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Abstract: The paper presents the evaluation of the mechanical and fatigue properties of an 

ultrafine-grained (UFG) Al 6061 alloy processed by high-pressure torsion (HPT) at room 

temperature (RT). A comparison is made between the UFG state and the coarse-grained 

(CG) one subjected to the conventional aging treatment Т6. It is shown that HPT processing 

leads to the formation of the UFG microstructure with an average grain size of 170 nm. It is 

found that yield strength (σ0.2), ultimate tensile strength (σUTS) and the endurance limit (σf) in 

the UFG Al 6061 alloy are higher by a factor of 2.2, 1.8 and 2.0 compared to the CG 

counterpart subjected to the conventional aging treatment Т6. Fatigue fracture surfaces are 

analyzed, and the fatigue behavior of the material in the high cycle and low cycle regimes  

is discussed. 
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1. Introduction 

The enhancement in the level of physical and mechanical properties in Al alloys as a result of 

ultrafine-grained (UFG) structure formation induced by severe plastic deformation (SPD) is currently 

of great interest [1–5]. As a rule, SPD processing leads to the formation of the microstructure with a 

grain/subgrain size in the range of 50 nm–1 µm in bulk Al billets [1–5]. Earlier, it was demonstrated 

that UFG Al alloys have a mechanical strength 1.2–2.0-times as much as their coarse-grained (CG) 

counterparts processed by a standard aging treatment [1–4,6]. Numerous studies have also shown that 

other properties, including ductility [1,7,8], fracture resistance [9] and electrical conductivity [1,10,11], 

can be enhanced. The fatigue behavior of the UFG Al alloys has been widely studied over the last 

decade, and a detailed overview of those studies can be found in [12–17]. The outcomes of these 

studies can be roughly generalized as follows. The high-cycle fatigue (HCF) properties are usually not 

enhanced as significantly as mechanical strength. An insignificant improvement in fatigue life 

observed in the UFG Al alloys in the HCF regime was related to a low increase in resistance against 

crack nucleation, as the fatigue life in the HCF is determined by the resistance of material to the crack 

nucleation [13]. The low cycle fatigue (LCF) behavior of the UFG Al alloys is very complex, since 

ultrafine grains have a low ability to sustain cyclic loads in the LCF regime. This was related to the 

limited ductility on monotonic and cycling deformation promoting early crack initiation, as well as a 

higher fraction of grain boundaries favorable for crack propagation [13]. Unlike CG Al alloys, their 

UFG counterparts often show an insignificant increase of the stress amplitude (low cyclic hardening) 

or even its decrease (cyclic softening) when they are cyclically deformed under a constant strain 

amplitude [18–20]. Nevertheless, intelligent microstructural design in the UFG Al alloys can 

significantly improve their HCF and LCF behavior [21,22]. 

It should be noted that the fatigue behavior of the UFG Al alloys has been studied mainly on 

specimens processed by equal-channel angular pressing (ECAP) [12–14] or by cryorolling [18,23]. It 

is well known that the ECAP technique or other ECAP-based methods result in the formation of a 

UFG microstructure with a grain/subgrain size of 300–500 nm [12–14], whereas a microstructure 

consisting mainly of cells/subgrains having a similar size is formed during cryorolling [18,23]. 

However, in the literature, there are no reports on the fatigue properties of the UFG Al alloys with a 

grain size of <200 nm, which can demonstrate record mechanical strength up to 1,000 MPa and are 

usually processed by HPT [24,25]. The main limitation for fatigue studies on the HPT-processed 

metallic materials was the small size of the processed disks. Recent progress in up-scaling of the HPT 

technique along with miniaturization of the specimens for fatigue testing allows one to investigate the 

fatigue properties of the HPT processed disks [26]. Therefore, the main objective of the present work 

is to study the fatigue properties and fatigue behavior of an HPT-processed Al-Mg-Si alloy with a 

grain size of 170 nm. The Al-Mg-Si alloy was selected due to the wide application of the material in 

construction, auto- and aero-space engineering [21] and as a conductor in electrical engineering [27]. 
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2. Experimental Section 

Commercial-grade Al 6061 alloy having a chemical composition (in wt%) 1.00 Mg, 0.61 Si,  

0.12 Cu, 0.38 Cr, 0.60 Fe, 0.02 Ti and balance Al was selected for this investigation. Disks having a 

diameter of 20 mm and a thickness of 1.4 mm were machined from the as-received hot-pressed rod. The 

disks were solution-treated at 530 °С for 2 h and water quenched. Some disks after water quenching were 

subjected to the conventional treatment Т6, namely artificial ageing at 160 °С for 12 h. 

