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Abstract

:

This work investigates the creep behavior of severely deformed commercial aluminum. The commercial aluminum was processed by helical rolling (HR) and equal-channel angular pressing (ECAP) at room temperature. During these processes, the equivalent strain up to about 4 was imposed into the as-received material. The creep testing at 200 °C revealed that HR and ECAP significantly increased the time to fracture compared to the as-received material. The stress dependences showed that the value of stress exponent n decreased with the value of the imposed strain. The stress-change tests showed that as-received and severely deformed states exhibited different recovery rates after unloading. The microstructure analysis showed that creep behavior was influenced by the microstructure formed during severe plastic deformation. The relationships between creep behavior and microstructure in the investigated states are discussed.
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1. Introduction


The methods of severe plastic deformation (SPD) can be used to modify the microstructure of materials in order to improve their properties [1,2]. The microstructure processed by SPD can contain various proportions of low-angle (LAGBs) and high-angle grain boundaries (HAGBs), depending on the value of imposed plastic strain. The microstructures processed by low value of imposed plastic strain usually contain cells or subgrains with low-angle grain boundaries. However, in the case that extremely large strain is imposed on the material, the transformation of coarse-grained microstructure to ultrafine-grained one (grain size 100 nm–1 μm) occurs [3,4,5,6,7]. Nevertheless, the transformation of microstructure using SPD methods proceeds subsequently. At the beginning of the transformation the microstructure, the various slip systems are activated which leads to the local crystal rotations and the formation of LAGBs. The further strain leads to the subsequent increasing of LAGBs misorientation and to the formation of ultrafine-grained microstructure. The microstructure can contain various proportions of LAGBs and HAGBs, depending on the level of imposed plastic strain. Many methods of SPD are known at present time, e.g., high pressure torsion (HPT) [1], equal-channel angular pressing (ECAP) [2], radial shear rolling (RSR) [8,9,10], twist extrusion (TE) [11], etc.



The ultrafine-grained (UFG) microstructure with the predominant amount of HAGBs in metallic materials is usually reached after introducing an equivalent strain higher than four into the material at room temperature [1]. It was also found that UFG microstructure of extremely coarse-grained pure Al (mean grain size of 5 mm) is not fully homogenous even after eight ECAP passes. The inhomogeneity of the microstructure in ECAP-processed extremely coarse-grained Al and Al single crystals can lead to the scatter of creep behavior of UFG materials [12,13]. The UFG materials very often exhibit a lower creep time to fracture than unprocessed SPD materials [12,14]. The decrease of time to fracture in SPD-processed materials was predominantly observed in UFG alloys. The investigation of the creep behavior in aluminum alloys (Al-0.2Sc, Al-3Mg-0.2Sc) showed the deterioration of the creep properties at 473 K even after one ECAP pass [12]. The investigation of creep in Cu-0.2Zr alloy showed that creep resistance at 673 K is considerably improved after 1 ECAP pass in comparison with its unpressed state [15]. However, following ECAP pass resulted in an unexpectedly further significant increase in creep resistance of this alloy. Unfortunately, after eight ECAP passes its creep properties were deteriorated in comparison with the coarse-grained state. The creep results of different materials processed by ECAP are not consistent. At present, it is not quite obvious whether application of ECAP improves or deteriorates the creep behavior of SPD materials. The stress dependences of the minimum creep rates indicated that the creep behavior of UFG alloys is influenced by grain-boundary mediated processes such as grain boundary sliding [16,17,18,19,20] or enhanced dislocation recovery [21,22].



The improvement in creep lifetime of materials using SPD processing was observed mainly for pure metals (such as Al and Cu) of purity of 99.99%, even after 12 ECAP passes [12,23]. The time to fracture was improved in ECAP-processed pure materials especially after low values of imposed equivalent strain. The creep behavior of SPD-processed materials with lower purity was not systematically investigated.



In the present time, there are only a few reports documenting the creep properties and creep mechanisms of materials processed by low values of imposed plastic strain. Therefore, the aim of the present work is to perform an investigation of creep behavior in aluminum 1013 (AD1). The work also includes the relevant microstructure analysis.




2. Materials and Methods


The experimental material used in present work was aluminum 1013 (purity ~99.3%). This state is referred to herein as the as-received state (AR). The as-received state was pressed by equal-channel angular pressing (ECAP) at room temperature up to 4 passes to obtain the microstructure with various number of high-angle and low-angle grain boundaries. The as-received state was also processed at room temperature by radial shear rolling which is a variant of helical rolling [8]. For this reason, the specimens were marked by HR. In this method of rolling, the rolls had a feed angle higher than 18 degrees, so shear strain is imposed into the material.



