6) 

where c1 is a material constant and    is the strain rate. From Eqs. (5-6), the rise in strength is 

greater with increasing strain rates from 2 × 10
3
 to 4 × 10

3
 s

-1
 by comparison with the values 

upon increasing strain rate from 1 × 10
-3

 to 2 × 10
3
 s

-1
. Following Eq. (3), the value of m with 

increasing strain rate from 2 × 10
3
 to 4 × 10

3
 s

-1
 is higher than with increasing strain rate from 

1 × 10
-3

 to 2 × 10
3
 s

-1
 as verified in Fig. 9 and this result is similar to the strain rate 

dependence of strength in the same alloy after ECAP [66].  

In addition, for increasing strain rates from 2 × 10
3
 to 4 × 10

3
 s

-1
 the SRS shows a 

decrease with the DPD presses increasing from 2 to 6. This is attributed to the impeding effect 

of the higher dislocation density with increasing DPD pressing to the mobility of dislocations 

[71].  

 

5. Summary and conclusions  

1. Experiments on an Al-Zn-Mg solid solution alloy show that the high dislocation 

densities produced from high straining during DPD pressing rearrange to form cellular 

substructures and fine grains having LAGBs with a strong shear texture.  

2. Precipitates of fine η' and η are dynamically formed during DPD processing in the Al 

alloy. Coarse T and E phases are formed either in the vicinity of dislocations or across grain 
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boundaries. Mobile dislocations assist in the nucleation and growth of precipitates which can 

further lead to a coalescence of precipitates. Precipitates are sheared by dislocations during 

straining and fragmented to form spherical morphologies.  

3. DPD pressing for 4 and 6 presses after a solid solution treatment enhances the yield 

strength over the peak-aged alloy under compression tests at different strain rates. This is 

attributed to a combination of grain refinement, an increased dislocation density and the large 

numbers of fine precipitates produced by the DPD processing.  

4. Increasing the strain rate from 1 × 10
-3

 to 2 × 10
3
 s

-1
, the SRS value is maintained 

constant with increasing numbers of presses because the reduction in SRS from the pinning of 

dislocations by more precipitates is compensated by the increased SRS assisted by grain 

refinement after DPD. The SRS from 2.0   10
3
 to 4.0   10

3
 s

-1
 decreases with increasing 

numbers of DPD presses caused by an increase in the dislocation density and a decrease in the 

mobility of dislocations. The SRS is higher with a strain rate increase from 2.0   10
3
 to 4.0   

10
3
 s

-1
  than from 1.0 × 10

-3
 to 2.0 × 10

3
 s

-1 
due to dislocation motion through different 

mechanisms. 
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Figure Captions 

Fig.1 True stress-true strain curves of the as-received and the SS-DPD processed Al-Zn-

Mg alloy at strain rates of (a) 1.0 × 10
-3

, (b) 2.0 × 10
3
 and (c) 4.0 × 10

3
 s

-1
. 

Fig. 2 EBSD orientation colour maps of (a) the as-received and the SS-DPD processed 

alloy for (b) 2, (c) 4 and (d) 6 presses. 

Fig. 3 Histogram of the misorientation angle distributions for (a) the as-received and the 

SS-DPD processed alloy for (b) 2, (c) 4 and (d) 6 presses. 

Fig. 4 Texture represented as {111} pole figures of (a) the as-received and the SS-DPD 

processed alloy for (b) 2, (c) 4 and (d) 6 presses.  

Fig. 5 Typical TEM micrographs of Al-Zn-Mg alloy after SS-DPD processing for (a) 2 

presses, (b) 2 presses at higher magnification with corresponding SAED along <110>Al, (c) 4 

presses, (d) 4 presses at higher magnification with corresponding SAED along <110>Al, (e) 6 

presses and (f) 6 presses at higher magnification with corresponding SAED along <110>Al. 
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Fig. 6 TEM micrographs of the Al-Zn-Mg alloy processed by SS-DPD for 2 presses 

showing: (a) coarse precipitation across dislocations and (b) HRTEM image of T and E 

phases. 

Fig. 7 Micrographs of the Al-Zn-Mg alloy processed by SS-DPD for 4 presses showing: 

(a) coarse precipitates along dislocation tangles with presence of twinning within dislocations, 

(b) HRTEM image of very fine η' and η precipitates, (c) HRTEM image showing an η phases 

formation attached with the T phase and (d) HRTEM of an η phase attached with the T phase 

through triple twinning.   

Fig. 8 Micrographs of the Al-Zn-Mg alloy processed by SS-DPD for 6 presses showing: 

(a) coarse precipitates across dislocations and grain boundaries, (b) fine η precipitates along 

dislocations (c) HRTEM of a selected fine η and (d) HRTEM of an E phase with presence of 

multiple twinning. 

Fig. 9 Logarithmic plot of stress at yield point against strain rate at 1.0   10
-3

, 2.0   10
3
 

and 4.0   10
3
  s

-1
 for the SS-DPD processed Al alloy.  

 

 



 

  

 

 

 

 

 

 

 

Fig.1 True stress-true strain curves of the as-received and the SS-DPD processed Al-Zn-Mg 

alloy at strain rates of (a) 1.0 × 10
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, (b) 2.0 × 10
3
 and (c) 4.0 × 10

3
 s

-1
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Fig. 2 EBSD orientation colour maps of (a) the as-received and the SS-DPD processed alloy 

for (b) 2, (c) 4 and (d) 6 presses. 
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Fig. 3 Histogram of the misorientation angle distributions for (a) the as-received and 

the SS-DPD processed alloy for (b) 2, (c) 4 and (d) 6 presses. 
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Fig. 4 Texture represented as {111} pole figures of (a) the as-received and the SS-DPD 

processed alloy for (b) 2, (c) 4 and (d) 6 presses. 
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Fig. 5 Typical TEM micrographs of Al-Zn-Mg alloy after SS-DPD processing for (a) 2 

presses, (b) 2 presses at higher magnification with corresponding SAED along <110>Al, (c) 4 

presses, (d) 4 presses at higher magnification with corresponding SAED along <110>Al, (e) 6 

presses and (f) 6 presses at higher magnification with corresponding SAED along <110>Al. 
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Fig. 6 TEM micrographs of the Al-Zn-Mg alloy processed by SS-DPD for 2 presses showing: 

(a) coarse precipitation across dislocations and (b) HRTEM image of T and E phases. 
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Fig. 7 Micrographs of the Al-Zn-Mg alloy processed by SS-DPD for 4 presses showing: (a) 

coarse precipitates along dislocation tangles with presence of twinning within dislocations, 

(b) HRTEM image of very fine η' and η precipitates, (c) HRTEM image showing an η phases 

formation attached with the T phase and (d) HRTEM of an η phase attached with the T phase 

through triple twinning. 
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Fig. 8 Micrographs of the Al-Zn-Mg alloy processed by SS-DPD for 6 presses showing: (a) 

coarse precipitates across dislocations and grain boundaries, (b) fine η precipitates along 

dislocations (c) HRTEM of a selected fine η and (d) HRTEM of an E phase with presence of 

multiple twinning. 

 

 

 

 

 

Figure(s)



 

 

 

 

 

 

 

 

 

Fig. 9 Logarithmic plot of stress at yield point against strain rate at 1.0   10
-3

, 2.0   10
3
 

and 4.0   10
3
  s

-1
 for the SS-DPD processed Al alloy.  
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