The disks were HPT processed for 10 rotations at RT under a load of 188 tons (e.g., a pressure of  

6 GPa). The as-processed disks had a thickness of 0.9 mm. The microstructure and properties of the  

HPT-processed alloy were studied in the areas located at a distance of ~5 mm (half of radius) from the 

center of the disks. 

Microstructure studies were performed using the transmission electron microscope (TEM, JEOL, 

Tokyo, Japan) JEM 2100 at an accelerating voltage of 200 kV. Observations were made in both the 

bright and the dark field imaging modes, and selected area electron diffraction (SAED) patterns were 

recorded from areas of interest using an aperture of a 1-μm nominal diameter. The lineal intercept 

method was used to estimate the grain size. At least 200 grains were analyzed to estimate the average 

grain size. 

Specimens for tensile testing and fatigue testing were machined from the solution-treated material 

and HPT-processed disks. The central axis of the tensile and fatigue specimens was located at a 

distance of 5.2 mm from the disk center, as shown in Figure 1, where a drawing of the samples is also 

presented. Two specimens were machined from each disk. All machined tensile and fatigue specimens 

were mechanically polished to a mirror-like surface using silica colloidal solution at the final stage. 

Tensile tests were carried out using an Instron 8862 universal testing machine (JEOL, Tokyo, Japan). 

Tensile specimens were deformed to failure at room temperature with a constant cross-head speed 

corresponding to an initial strain rate of 10
−3

 s
−1

. Three tensile specimens were tested for each material 

condition, and the results thus obtained were found to be reproducible. 

 

Figure 1. Schematic drawing of specimens machined from disks. 
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Fatigue testing was carried out using an Instron Electropuls E 3000 testing module with a frequency 

of 30 Hz under repeated tension conditions with a constant minimum cycle stress of σmin = 100 MPa. 

The fatigue fracture surfaces were studied using the scanning electron microscope (SEM, JEOL, 

Tokyo, Japan) JSM-6490LV operating at an accelerating voltage of 20 kV. The SEM is equipped with 

the INCA X-sight attachment for energy-dispersive X-ray (EDX) analysis. 

3. Results and Discussion 

3.1. Effect of HPT Processing on Microstructure of the Al 6061 Alloy 

Figure 2 illustrates the microstructure of the Al 6061 alloy before and after HPT processing. 

Conventional treatment Т6 of the as-received alloy resulted in the formation of a CG microstructure 

with an average grain size of 70 µm (Figure 2а). Particles of primary excess phase forming bands 

oriented along the pressing direction are observed in the microstructure (Figure 2а). They have a 

complex chemical composition of Al68Fe21Si6.5Cr2.5 (wt%) and are typically formed during the 

crystallization of slabs. These particles have a spherical shape; their average size is about 1.8 μm, and 

the volume fraction is about 2.4%. Such a distribution of these particles is usually observed in the  

hot-pressed Al-Mg-Si alloys. Second phase precipitates having a needle shape are also present in the 

microstructure (Figure 2b). As is well known, these are the metastable β''-Mg2Si precipitates, which 

are typically formed during T6 treatment of the Al-Mg-Si alloys [28,29]. 