The ECAP pressing was performed using a die that had a 90° angle between the channels. The subsequent extrusion passes were performed by route Bc [3]. With one ECAP pass through the die, the imposed equivalent strain of ~1 was achieved. The von Mises equivalent strain imposed by HR was estimated by εeq = ln(D0/Dn)2, where D0 is the initial diameter, where ~40 mm and Dn is the final diameter ~8 mm after application of HR at room temperature. The imposed equivalent strain was about 2.6.



Constant load creep tests in tension were carried out in an argon atmosphere up to the final fracture of the specimens. The flat creep specimens (Figure 1) with a gauge of 12 mm in length and 3 × 1.5 mm2 in cross-section were used in this study. The creep testing was conducted at 200 °C (~0.5 Tm of Al). The initial applied stresses σ in the range 15–80 MPa were used to understand creep behavior. The creep elongations were continuously measured during the whole creep exposure, recorded digitally and then computer processed. In the present work, stress change tests were also performed. The stress was reduced from a higher level to a lower one after the minimum creep rate was reached. A similar stress was used during the stress increase. The change of the stress during reduction or increase in the stress took about 10 s.



The microstructure was investigated using a scanning electron microscope (SEM, Tescan Lyra 3) equipped with a NordlysNano EBSD detector operating at an accelerating voltage of 20 kV with the specimen tilted at 70°. The specimens for ESBSD analysis were electropolished at room temperature using a solution containing 94 vol.% ethanol, 4.5 vol.% perchloric acid, and 1.5 vol.% nitric acid. In the present work, the step size of EBSD was 0.1 µm for only the ECAP- and HR-processed specimens. The step size of EBSD for the AR- and SPD-processed specimens after creep testing was 0.2 µm. The number of indexable EBSD patterns was approximately 90–95% in the specimens after creep and 80–95% in the AR- and SPD-processed states. The non-indexed data points were predominantly situated on the grain boundaries because in these places, EBSD patterns from neighboring grains overlap. The non-indexed data points were cleaned by a clean-up procedure. The clean-up procedure consisted of two steps. In the first step the possible wild spikes with a grain size of 1 pixel were removed. In the second step, the non-indexed points that were surrounded by at least 5–6 indexed neighbors were removed. An iterative approach was used so that the clean-up procedure led to the removal of all non-indexed data points. EBSD was used to determine the misorientations θ between neighboring grains. Misorientation θ = 15° was taken to distinguish HAGBs from LAGBs.




3. Results


3.1. Creep Behavior


The creep results of single stress creep tests for the AR- and SPD-processed states are summarized in Table 1. The creep results demonstrate that Al 1013 processed by 1–2 ECAP passes and HR-processed state exhibited significantly lower strain to fracture than AR and 4 ECAP passes processed state. The results in Table 1 also demonstrate that some creep tests at low stresses were still running and thus strain to fracture (εf) and time to fracture (tf) were not determined.



The stress dependences of     ε ˙  m    (Figure 2) revealed that the value of the stress exponent of the minimum creep rate n = dln    ε ˙  m   /dlnσ (slope of the lines) can be significantly different at stresses higher than 20–30 MPa and at lower stresses. The stress exponent n = dln    ε ˙  m   /dlnσ for the as-received state exhibited a high value of n about 16. One can see that the value of n decreases with increasing value of imposed strain down to n ~ 5 for states processed by 4 ECAP passes. Thus, the stress dependence for 4 ECAP passes crossed at the stress about 30 MPa, the dependence for AR state. At stresses higher than 30 MPa, HR- and ECAP-processed specimens exhibited significantly higher creep lifetime compared to as-received coarse-grained material. For this reason, it is not possible to compare the creep behavior of ECAP- and HR-processed states with the as-received material at high stresses.



Figure 3a shows standard creep curves strain against time measured at 30 MPa for all the investigated states. The results demonstrate that the lowest strain to fracture (εf) was exhibited by the specimen that was processed by one ECAP pass. The HR-processed specimen exhibited only slightly larger εf compared to specimens processed by one ECAP pass. The εf further increased in the specimens processed by two and four ECAP passes. The specimen processed by four ECAP passes achieved a similar εf as the AR material.



The time dependencies of the strain rate against time measured at 30 MPa (Figure 3b) demonstrate that time to fracture decreased with increasing value of strain imposed into the specimens before creep testing. The specimens processed up to two ECAP passes and the HR-processed specimen exhibited significantly slower minimum creep rates     ε ˙  m    than the AR material and the specimen processed by four ECAP passes. The results demonstrate that     ε ˙  m    for specimens after 1–2 ECAP passes and the HR-processed specimen were not significantly different. However, the times to fracture differed significantly.



