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Abstract 

An Al-7075 aluminum alloy and a ZK60 magnesium alloy were processed by a 

combination of equal-channel angular pressing (ECAP) for 4 passes and high-pressure torsion 

(HPT) through total numbers of up to 20 turns. Processing by ECAP and HPT were performed at 

473 K and room temperature, respectively. Mechanical testing showed an increase in the 

hardness value of the Al-7075 alloy after a combination of ECAP and HPT whereas in the ZK60 

alloy the hardness was reduced.  Microstructural images of the Al-7075 alloy revealed very 

significant grain refinement after a combination of ECAP + HPT compared to the individual 

processing techniques.  By contrast, and consistent with the hardness measurements, the average 

grain size of the ZK60 alloy was larger after processing by the two-step SPD technique.  These 

results are examined and an explanation is presented based on the available microstructural 

evidence.  

Keywords: Aluminum, equal-channel angular pressing, hardness, high-pressure torsion, 
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1. Introduction 

Severe plastic deformation (SPD) techniques are well-known for refining the 

microstructure of metallic materials to the submicrometer or nanometer ranges with large 

fractions of high-angle grain boundaries [1-3]. Among the numerous SPD techniques now 

available, equal-channel angular pressing (ECAP) [4] and high-pressure torsion (HPT) [5] are 

the most common. Processing by ECAP leads to ultrafine-grained (UFG) structures in larger 

samples and the process is relatively simple. This process has been applied to various metallic 

materials leading to significant grain refinement and improvements in their mechanical 

properties [6-10]. The HPT process is more complex, it produces smaller samples generally in 

the form of thin disks but it also leads, by comparison with ECAP, to a more refined grain 

structure [11,12] and a higher fraction of high-angle boundaries [13].  Processing by HPT has 

been applied to numerous alloys and metal matrix composites [14-18] and it leads to 

improvements in both the tensile strength and the elongations to failure. 

According to the Hall-Petch relationship, the yield stress,  of a material is inversely 

proportional to the square root of the grain size, d, as shown by the relationship [19,20] 

                                                                                             (1) 

where  is the lattice friction stress and  is a yielding constant. This relationship shows that 

the strength of the material increases through a reduction in the grain size.  Accordingly, several 

studies have been aimed at further refining the grain size in order to achieve high strength using 

combinations of SPD techniques including accumulative roll bonding (ARB) + friction stir 

processing [21], ECAP + HPT [22-29], ECAP + cold rolling (CR) [30] and ECAP + CR + HPT 

[30].   
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Several studies have also been conducted to determine or calculate the limit of grain 

refinement after processing by SPD techniques. Specifically, calculations were performed in 

which the minimum grain size was modeled after processing by ball-milling [31], ECAP [32] or 

HPT [33] and these minimum grain sizes were related to physical parameters including the 

activation energy and the stacking fault energy. Although these studies made no attempt to 

address the problem of combining SPD techniques, a recent review concluded that the minimum 

grain size achieved in single phase alloys was not dependent either upon the initial 

microstructure or upon any prior processing performed on the material [34]. 

Generally, an examination of published data shows that experimental results on the 

minimum grain sizes obtained from combining SPD processes are conflicting.  For example, it 

was reported that the processing of pure Ti by a combination of ECAP + HPT led to additional 

grain refinement and increased microhardness and strength [22] whereas in a study on niobium it 

was concluded that the initial state makes no contribution to the final microstructure since similar 

grain sizes were obtained after processing both by HPT and by a combination of ECAP + HPT 

[26].    

The present experiments were conducted specifically to address this dichotomy.  Earlier 

investigations have established the microstructural characteristics and levels of grain refinement 

that may be achieved after processing of an Al-7075 aluminum alloy and a ZK60 magnesium 

alloy by single-step SPD processing using either ECAP [29,35] or HPT [36-38].  The present 

investigation was therefore designed to build upon these earlier results and to take the same two 

materials and make a direct comparison between the levels of grain refinement that may be 

achieved after processing by ECAP, HPT or by a combination of the two methods.  The use of an 



 

 3 

Al-7075 alloy and a ZK60 alloy also provides information on the behavior of both f.c.c. and 

h.c.p. metals and permits a direct comparison with the earlier single-step data.   