HPT processing of the solution-treated Al 6061 alloy resulted in the formation of a very 

homogeneous UFG microstructure consisting mainly of equiaxed grains having an average size of  

170 nm (Figure 2c,d). This is also confirmed by SAED patterns (Figure 2d). No precipitates, like 

Guinier–Preston zones and/or second phases, were observed in the processed disks. Such a 

microstructure is typically formed during HPT processing of the Al-Mg-Si alloys [11,30,31]. It should 

be also noted that earlier studies using the atom probe tomography (APT) technique revealed 

segregations of Mg, Сu and Si atoms along grain boundaries in the Al 6061 alloy [30] and in the Al 

6060 alloy [32] processed by HPT under similar conditions. HPT processing did not have any effect on 

the size and volume fraction of the primary excess phases. However, particles changed their 

orientation and formed a banded structure along the shear plane during HPT processing (Figure 3). It 

should be noted that in order to avoid the effect of the orientation of the particle bands on the 

properties of the alloy, specimens for tensile and fatigue testing were cut out, so that particle bands in 

the gauge sections were oriented along the specimen axis. 

3.2. Effect of HPT Processing on Tensile and Fatigue Behavior of the Al 6061 Alloy 

The results of mechanical tensile testing of the Al 6061 alloy after conventional Т6 treatment and 

HPT processing are presented in Table 1. It is seen that HPT processing resulted in dramatic 

improvement of the mechanical strength of the material. The yield strength increased from 276 MPa to 

605 MPa, whereas the ultimate tensile strength increased from 365 MPa to 675 MPa. No other SPD 

processing technique, such as ECAP [33,34], or ECAP combined with cold rolling (CR), or artificial 

aging (AA) [33], led to such a high mechanical strength in this alloy. Such a significant increase in 

mechanical strength of the HPT-processed Al 6061 alloy can be related primarily to the formation of a 
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homogeneous UFG structure with a very small grain size, promoting the grain size hardening 

according to the Hall–Petch relationship [2]. At the same time, segregations of solute atoms in the Al 

solid solution, which were found earlier in the structure of the HPT-processed Al 6061 alloy in [30], 

can also provide some additional strengthening. 

 

Figure 2. Microstructure of the Al 6061 alloy after conventional Т6 treatment (a,b) and 

high-pressure torsion (HPT) processing at RT (c,d). The arrow indicates the pressing 

direction and the orientation of the bands formed by primary phase particles. 

 

Figure 3. Distribution of the primary excess phases in the Al 6061 alloy processed by HPT 

at RT (the arrow indicates the shear plane and the orientation of the bands formed by 

primary phase particles). 
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Table 1. Mechanical properties of the Al 6061 alloy in the present work in comparison 

with the mechanical properties reported in earlier studies. ECAP, equal-channel angular 

pressing; AA, artificial aging; CR, cold rolling; UFG, ultrafine grained; CG,  

coarse grained. 

Processing State σ0.2 (MPa) σUTS (MPa) δ (%) σf (MPa) σf/σUTS Reference 

T6 CG 276 365 14 100 0.27 
present work 

HPT for 10 turns at RT UFG 605 675 5.5 200 0.30 

Т6 CG 275 310 12 97 0.31 [34] 

ECAP
 
at 125 °C for 1 pass UFG 310 375 20 80 0.21 [21] 

ECAP at 100 °C, 4 passes UFG 386 434 11 - - 

[33] ECAP + AA
 
(130 °C for 24 h)

 
UFG 434 470 10 - - 

ECAP + CR (15%)  UFG 470 500 8 - - 

Figure 4 shows the results of fatigue testing of CG T6 treated and HPT-processed material. It is 

seen that HPT processing has doubled the endurance limit (σf) of the material at 10
7
 cycles: it 

increased from 100 MPa in the T6-treated CG alloy to 200 MPa after HPT processing (Figure 4). It 

should be noted that the σf-values obtained after cyclic testing of sub-size specimens with the CG 

microstructure subjected to the conventional Т6 treatment are in very good agreement with the results 

of the testing of standard reference specimens machined from a similar material [12–14,35]. For 

example, according to the results of fatigue testing of standard samples, the f-value of the Al 6061 

alloy in the Т6 state is 97 MPa [13]. 

 

Figure 4. Fatigue curves for the studied Al 6061 alloy. 

It should be also noted that the level of f-value achieved in the HPT-processed Al 6061 alloy with 

an average grain size of 170 nm is also twice the cyclic strength of the UFG material with an average 

grain size of ~500 nm processed by ECAP in [34]. 

