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Abstract: Achieving a combination of high mechanical strength and high electrical conductivity in low-
weight Al alloys requires a full understanding of the relationships between nanoscaled features and 
physical properties. Grain boundary strengthening through grain size reduction offers some interesting 
possibilities but is limited by thermal stability issues. Zener pinning by stable nanoscaled particles or 
grain boundary segregation are well-known strategies for stabilizing grain boundaries. In this study, 
the Al-Ca system has been selected to investigate the way segregation affects the combination of 
mechanical strength and electrical resistivity. For this purpose, an Al-Ca composite material was 
severely deformed by high-pressure torsion to achieve a nanoscaled structure with a mean grain size 
of only 25 nm. X-ray diffraction, transmission electron microscopy and atom probe tomography data 
revealed that the fcc Ca phase was dissolved for large levels of plastic deformation leading mainly to 
Ca segregations along crystalline defects. The resulting microhardness of about 300 HV is much higher 
than predictions based on Hall and Petch Law and is attributed to limited grain boundary mediated 
plasticity due to Ca segregation. The electrical resistivity is also much higher than that expected for 
nanostructured Al. The main contribution comes from Ca segregations that lead to a fraction of 
electrons reflected or trapped by grain boundaries twice larger than in pure Al. The two-phase state 
was investigated by in-situ and ex-situ microscopy after annealing at 200°C for 30 min, where 
precipitation of nanoscaled Al4Ca particles occurred and the mean grain size reached 35 nm. Annealing 
also significantly decreased electrical resistivity, but it remained much higher than that of 
nanostructured pure Al, due to Al/Al4Ca interfaces that reflect or trap more than 85% of electrons. 
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1- Introduction 

The design of low-weight electrical conductors with a high specific mechanical strength combined with 

a high electrical conductivity is of interest not only for automotive and aircraft industries but also for 

power transmission lines. Aluminum, with a relatively low production cost, an electrical conductivity 

of about 62% IACS (International Annealed Copper Standard) and a density of about 2.7 against 8.9 

g.cm-3 for Cu, is the most interesting candidate [1, 2]. However, like copper, the low mechanical 

strength of pure Al requires advanced microstructural design to reach high mechanical strength 

without substantially degrading the electrical properties. Moreover, due to its higher electrical 

resistivity (leading to more energy dissipation by Joule effect) and relatively low recrystallization 

temperature, special attention should be given to optimizing the microstructure’s thermal stability. 

Classical precipitation hardening is sometimes used for power transmission lines using Al-Mg-Si alloys 

[1], but fine precipitate particles scatter electrons, causing significant decreases in electrical 

conductivity. It has been demonstrated however that a similar or even a higher mechanical strength 

could be achieved in ultrafine grain (UFG) or nanoscaled Al [3-7]. This is the well-known grain boundary 

(GB) strengthening as described by the Hall and Petch Law [6-8]. For example, nanocrystalline 

sputtered Al films exhibit a yield stress higher than 400 MPa [5]. In such materials with grain size below 

100 nm, the uniform elongation is often very much reduced, and some specific deformation 

mechanisms such as twinning [9-11] and GB sliding [12] or GB migration [13] occur.  

UFG structures can be achieved by Severe Plastic Deformation (SPD) [14] with the final grain size being 

controlled by dynamic recovery and recrystallisation processes. Solute elements are needed to achieve 

grain sizes in the submicrometer range [15]. Using such a strategy, it has been demonstrated that the 

combination of GB and precipitation hardening may give rise to optimized combinations of mechanical 

and electrical properties in 6000-series alloys [16] and to a yield stress up to 1 GPa in other Al alloys 

[17, 18]. However, residual alloying elements in solid solution reduce the electrical conductivity, and 

the overall thermal stability is relatively low. The thermal stability of UFG or nanostructured alloys 

might be improved by nanoscaled particles (Zener pinning) [19] or segregations to reduce the GB 

energy (and thus the driving force for coarsening) or directly the boundary mobility [20-22].  

Thus, the ideal UFG structure for a combination of low weight, high strength, high electrical 

conductivity and high thermal stability requires a small amount of an immiscible alloying element to 

achieve pure Al nanoscaled grains pinned by GB segregations or nanoscaled particles. The best strategy 

might depend on the considered system, but there is little knowledge to optimize the nanoscaled 

structure regarding the envisioned multifunctional properties. It is well known that the electrical 

resistivity could be significantly increased by crystalline defects, especially dislocations or GBs [23-26]. 