2. Experimental materials and procedures 

The experiments used a commercial aluminum-based Al-7075 alloy with a composition 

(in wt%) of 5.6 % Zn, 2.5 % Mg and 1.6 % Cu and a ZK60 magnesium alloy with a composition 

(in wt%) of 5.5 % Zn and 0.5 % Zr.  Both alloys were received as extruded rods with diameters 

of 10.0 mm and they were sectioned perpendicular to the extrusion direction to give billets with 

lengths of ~65 mm for ECAP processing.  The aluminum alloy was annealed in air at 753 K for 1 

h and then cooled to room temperature to give elongated grains with an average diameter of ~8 

then shortly thereafter by HPT.    

The processing by ECAP was performed at 473 K using a hydraulic press with a total 

capacity of 150 tonnes.  The ECAP facility consisted of a solid die having an abrupt internal 

channel angle, Φ, of 110º and an outer angle denoting the arc of curvature, Ψ, of 20º.  The billets 

were processed by ECAP through 4 passes using route BC in which the billets are rotated for 90º 

in the same direction around the extrusion direction after each individual pass [39]. This 

processing route was selected due to its ability to produce equiaxed UFG microstructures having 

large fractions of high-angle grain boundaries [40-42].  The strain imposed by ECAP was 

calculated using the relationship [43] 

      

 (1) 
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where εN is the total strain imposed after multiple ECAP passes and Np is the number of passes. 

According to the geometry and angles of the ECAP facility, a total strain of ~0.8 is imposed on 

the billets after each passage through the die [43].  All billets processed by ECAP were visually 

inspected to ensure there was no macroscopic damage.   

After processing by ECAP, the billets of both alloys were sectioned perpendicular to their 

extrusion directions into disks having thicknesses of ~1.2-1.5 mm.  These sections were made at 

a distance of ~1 cm away from the ends after processing through 4 passes in order to avoid any 

internal cracking or damage that may be present.  All disks were then polished with abrasive 

papers to thicknesses of ~0.82 mm and processed by HPT at room temperature through total 

numbers of turns, N, of 1/8 to 20 turns.  A fractional number of turns was used specifically to 

determine the evolution of hardness during the very early stages of processing following the 

procedure also used in some earlier studies [36,44-49].  

The HPT facility operated under quasi-constrained conditions in which a very small 

outflow of material occurs around the peripheral region of each disk [50,51].  For processing, 

samples were placed in a depression at the center of the lower anvil, the anvils were brought 

together to impose a high pressure and the lower anvil was then rotated giving concurrent 

torsional straining of the disks.  Full details of the HPT processing technique was given earlier 

[52] except that in this investigation no lubricant was applied to the anvil prior to processing.  

During HPT the imposed pressure on the aluminum-based samples was 6.0 GPa and on the 

magnesium samples the pressure was 2.0 GPa.  The von Mises equivalent strain, , in samples 

processed by HPT may be calculated from the relationship [53-55] 
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where N, r and h are the total numbers of HPT revolutions, the radius and the thickness of the 

disk, respectively. 

Samples processed by ECAP, HPT and a combination of ECAP + HPT were polished 

using abrasive papers to achieve mirror-like surfaces for microhardness measurements. 

Microhardness indentations were made using an FM-1e microhardness instrument equipped with 

a Vickers indenter using a force of 100 gf and a dwell time of 10 s for each individual 

indentation.  The indentations were made along randomly selected diameters on the surfaces of 

each disk and each microhardness value was recorded as an average of the microhardness values 

of four separate indentations uniformly displaced around the selected point. The distance 

between each indentation was 0.3 µm and this was therefore reduced to 0.15 µm due to the 

averaging process.  