In Figure 5, the endurance limit is plotted vs. the ultimate tensile strength of the CG Al 6061 alloy 

processed by conventional thermal treatments (О, T4, T6) and by thermo-mechanical treatment  

(Т91) [13,35]. The analysis of the data shows that the ratio of the fatigue limit to the ultimate tensile 

strength (σf/σUTS) for the given material decreases from ~0.50 to 0.25 with increasing σUTS (Figure 5). 
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It should be noted that a lower σf/σUTS ratio of 0.20 was reported for the UFG Al 6061 alloy processed 

by ECAP in [21]. Such low σf/σUTS ratios were found also in other UFG Al-Mg-Si alloys [12–14]. In 

our work, grain refinement down to 170 nm in the Al 6061 alloy via HPT processing resulted in an 

increase of the σf/σUTS ratio from 0.27 to 0.30 and in a record value of σf = 200 MPa. As is well 

known, fatigue life in the HCF regime is determined by the resistance of the material to crack  

initiation [13]. Unlike UFG Al 6061 alloy produced by ECAP in [34], our UFG alloy shows a very 

homogeneous grain structure and, therefore, should have also a homogeneous resistance to crack 

nucleation all over the gauge section without any „weakest link‟. Thus, it can be concluded that further 

grain refinement down to the nanoscale and the generation of a very homogeneous grain structure can 

be proposed as a recipe for the improvement of HCF properties in the Al alloys.  

 

Figure 5. Ultimate tensile strength vs. endurance limit for the Al 6061 alloy subjected to 

various processing treatments. 

In the LCF regime, the endurance limit of the HPT-processed Al alloy was somewhat lower than in 

its CG counterpart (Figure 4). This observation can be rationalized based on the low strain hardening 

ability of the UFG material, compared to that of the CG T6 one (Table 1), promoting early crack 

initiation, as well as a much higher volume fraction of grain boundaries favorable for  

crack propagation [13]. 

3.3. Analysis of Fatigue Fracture Surfaces 

Figures 6 and 7 present SEM images of the fatigue fracture surface of CG T6-treated and  

HPT-processed Al 6061 alloy, respectively. The area of fatigue crack initiation in the CG T6 material 

is located on the surface of specimens and is extended into the specimen by ~150 µm (Figure 6a). This 

is known as Stage I or the short crack growth propagation stage. The increase of the stress intensity 

factor K as a consequence of crack growth results in the development of slips in different planes close 

to the crack tip, initiating Stage II, e.g., the stage of stable fatigue crack growth (Figure 6b). An 

important characteristic of Stage II is the presence of surface ripples, known as “striations”. The 

ductile striations are clearly observed on the fatigue fracture surface (Figure 6c). Their width is in the 

range of 1–2 μm. The average width of striations is about 3 μm. The most accepted mechanism for the 

formation of striations is the successive blunting and re-sharpening of the crack tip during cyclic 
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loading [35,36]. Striations are grouped in areas of homogenous propagation separated by tear ridges in 

which the material fails by shearing, resulting in the apparent continuity of the fatigue advancing front. 

Finally, Stage III is related to unstable crack growth as K approaches KIC (Figure 6e). At this stage, 

crack growth is controlled by static modes of failure and is very sensitive to the microstructure, load 

ratio and stress state. The ductile fracture surface consisting of spherical dimples is observed  

(Figure 6g). The size of the dimples is in the range of 2–20 μm. Figure 6g shows a fracture pattern 

within the transition area from a fatigue fracture to the final breakdown. 

 

Figure 6. SEM images of the fatigue fracture surface of the CG T6 Al 6061 alloy tested 

under a stress amplitude of 150 MPa to 2.2 × 10
5
 cycles) (the arrows indicate the direction 

of fatigue crack propagation). 
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Figure 7. SEM images of the fatigue fracture surface of the UFG Al 6061 alloy:  

(a,b,e,f) tested under a stress amplitude of 225 MPa to 4.4 × 10
5
 cycles; (c,d) tested under 

a stress amplitude of 200 MPa to 4.35 × 10
4
 cycles (the arrows indicate the direction of 

fatigue crack propagation). 