One can see (Figure 3c) that the HR-processed specimen exhibited a very short stationary stage which was followed by a relatively fast increase in the creep rate. The increase in the creep rate after reaching     ε ˙  m    was the slowest of the specimens processed by one and two ECAP passes.



Figure 4 shows the results of stress change tests for the selected SPD-processed and as-received states. The results provide an additional view to creep processes occurring in as-received and severely deformed states. One can see that the strain becomes negative after the stress reduction. The as-received and HR processed states reached similar or slightly slower     ε ˙  m    after the stress reduction compared to creep test without the stress change. However, the specimen processed by two ECAP passes reached faster     ε ˙  m    after the stress reduction compared to the single stress creep test. The results of stress change tests in the severely deformed and as-received states demonstrate that after increasing to the high stress, the forward strain continued and the strain rate decreased from faster values down to     ε ˙  m    similar as     ε ˙  m    for the single stress creep test.




3.2. Microstructure before Creep Testing


Figure 5 shows the microstructures of as-received material and its ECAP and HR processed states. The results demonstrate that the microstructure of the as-received state (Figure 5a) consisted of grains with a mean size of 33 µm and subgrains with a mean size of 19 µm. In the microstructure of the as-received state, HAGBs prevailed with a frequency of 71%. The microstructure of the SPD-processed state (Figure 5b,c) contained predominantly LAGBs (Figure 5d). The microstructure processed by 1 ECAP pass contained the lowest frequency of HAGBs (~9.5%). The 2 ECAP-processed microstructure (Figure 5c) consisted of grains with mean size of 4.5 µm and subgrains with a mean size of 1.4 µm. The HR processing (Figure 5b) led to the reduction in the mean grain size to 2.9 µm and subgrain size down to 1.6 µm. Figure 5e demonstrates that the largest decrease in the subgrain size occurred during the first ECAP pass. The further increase in the value of the imposed plastic strain led to a further smaller reduction in subgrain size. The largest reduction in the mean grain size occurred during the first two passes. With the further increase in the value of imposed plastic strain, there was a further reduction in the grain size.




3.3. Microstructure after Creep Exposure


Figure 5 shows the comparison of microstructures situated in the grip parts of the specimens processed by HR (Figure 6a) and 2 ECAP passes (Figure 6b) and tested at 200 °C under 80 MPa. The results showed that creep testing at 80 MPa led to the slight coarsening of microstructures processed by the SPD techniques. The microstructure of the HR-processed specimen (Figure 6a) contained significantly elongated grains parallel to the stress axis with a mean size of 6.2 µm and subgrains with a mean size of 2.1 µm. The HR-processed microstructure contained approximately 42% of HAGBs (Figure 6c). The microstructure of the specimen processed by 2 ECAP passes (Figure 6b) consisted of grains with mean size of 4.5 µm and subgrains with a mean size of 1.9 µm. The microstructure was determined to consist of approximately 21% HAGBs (Figure 6c). Thus, after creep testing at 80 MPa, the ECAP-processed microstructure contained smaller subgrains and more LAGBs than the HR-processed microstructure.



Figure 7 shows the microstructures of the received and SDP-processed states tested at 200 °C and 30 MPa. The mutual comparison of microstructures demonstrates that the as-received state (Figure 7a) contained significantly coarser grains and subgrains (mean size of 12.5 µm) compared to the HR- and ECAP-processed states. The microstructure of the as-received state tested at 30 MPa measured about 24% of HAGBs. The results demonstrate that the lowest amount of HAGBs (approximately 7.5%) after creep testing belonged to the specimen processed by one ECAP pass. The microstructure of the specimen processed by one ECAP pass (Figure 7b) consisted of coarse grains with a fine substructure located in their interior. But, within the microstructure can be sporadically found grains that contain either coarse subgrains or do not contain any subgrains. The specimens processed by HR (Figure 7c) and two ECAP passes (Figure 7d) contained an approximately similar amount of HAGBs (about 18–19%).



However, the specimen processed by 2 ECAP passes contained a finer substructure (mean subgrain size of 3.2 µm) than the tested specimen processed by HR (mean subgrain size of 3.8 µm). Both microstructures (Figure 7c,d) contained grains with no subgrains (LAGBs) in their interiors. The specimen processed by 4 ECAP passes tested at 30 MPa (Figure 7e) contained about 32% HAGBs and had a mean grain size of 5.9 µm. The microstructure contained fine subgrains with a mean size of 3.3 µm. Many grains contained coarse subgrains or no subgrain in their interiors.