Samples of both alloys in the as-received condition, after processing only by HPT and 

after processing by a combination of ECAP + HPT were polished with 9, 6, 3 and 1 µm diamond 

suspension and then with a Vibromet vibratory polisher using 0.04 µm colloidal silica. 

Microstructural analysis was performed on these samples using an analytical field emission 

scanning electron microscope (SEM) JEOL JSM-7001F equipped with an electron back-scatted 

diffraction (EBSD) detector.  The operating voltage in the EBSD analysis was 15 kV for the 

aluminium alloy and 7 kV for the magnesium alloy.  The EBSD patterns were collected at a 

working distance of 15 mm with a sample tilt of 70º.  A step size of 0.05 – 0.1 µm was used in 

the microstructural images and orientation imaging microscopy (OIM
TM

) was used to record the 
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microstructural data.  A clean-up procedure was performed in the OIM analyzer and this 

included grain dilation (GD) and grain confidence index (CI) standardizations.  Datum points 

with CI < 0.1 were eliminated from the images. In all images, misorientation differences between 

neighboring grains of more than 15º were defined as high-angle grain boundaries (HAGB) and 

those between 2º - 15º were defined as low-angle grain boundaries (LAGB). The misorientation 

angles were measured using grain-to-grain misorientations rather than pixel-to-pixel 

misorientations to avoid having an apparent excess of low-angle boundaries [56,57]. 

3.  Experimental results 

Samples in the as-received condition and processed by ECAP, HPT and ECAP + HPT 

were tested at room temperature using Vickers microhardness testing and scanning electron 

microscopy equipped with an EBSD detector.  The results are described in the following 

sections. 

3.1  Microhardness measurements 

Plots of the hardness evolution against equivalent strain for the Al-7075 alloy and the 

ZK60 alloy are shown in Fig. 1(a) and (b), respectively, where datum points are recorded for 

ECAP only, HPT only and a combination of ECAP through 4 passes followed by HPT: the data 

for HPT only are delineated by a best-fitting solid line, the combination of ECAP and HPT by a 

dashed line and for ECAP only there are only two points recorded in each plot because of the 

very low strains imposed in the ECAP procedure by comparison with HPT.  These plots 

demonstrate that the microhardness values of both alloys increase with increasing equivalent 

strain until they level out and reach saturation microhardness values.  It is also apparent that both 

alloys reach good hardness homogeneity after processing by only HPT and by a combination of 

ECAP + HPT. The saturation limit for the Al-7075 alloy after only HPT reaches Hv ≈ 230 and 
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the limit reaches Hv ≈ 250 after processing by ECAP through 4 passes followed by HPT.  The 

saturation limits differ in a significant way in the ZK60 alloy as shown in Fig 1 (b) where the 

saturation decreases from Hv ≈ 125 after processing only by HPT to Hv ≈ 115 after processing 

by a combination of ECAP + HPT. 

Figure 2 presents double-logarithmic plots of the microhardness values against the 

equivalent strain for the Al-7075 and ZK60 alloys processed by HPT in (a) and (c) and by a 

combination of ECAP + HPT in (b) and (d).  The slopes of these plots denote the hardenability 

exponent,  as obtained from the relationship  

                                                                                                        (3) 

where Hv is the Vickers microhardness,  is a material constant and is the equivalent strain.  

This relationship is in a different form from the well-known Hollomon equation [58] where 

stress is replaced by the microhardness values and the strain hardening index is replaced by the 

hardenability exponent: more details on the derivation of this relationship were given elsewhere 

[38].  It is apparent from Fig. 2 that for both alloys there are decreases in the values of the 

hardenability exponents between the samples processed by HPT and those processed by ECAP + 

HPT.  In addition, both alloys reach homogeneity at a higher value of equivalent strain after 

processing by a combination of ECAP + HPT compared to processing only by HPT.   