Similar stages of fatigue crack initiation and propagation can be also easily defined on the fatigue 

fracture surface of the HPT-processed alloy (Figure 7). The area of fatigue crack initiation is also 

located on the surface of specimens, though its size is smaller: ~50 μm (Figure 7a). The fracture 

surface relief in the areas of stable and unstable crack growth is less developed as compared to that on 

in the fatigue-tested CG T6 specimens. Brittle striations are observed in the area of stable crack 

propagation in the UFG material (Figure 7b) [36]. Unlike in the fatigue-tested CG T6 specimens, 
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stable and unstable crack propagation is accompanied by the formation and growth of micro-cracks in 

the direction parallel to the applied load (Figure 7c). The length of these micro-cracks is 50–100 μm. 

These micro-cracks should result in energy dissipation, thus delaying the growth of the main fatigue 

crack [35]. The dimpled ductile fracture surface is observed in the area of unstable crack growth and 

the final fracture of the specimen (Figure 7d–g). However, the size of these dimples is in the range of 

1–2 μm, which is much lower compared to that in the CG T6 material. A significant difference in the 

morphology of fatigue fracture surfaces of the CG T6-treated and UFG Al 6061 alloy can be related to 

the grain structure of these material conditions. As is well known, during the loading phase, the crack 

is opened by normal stress, which activates plastic slips at the tip. At the crack tip of the CG T6 

material with a grain size of 70 μm, dislocations are generated in the grain interior and do not 

necessarily reach the grain boundaries, when the material is cyclically deformed in Stage II. 

Conventional transgranular fatigue crack growth followed by specimen failure is observed. In the UFG 

material with a grain size of 170 nm, dislocation pile-ups are definitely formed at grain boundaries 

near the crack tip, and intragranular slip coupled with grain boundary sliding can occur [37]. 

Unaccommodated grain boundary sliding might result in local microcracking or nanovoid formation at 

grain boundaries. Triple junction nanovoids can also appear due to unaccommodated grain boundary 

sliding. Both transgranular and intragranular fatigue crack growth can take place in Stage II in this 

case, though this cannot be clearly resolved in SEM due to the very small grain size. In Stage III, 

nanovoids can grow and partially relieve the constraints on a grain. Individual single crystal ligaments 

deform extensively and finally experience chisel-point failure. These grain boundary and triple 

junction voids also act as sites for nucleation of the dimples in the UFG alloy, which are significantly 

larger than the individual grains, and the rim of these dimples on the fracture surface (1–2 μm) is 

typically a magnitude larger than the grain size (170 nm) [37]. 

4. Conclusions  

The following conclusions are outlined. 

1. High-pressure torsion (HPT) of the Al 6061 alloy at room temperature leads to the formation of a 

very homogeneous ultrafine-grained (UFG) microstructure with an average grain size of 170 nm. 

The yield strength and ultimate tensile strength of the HPT processed alloy are increased as 

compared to the CG counterpart subjected to the conventional Т6 heat treatment from 276 MPa 

to 605 MPa and from 365 MPa to 675 MPa, correspondingly. 

2. HPT processing of the Al 6061 alloy improves its endurance limit by a factor of two (from  

100 MPa after Т6 treatment to 200 MPa after HPT). This is related to the formation of a very 

homogeneous UFG microstructure with homogeneous resistance to fatigue crack initiation in the 

HCF regime. In the LCF regime, the UFG alloy shows somewhat lower fatigue resistance due to 

its lower strain hardening ability. 

3. Classical stages of fatigue crack initiation and propagation are clearly observed on the fatigue 

fracture surfaces of the CG T6-treated alloy and UFG alloy. Ductile striations are observed in the 

stage of stable crack propagation in the CG T6-treated alloy, whereas brittle striations seem to 

dominate on the fatigue fracture surface of the UFG alloy. The dimpled fracture surface is 
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observed at the final stage of crack propagation in both material conditions, with dimples having 

a smaller size in the UFG alloy. 
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