4. Discussion


The methods of severe plastic deformation are predominantly used for the preparation of ultrafine grained materials [2]. In order to achieve the UFG microstructure in metallic materials, it is necessary to insert an equivalent strain at least    ε  e q   > 4   at room temperature. However, UFG alloys very often exhibit a lower creep lifetime than their unprocessed materials [14,24,25]. But, opposite results were found in the creep behavior of pure metals. The limited number of previous works [26,27,28] investigating creep behavior of SPD processed pure metals revealed that SPD processing can lead to the improvement of the creep time to fracture. The improvement of creep time to fracture in SPD processed pure metals occurs especially after low values of imposed equivalent strain. The increase in the creep time to fracture and slower     ε ˙  m    after the application of ECAP and HR methods was also observed in the present work on Al 1013.



In the present work, it was observed (Figure 2) that the stress dependences of the ECAP- and HR-processed state were shifted to the slower     ε ˙  m    and also to the higher stresses compared to the as-received state. Due to the low creep strength of the as-received state at σ > 30 MPa, it is not possible to compare the creep behavior of SPD-processed states with the as-received state.



But, the results allow the comparison of different SPD-processed states with each other. It is obvious that the different creep behavior of SPD-processed states is caused by the modification of the as-received state microstructure by SPD. The size of grains and subgrains formed during the ECAP and HR process was significantly finer than in the as-received state. The results (Figure 3 and Figure 7) showed that the time to fracture can be significantly increased by the formation of fine subgrains inside of large grains. The additional reduction in grain size (increase in the HAGBs in the microstructure) by introducing higher εeq leads to the gradual increase in     ε ˙  m    (Table 1, Figure 3) and to the reduction in the time to fracture (Figure 1).



The values of stress exponents n determined for the ECAP- and HR-processed states decreased from the n ~ 7.3 to n ~ 5.7. These values suggest that the dominant role is played by power-law creep [29,30,31] associated with glide and climb of intragranular dislocations. The results (Figure 2) showed that the decrease in the value of n is related to the reduction in the mean grain size (Figure 5e). For this reason, another additional creep mechanism related to grain boundaries may be considered, such as grain boundary sliding. The characterization of creep mechanisms by the determination of n describes the steady state where the defects like dislocations are generated at the same rate as they are recovered [29,30,31]. The disruption of the stationary state by the changing the applied stress enables to characterize the transitions to the new steady state.



The strain change tests (Figure 4) provided an additional view into the microstructure processes in the transition from one steady state to another steady state. The results of stress change tests showed that the strain became negative after unloading, especially in the large stress change tests performed on the SPD states (Figure 4d). The decrease in strain after stress reduction was followed by a decrease in the creep rate. This behavior is associated with microstructure changes that lead to the setting of a new stationary stage at reduced stress. The presence of negative strain can be explained by the backward movement of dislocations forming the pile-ups at the boundaries. These dislocations subsequently recover with increasing creep time and the strain becomes forward again. It is generally accepted that the recovery of dislocations is enhanced at HAGBs, due to faster grain boundary diffusion, compared to LAGBs. For this reason, the dislocation recovery is faster in the SPD-processed materials with finer grains in the microstructure than in the coarse-grained as-received state. The stationary subgrain size [32,33] is reciprocal to the stress and can be estimated by following relation:


  λ = k   G b  σ   








where k is constant, G is the elastic shear modulus, b is Burgers vector length, and σ is applied stress.



The finer subgrain size formed during higher stress coarsens after stress reduction, up to the stationary subgrain size formed at lower stress. During the stress change tests in present work, a stationary state at reduced stress was probably not achieved. Because, after the stress reduction, the     ε ˙  m    at reduced stress should be slower due to finer subgrain size formed at higher stress, than     ε ˙  m    determined during single stress creep test. This is only seen in Figure 4a for the as-received state. But the creep behavior of the SPD-processed states was different after the reduction in the applied stress. The results of the stress change tests (Figure 4b,c) showed that the stationary creep rate established after stress reduction was faster compared to     ε ˙  m    observed at the single creep test at one applied stress. This creep behavior can be explained by finer grain size in the microstructure after stress reduction than in the microstructure of the specimens tested at the single creep test under lower stress. The microstructure of the specimen tested at higher stress had less time for coarsening than microstructure tested at low stress at the same creep strain. Thus, the SPD-processed microstructure tested at lower stress had enough time to coarsen. The coarsening of the SPD-processed microstructure during creep was also observed in other studies [34,35]. The larger grains in specimens tested at a low stress shift     ε ˙  m    to slower creep rates compared with the creep rate observed after the stress reduction (Figure 4b,c). This explanation can be supported by microstructure results (Figure 6 and Figure 7) showing the microstructure coarsening at high and low stress. After repetitive uploading to the higher stress (Figure 4), the creep rate was significantly higher than     ε ˙  m    of the single creep test at higher stress. This is caused by subgrain coarsening at reduced stress which leads to the softening at higher stresses. With further creep strain, the subgrain size decreases down to the stationary size corresponding to higher stress. Thus, the creep rate decreases to values close to     ε ˙  m    of the single stress creep test. The significant increase in the creep rate after uploading was observed in as-received and also the SPD-processed states.