3.2  Microstructural analysis 

Figure 3 shows the OIM images for the Al-7075 alloy in (a) the as-annealed condition, 

(b) after processing by HPT through 5 turns and (c) after processing by ECAP through 4 passes 

(p) + HPT through 20 turns (t). These conditions were chosen due to the advent of homogeneity 
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in the disks because it is apparent from Fig. 2 that there is hardness homogeneity across the disks 

after processing through these strain values.  The unit triangle in Fig. 3 denotes the difference in 

misorientation angles as represented by the different colors.  The high-angle grain boundaries are 

given by black lines and the low-angle grain boundaries are represented by yellow lines in the 

microstructural images.  The average grain sizes were calculated using the OIM software.  It was 

determined that the Al-7075 sample had elongated grains in the annealed condition with an 

average size of ~8 µm whereas after processing by HPT the microstructure was composed of 

homogeneous equiaxed grains with an average grain size of ~500 nm.  The average grain size 

was further refined to a value of ~310 nm after processing by ECAP through 4 passes + HPT 

through 20 turns.  

For comparison, Fig. 4 shows the microstructural evolution in the ZK60 alloy (a) in the 

initial extruded condition, (b) after processing by HPT through 5 turns and (c) after processing 

by ECAP through 4 passes and HPT through 10 turns.  It is apparent from Fig. 4 that the initial 

average grain size is ~5 µm but this value is reduced to ~700 nm after processing by HPT 

through 5 turns and then increases to ~2.2 µ m after further straining through a combination of 

ECAP for 4 passes + HPT for 10 turns.  Thus, the increase in the average grain size in the ZK60 

alloy after the combined two-step processing is fully consistent with the decrease in the level of 

microhardness homogeneity after a combination of ECAP + HPT as shown in Fig. 1(b).   

4.  Discussion 

4.1  The significance of hardening and softening in SPD processing 

Processing by ECAP or HPT generally leads to significant grain refinement and this was 

achieved in the Al-7075 and ZK60 alloys used in this investigation.  In addition, metallic 

materials processed by HPT generally exhibit a hardness saturation when the equivalent strain is 



 

 9 

increased.  However, in some limited numbers of materials there may be an initial strain 

hardening and then a subsequent strain softening.  This was first reported in the HPT processing 

of high purity aluminum [59] but the same effect, termed hardening with recovery, has been 

observed also in other materials [60].  This leads to the possibility that SPD processing may 

produce either a strengthening or a weakening effect [61].  For example, significant weakening 

was reported in several materials including the Zn-Al and Pb-Sn alloys by increasing the 

equivalent strain in processing by HPT [62-64].  There are also examples of weakening in 

processing by ECAP as in the Al-7034 alloy where the loss of strength was attributed to the 

fragmentation of rod-like MgZn2 precipitates and a partial loss of the hardening metastable -

phase during ECAP [65].    

In the present experiments, the results show a consistent strengthening in the Al-7075 

alloy with increasing combinations of SPD processing so that, as anticipated in most metals, the 

hardness in Fig. 1(a) after a combination of ECAP and HPT is significantly higher than after 

processing only by HPT.  By contrast, the results in the ZK60 alloy are different in Fig. 1(b) 

because they reveal a marked weakening when the HPT processing is applied after ECAP.  There 

is a direct explanation for this unexpected effect based on a set of comprehensive results reported 

earlier for the same ZK60 alloy after processing by ECAP [66].  In these earlier experiments, it 

was shown that transition phase rod-shaped Mg1Zn1 precipitates are visible in the extruded alloy 

and these precipitates are especially effective in blocking dislocation motion on the basal planes.  

However, it was demonstrated that these precipitates tend to fragment in SPD processing by 

ECAP at 473 K and also they evolve into the equilibrium Mg1Zn1 phase where both of these 

changes effectively reduce the overall strength of the alloy.  In practice, it is reasonable to 

anticipate that this same trend will be enhanced in the present experiments due to the much 
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higher hydrostatic stresses imposed during processing by HPT at room temperature and this will 

lead to a reduced hardening after a combination of processing by ECAP and HPT as recorded 

directly in Fig. 1(b).  Thus, the ZK60 alloy, unlike the Al-7075 alloy and most other metals, 

becomes weaker during this combination of different processing procedures.    