Twins, such as those grown during electrodeposition of nanocrystalline Cu, are a kind of exception [27]. 

However, the influence of segregations, both on electrical resistivity and mechanical strength of 
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nanostructured Al alloys is not yet completely understood. It has already been demonstrated that grain 

refinement and intermetallic fragmentation can be successfully achieved by SPD processing of as-cast 

Al alloys containing immiscible elements (Rare Earth [28], Fe [19, 29] or Ca [30]). However, starting 

from as-cast structures with intermetallic compounds requires huge plastic strains, and only Zener 

pinning can be achieved. The aim of the present work was to investigate both the influence of 

segregations and of intermetallic phases in a nanostructured Al-Ca alloy. To reach this goal, it was 

assumed that the co-deformation of fcc Al and fcc Ca phases could lead to mechanical mixing, promote 

the nanoscaled structure formation and segregation of the minor element (namely Ca) along grain 

boundaries, as observed in various immiscible systems [31-36]. Thus, a bi-metallic composite material 

made of fcc Al and fcc Ca phases [37] has been processed by High-Pressure Torsion (HPT) at various 

strains. In a second step, intermetallic particles were nucleated in a controlled post-processing manner 

to preserve the overall nanoscale structure. Microstructures have been characterized down to the 

nanoscale to correlate with mechanical and electrical properties with a special emphasis on the critical 

role played by the segregation of Ca atoms at GBs. 

 

2- Experimental 

The material investigated in the present study is an Al-Ca metal matrix composite produced from high-

purity Al and Ca powders that have been mixed, compacted and extruded to achieve a rod of 10mm in 

diameter with a volume fraction of 12% Ca (Details about the processing route are given in [37]). During 

the extrusion process, equiaxed Ca particles are transformed into sub-micrometer co-axial filaments. 

Then, the Al-Ca rod was sliced to prepare discs (diameter 10 mm, thickness 0.8 mm) for further 

deformation by (HPT) under a pressure of 6 GPa with a speed of one revolution per minute. Samples 

were deformed by 1, 10, 100 or 1000 revolutions at room temperature. The resulting shear 

deformation  was estimated as:  = 2 r N / t, where r is the distance from the disc center, N the 

number of revolutions and t the disc thickness. Thanks to the large dimension of anvils as compared 

to the sample volume, the heat generated during the process was efficiently dissipated. The 

temperature measured with a pyrometer on the anvils near the sample always stayed below 50 °C, 

even after 1000 revolutions. 

The mechanical strength of the severely deformed Al-Ca composite was evaluated by Vickers micro-

hardness (HV) measurements carried out across HPT disc diameters with a load of 300 g. The electrical 

resistivity was evaluated at room temperature using an eddy-current electric conductivity meter 

calibrated with pure Al. Due to the relatively large zone probed with this technique (about 5 mm in 

diameter), measurements were performed in the center and near the edge of HPT discs, providing only 

two average values for each condition. 
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Crystallographic phases were identified by X-ray diffraction (XRD) using Brucker D8 diffractometer with 

a Co anticathode (Co-K radiation,  = 0.17909 nm). Data were recorded with the torsion axis as the 

out-of-plane component.  

Microstructures were characterized by Transmission Electron Microscopy (TEM) on a JEOL ARM 200F 

microscope. Images were also recorded in Scanning TEM (STEM) mode with a bright field (BF) detector 

(collection angles 0-45 mrad) and a High-Angle Annular Dark-Field (HAADF) detector (collection angles 

68-280 mrad). X-ray Energy Dispersive Spectroscopy (EDS) was carried out with a JEOL Centurio 

detector (collection angle: 1 sr). TEM samples were prepared in the cross section of HPT discs by 

Focused Ion Beam (FIB) using a Zeiss N-vision40 dual beam Scanning Electron Microscope (SEM). The 

thermal stability at 200 °C was checked using an in-situ TEM double-tilt heating holder (Gatan 652 MA). 

Heating from room temperature to 200 °C was done in a one-minute interval. Based on these 

observations, the static annealing conditions have been established, and some HPT samples were 

annealed for 30 min at 200 °C. 