5. Conclusions


In the present study, the SPD techniques such as equal-channel angular pressing and helical rolling were used at room temperature for the processing of Al 1013. The creep behavior at 200 °C and the microstructure changes were investigated.



The conclusions are summarized as follows:




	
The ECAP- and HR-processed Al 1013 exhibited better creep strength at high stresses compared to the as-received material. The time to fracture of different ECAP-processed states decreased with increasing frequency of HAGBs.



	
The values of stress exponents n for the ECAP- and HR-processed states determined at high stresses were consistent with power-law creep involving intragranular dislocation processes.



	
The microstructure and creep results showed that the grain coarsening led to slower creep rates; coarse subgrains in the microstructure led to faster creep rates. For this reason, the slowest creep rate was exhibited by the material processed by one ECAP pass containing fine subgrains inside large grains.
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Figure 1. Schematic illustration of tensile specimen. 
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Figure 2. Stress dependences of minimum creep rates for the as-received state (AR) and its comparison with SPD-processed states. 
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Figure 3. The comparison of creep curves for AR-, ECAP-, and HR-processed states tested at 30 MPa: (a) strain vs. time, (b) strain rate vs time, and (c) strain rate vs. strain. 
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Figure 4. The results of stress change tests: (a) as-received state, (b) HR state, (c) 2 ECAP passes, and (d) the time for the transition from backward to forward strain. 
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Figure 5. The microstructures of (a) as-received state; (b) after 2 ECAP passes; (c) HR-processed state; (d) comparison of misorientation distributions for AR, HR, and 2 ECAP passes states; (e) effect of SPD on the mean subgrain/grain size. 
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Figure 6. The microstructures of Al 1013 after creep testing at 200 °C and 80 MPa: (a) HR-processed state, (b) after 2 ECAP passes, and (c) comparison of misorientation distributions for HR and 2 ECAP passes after creep testing at 80 MPa. 
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Figure 7. Microstructures of Al 1013 after creep testing at 200 °C and 30 MPa: (a) AR, (b) 1 ECAP, (c) HR, (d) 2 ECAP, and (e) 4 ECAP passes. 
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Table 1. The summary of creep results for single stress creep tests at 200 °C.
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State

	
σ

	
      ε ˙  m     

	
εf

	
tf




	
[MPa]

	
[s−1]

	
[-]

	
[h]






	
AR

	
35

	
1.0 × 10−5

	
0.41

	
4.6




	

	
30

	
3.3 × 10−7

	
0.41

	
145.1




	

	
25

	
4.5 × 10−8

	
0.43

	
689.5




	

	
15

	
1.2 × 10−8

	
-

	
-




	
1ECAP

	
50

	
5.4 × 10−7

	
0.25

	
1.5




	

	
30

	
8.0 × 10−9

	
0.14

	
819.3




	

	
20

	
4.0 × 10−9

	
-

	
-




	

	
15

	
2.0 × 10−9

	
-

	
-




	
2ECAP

	
80

	
2.6 × 10−5

	
0.2

	
0.9




	

	
50

	
1.2 × 10−6

	
0.27

	
23.2




	

	
30

	
2.1 × 10−8

	
0.26

	
551.8




	

	
20

	
1.4 × 10−8

	
0.29

	
926.6




	
HR

	
80

	
8.3 × 10−5

	
0.1

	
0.2




	

	
50

	
1.3 × 10−6

	
0.17

	
18.1




	

	
30

	
3.1 × 10−8

	
0.19

	
240.3




	

	
30

	
4.6 × 10−8

	
0.23

	
216.5




	
4ECAP

	
50

	
3.1 × 10−6

	
0.4

	
11.9




	

	
30

	
5.4 × 10−7

	
0.41

	
63.8




	

	
20

	
4.9 × 10−8

	
0.49

	
703.5




	

	
15

	
2.5 × 10−9

	
0.39

	
819.3
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