4.2  The significance of the minimum grain size attained in combinations of SPD processing 

A model was developed recently to give the minimum grain size in materials processed 

by HPT [33].  According to this model, the minimum grain size from HPT processing is 

dependent upon the processing conditions including the processing temperature and on physical 

parameters including the stacking fault energy and activation energy.  

Based on the results obtained in the present investigation, it is readily apparent that the 

minimum grain size obtained in a material, and consequently the level of hardness saturation, is 

specifically dependent upon the initial microstructure of the processed material. The minimum 

grain size attainable in the aluminum Al-7075 alloy after processing only by HPT is ~500 nm but 

this value is reduced to ~310 nm after processing by ECAP through 4 passes followed by HPT.  

However, the opposite trend is observed in the magnesium ZK60 alloy where the minimum grain 

size increases from ~700 nm after processing only by HPT through 5 turns to ~2.2 µm after 

processing by a combination of ECAP + HPT.  This unusual result is due to the precipitate 

fragmentation occurring as a consequence of the very high imposed hydrostatic stresses in HPT 

processing and the result establishes unambiguously that the minimum grain size attained in any 

material is specifically dependent upon the processing condition imposed prior to HPT.  It is 

concluded, therefore, that there is no specific grain size that can be reasonably documented as a 

minimum grain size applicable to the HPT processing of any selected alloy. 
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5.  Summary and conclusions 

1. The saturation hardness achieved at high strains in HPT processing is dependent upon the 

microstructural conditions within the material prior to processing.  

2. The saturation hardness values after processing by a combination of ECAP + HPT are 

higher for Al-7075 and lower for ZK60 than those achieved after processing only by 

HPT.  The increase in hardness in Al-7075 is due to the increasing grain refinement with 

additional processing and the decrease in hardness in ZK60 is due to precipitation 

fragmentation and changes in the phases during processing under high hydrostatic 

pressures.  

3. Samples of both materials exhibit less hardenability after processing by a combination of 

ECAP + HPT compared to processing only by HPT. 

4. Consistent with the hardness data, the average grain size in Al-7075 was reduced from 

~500 nm after HPT to ~310 nm after ECAP + HPT and in ZK60 the grain size changed 

from ~700 nm after processing by HPT to ~2.2 µm after processing by ECAP + HPT.  
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Figures captions: 

Fig. 1 Vickers microhardness values plotted against equivalent strain for (a) Al-7075 aluminum 

alloy and (b) ZK60 magnesium alloy after processing by HPT (solid line) or by a combination of 

ECAP + HPT (dashed line): the results for Al-7075 are consistent with expectations but the 

results for ZK60 are different.  

Fig. 2 A double-logarithmic plot of Vickers microhardness values against equivalent strain for 

Al-7075 after processing by (a) HPT and (b) ECAP + HPT and for ZK60 after processing by (c) 

HPT and (d) ECAP + HPT: the slopes of the lines give the hardenability exponents. 

Fig. 3 Microstructural images for the Al-7075 alloy (a) in the as-annealed condition and after 

processing by (b) HPT through 5 turns and (c) ECAP for 4 passes + HPT through 20 turns: the 

unit triangle denotes the misorientations. 

Fig. 4 Microstructural images for the ZK60 alloy (a) in the initial extruded condition and after 

processing by (b) HPT through 5 turns and (c) ECAP for 4 passes + HPT through 20 turns: the 

unit triangle denotes the misorientations. 
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Fig. 1 Vickers microhardness values plotted against equivalent strain for (a) Al-7075 
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Fig. 4 Microstructural images for the ZK60 alloy (a) in the initial extruded 

condition and after processing by (b) HPT through 5 turns and (c) ECAP for 4 
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