More detailed information about the Ca distribution has been obtained by Atom Probe Tomography 

(APT) analyses. They were carried out with a CAMECA LEAP-4000HR apparatus in ultra-high vacuum 

(10-11 mbar), with a pulse fraction of 20%, a pulse repetition rate of 200 kHz and a sample temperature 

of 50 K. Three-dimensional (3D) reconstructions were performed using IVAS Software and further data 

processing was done with the Gpm3dSoft Software. APT tips were prepared by FIB so that the shear 

plane was perpendicular to the analysis direction. 
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3- Results 

To evaluate hardness changes due to SPD of the Al-Ca composite, profiles were measured across HPT 

discs (Fig. 1). After one revolution, the hardness remains below 50 HV, and there is only a small gradient 

from 25 HV in the center up to about 35 HV in the outer part. Increasing the number of revolutions 

(i.e., the shear strain) by a factor of ten leads to significant changes, and while the hardness remains 

below 50 HV in the center part, it rises to about 250 HV in the outer part. After 100 revolutions, the 

hardness is more homogeneous across the HPT disc, it seems to saturate between 280 and 300 HV at 

the periphery while the 1 mm softer region remains in the center. At higher shear strain (up to 1000 

revolutions), the hardness is relatively homogeneous across the HPT disc, but a significant softening 

(about 50 HV) is clearly observed as compared to the sample processed up to 100 revolutions. To 

evaluate the thermal stability, annealing during 30 min at 200 °C was carried out on the sample 

processed by 100 revolutions, and Fig. 1 shows that this annealing causes a hardness drop of about 

100 HV. 

 

Figure 1: Micro-hardness profiles measured across the discs processed by HPT (1, 10, 100 and 1000 

revolutions) and after post-HPT annealing (100 revolutions followed by 30 min at 200 °C). 

 

The electrical resistivity and the hardness of the Al-Ca composite processed by HPT are plotted as a 

function of the shear strain on Fig. 2. At lower strains, up to  = 100, they both increase slightly without 

exceeding 400 10-4m and 60 HV respectively and thus remain relatively close to the properties of 
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the initial Al-Ca composite material [37]. However, at a shear strain of about  = 200, there is a very 

sharp increase of both the electrical resistivity and the microhardness that reach a plateau for  > 1000, 

respectively close to 2100±100 10-4m and 290±10 HV. The short time annealing (30 min at 200°C) 

leads to a significant drop, down to about 1200±100 10-4m and 200±10 HV, but still much larger 

than original properties of the Al-Ca composite. 

 

 

Figure 2: Evolution of the microhardness (HV, black markers, left vertical scale) and electrical resistivity 

(10-4 m, red markers, right vertical scale) as a function of the shear deformation induced by HPT. 

Circle markers are for the as-deformed material and squares for the material aged 30 min at 200 °C. 

Measurements were carried out on samples processed by 1, 10 and 100 revolutions. The initial electrical 

resistivity is from [37]. 

 

The evolution of phases during SPD has been characterized by XRD. In samples processed by one and 

10 revolutions (Fig. 3a), peaks corresponding to fcc Al, fcc Ca, and SiC were detected. The SiC was 

detected only in the one- and 10-revolution samples, since these samples were very soft (Fig. 1) and 

ductile. After 100 revolutions, the material became much harder (Fig. 1), and no SiC particles are 

incorporated during polishing. In the 100-revolutions material, only the fcc Al phase remains (along 

with significant peak broadening), and no peaks attributable to fcc Ca were detected. This seems to 

indicate that some mechanical mixing led to the dissolution of the Ca phase during HPT processing. At 
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a larger shear strain, up to 1000 revolutions (Fig. 3b), the spectrum looks similar, but additional peaks 

corresponding to the Al2Ca phase are clearly exhibited. After annealing for 30 min at 200 °C, the sample 

processed by 100 revolutions displayed significant fcc Al peak-width reduction, indicating some defect 

recovery (Fig. 3b). There are also numerous peaks attributed to the Al4Ca phase showing that this 

intermetallic phase has nucleated. 
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Figure 3: (a) XRD patterns showing the progressive dissolution of Ca in fcc Al during deformation up to 

100 revolutions by HPT, (b) XRD patterns showing the nucleation of Al2Ca phase during HPT up to 1000 

turns and the precipitation of the Al4Ca phase in the material deformed up to 100 revolutions and 

annealed 30 min at 200 °C.  
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The microstructure resulting from SPD of the Al-Ca composite has been investigated by TEM in the 

sample processed by 100 revolutions where the maximum hardness was achieved (Fig. 1) and where 

the fcc Ca phase could not be detected by XRD (Fig. 3a). As shown on the bright-field image of Fig. 4a, 

the grain size has a mean value between 20 and 30 nm. The corresponding Selected Area Electron 

Diffraction (SAED) pattern exhibits Debye-Scherrer rings typical of nanostructured fcc Al (Fig. 4b), fully 

consistent with XRD data (Fig. 3a). However, a few spots that could be indexed with reflections 

corresponding to the interplanar distances of the Al4Ca phase also appear. Thus, a few nanoscale 

intermetallic particles have also nucleated during the SPD process.  

 

Figure 4: a) Bright field TEM image of the Al-Ca composite processed by 100 revolutions by HPT showing 

a nanoscale grain size, b) corresponding SAED pattern exhibiting Debye-Scherrer rings corresponding 

only to fcc Al. A few additional spots corresponding to the Al4Ca phase are also exhibited. 
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To visualize the distribution of particles within the microstructure, HAADF-STEM imaging was carried 

out (Fig. 5a). Ca-rich regions are brightly imaged since the atomic number of Ca is much higher than 

that of Al. The contrast is, however, relatively poor, which is partly due to overlapping nanograins in 

the TEM sample. The low contrast notwithstanding, it is evident that Ca atoms are not homogeneously 

distributed. This feature was confirmed using EDS line profiling (Fig. 5b), and it indicates that even if 

the fcc Ca phase disappeared during SPD, a fully homogeneous super-saturated solid solution was not 

achieved. 

 

Figure 5: STEM dark-field image showing the ultrafine grain structure of the Al-Ca composite processed 

by 100 revolutions by HPT (a). The slight contrast variations on the HAADF image are attributed to local 

fluctuations of the Ca content which are confirmed by the EDS line profile analysis (b).  

 

To determine more accurately the distribution of Ca atoms within the nanoscaled structure, the 

material was analyzed by Atom Probe Tomography (APT). Two representative volumes are displayed 

in Fig. 6a and 6b. These data confirm that Ca is not homogeneously distributed: there are segregations 

along linear or planar defects and Ca-rich particles. The composition profile computed across such a 

nanoparticle (diameter of about 5 nm) shows that it contains about 15 at.% Ca (Fig. 6c). Numerous 

particles were probed and for all of them, the Ca concentration stands between 10 and 20 at.% Ca. 
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There are also Ca-depleted regions in reconstructed volumes, which correspond to nanoscale Al grains. 

The amount of Ca in solid solution was carefully measured, taking care not to include either Ca-rich 

particles or segregations. The average amount of Ca measured in solid solution was 0.23 at.% (± 0.05), 

which is much higher than the equilibrium solubility limit at room temperature [38, 39].  

 

 

Figure 6: (a) and (b) 3D reconstructions of volumes analyzed by APT in the Al-Ca composite processed 

by 100 revolutions by HPT (Al in blue, Ca in orange). (c) Concentration profile plotted across a Ca-rich 

nanoscale particle (sampling box thickness 1 nm). 

 

The thermal stability of this nanoscale structure achieved by SPD was investigated by in-situ TEM 

annealing. On Fig. 7, the same region of the sample that was tracked during annealing at 200 °C is 

shown in as-SPD condition and after 30 min at 200 °C in STEM-BF images (Fig. 7a and 7c). Comparing 

these images clearly shows significant grain growth, and STEM-HAADF images indicate nucleation of 
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Ca-rich particles (top left in Fig. 7d) and the coarsening of Ca-rich regions (bottom right in Fig. 7d). 

Thus, a significant redistribution of Ca atoms occurred during annealing. The evolution of the grain size 

was estimated from bright-field TEM images (Figs. 4a and 8a) and corresponding distributions are 

plotted on Fig. 8c. The mean grain size increases from about 25±5 nm to 35±5 nm during 30 min at 200 

°C. In addition, the SAED pattern recorded in the annealed state (Fig. 8b) clearly exhibits many spots 

attributed to the Al4Ca phase, confirming the nucleation of this Ca-rich phase in agreement with XRD 

data (Fig. 3). 

 

Figure 7: STEM BF (a, c) and HAADF (b, d) images of the nanoscale structure of the Al-Ca composite 

processed by 100 revolutions by HPT showing the microstructure evolution during in-situ annealing. 

The same regions are displayed in the initial state (a, b) and after 30 min at 200 °C (c, d). Grain growth 

and precipitation of Ca-rich clusters are highlighted by the red circles. 
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Figure 8: (a) TEM BF image showing the nanoscaled structure after in-situ annealing 30 min at 200 °C 

and (b) corresponding SAED pattern showing diffraction spots attributed to fcc Al and Al4Ca phase. (c) 

Grain size distribution measured after 30 min at 200 °C and compared to the initial state.  

 

The Ca redistribution within the nanoscaled structure was studied more accurately using APT, and a 

typical volume analyzed in the annealed sample is displayed on Fig. 9a. There are two kinds of Ca-rich 

particles, some are faceted with a size close to the measured grain size (20-40 nm) and others are 
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much smaller with a diameter in a range of 5 to 10 nm. Composition profiles (Fig. 9b and 9c) show that 

they all contain about 20 at.% Ca, as expected for the Al4Ca phase. The average amount of Ca left in 

solid solution was also measured from these APT data. It is much lower than the as-SPD state, down 

to only 0.045 at.% (± 0.01), which is closer to the solubility limit [38, 39]. 

 

 

Figure 9: (a) 3D reconstruction of a volume analyzed by APT in the Al-Ca composite processed by 100 

revolutions by HPT and annealed during 30 min at 200 °C (Al in blue, Ca in orange). The arrows indicate 

the location and the direction of the Ca concentration profiles plotted in (b) and (c) (sampling box 

thickness 1 nm). 
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4- Discussion 

4.1 Influence of calcium on the deformation induced nanoscaled structure 

In the Al-Ca composite before SPD, there are two phases: the fcc Al matrix and elongated sub-

micrometer fcc Ca filaments [37]. These two phases are ductile and easily co-deform during the HPT 

process, which is the main difference with as-cast structures containing brittle intermetallic particles 

[19, 28-30]. During the early stage of deformation (one revolution by HPT), only a smooth hardness 

gradient appears (Fig. 1), although the shear strain gradient is huge across the HPT disc diameter. This 

is obviously the result of the relatively easy co-deformation between the two phases. At a shear strain 

of about  = 200, a dramatic change both in electrical resistivity and microhardness was observed (Fig. 

2). At this stage, the original sub-micrometer Ca filaments (dCa < 1m) are greatly elongated with a 

thickness dCa*  dCa /  of only 5 nm or less. Thus, at larger levels of deformation, Ca filaments are so 

much elongated that they start to dissolve in the fcc Al matrix as observed in other immiscible systems 

[31-36]. It starts at the HPT disc periphery where the shear strain is larger, and it progressively reaches 

the whole sample, leading to a progressive decrease and vanishing of Ca peaks on XRD spectra (Fig. 3). 

Then, even if the distribution of Ca is not homogeneous within the nanoscaled structure, a kind of 

saturation regime seems to be reached. As shown by our TEM and APT data (Figs. 4, 5 and 6), a 

nanoscale structure with an extremely small grain size, much smaller than that achieved by SPD in 

commercially pure Al, is achieved [23, 14, 15]. 

Ca solute atoms obviously play a critical role thanks to their strong interaction with crystalline defects, 

as in the Fe-C system [34]. The distribution of Ca is heterogeneous at different length scales: sub-

millimeter, sub-micrometer, and nanoscale. At the larger scales, the non-uniform Ca distribution 

results mainly from the original distribution of Ca filaments in the composite [37], and it is illustrated 

by the deviation between the nominal Ca concentration and the measurements done by TEM-EDS and 

APT (see Table 1). Then at the nanometer scale, due to the extremely low equilibrium solubility in Al 

[38, 39], only a very small fraction of Ca atoms is driven into solid solution (less than 1 Ca atom out of 

10), while others are segregated along crystalline defects such as GBs or located in Ca-rich particles 

(Fig. 6). The fraction of available sites at GBs f writes as: 

  𝑓~
3𝑎

2 𝑑
  (1) 

Where a is the lattice parameter of fcc Al (a = 0.405 nm) and d the mean grain size (25 nm in the as-

deformed material). It yields to f  2% of lattice sites located at GBs, i.e. only twice less than the 

nominal atomic fraction of Ca and relatively close to the local concentration measured in APT volumes 

(table 1). Then crystalline defects, and especially GBs become easy nucleation sites for Al4Ca 

precipitates and considering the highly negative enthalpy of formation of this intermetallic phase (-

17.2 kJ/mol [38]), it is not surprising that few particles directly nucleate along these defects during 
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SPD, as shown on Fig. 6 and confirmed by the SAED pattern (Fig. 4b). It is however interesting to note 

that their composition estimated from APT data is significantly lower than the expected stoichiometry 

(in a range of 10 to 20 at.% Ca, Fig. 6c). Nevertheless, they are only a few nanometers in size, and they 

exhibit an evaporation field slightly lower than the Al matrix (estimated from changes of the local 

density in reconstructed volumes), thus ion trajectory overlaps may lead to an under-estimation of the 

Ca content. However, the Al4Ca stoichiometry was measured in nanoscale particles after annealing 

(Fig. 9c), thus it could be that in as-SPD samples, particles are highly defected, resulting in a non-

stoichiometric composition. Similar features have been reported for Fe3C carbides in severely 

deformed steels [40]. 

When the deformation is continued in the saturation regime (  1000), the Al2Ca phase nucleates (Fig. 

3b). This is not expected from the phase diagram in an alloy containing only 4 at.% Ca [38, 39], but 

locally the amount of Ca segregated on crystalline defects might be much higher and the nucleation of 

this phase could be favored due to a significantly lower enthalpy of formation as compared to Al4Ca (-

29.3 kJ/mol for Al2Ca against -17.2 kJ/mol for Al4Ca [38]). For such extreme deformations, the 

formation of metastable phases has been reported in other systems [41]. Both, the high pressure 

applied during HPT (about 6 GPa) and also possible local temperature increase [42] may also affect the 

thermodynamic equilibrium. In the Al-Ca composite deformed up to (  1000, it leads to a significant 

decrease in hardness, probably because this phase being relatively rich in Ca (33 at.%), the amount of 

Ca available to interact with crystalline defects is then significantly reduced.  

Nanoscale structures are intrinsically thermally unstable due to the extremely high fraction of 

interfaces. In the present case, the low mutual solubility of Ca and Al is another driving force for the 

transformation of the system as soon as enough atomic mobility is provided to evolve towards a 

situation with a lower enthalpy. Crystalline defects, such as dislocations and GBs, are fast diffusion 

paths for the solute, thus in only 30 min at 200 °C, the nanoscale structure has completely changed. 

Grain growth (Fig. 7 and 8c) and precipitation of the Al4Ca phase occur concomitantly. If it is assumed 

that all Ca atoms are located in Al4Ca particles, then the volume fraction of this phase estimated from 

the nominal composition is about 24 vol.%. APT data revealed (Fig. 9) that precipitation occurred 

through two different mechanisms: i) some nanoscale (size below 10 nm) and relatively spherical Al4Ca 

particles nucleated homogeneously, inside Al grains, probably directly from the super-saturated solid 

solution, and eventually fed by pipe diffusion along dislocations; ii) others, larger (20-40 nm) and 

faceted like typical grains, nucleated at GBs and then grew at a faster rate. This second mechanism is 

often dominant in the decomposition of UFG super-saturated solid solutions where it is usually 

impossible to achieve homogeneous precipitation within nanoscale or submicrometer grains [16, 43-

45].   
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4.2 Influence of the calcium distribution on the mechanical strength 

At low levels of deformation, the easy co-deformation of Al and Ca does not lead to a significant 

increase in hardness; it remains below 40 HV (Fig. 1). At higher plastic strain, the Ca fcc phase dissolves, 

and the resulting nanoscale structure (mean grain size of 25±5 nm) gives rise to a huge increase in 

hardness to about 280-300 HV. The works of H.J. Choi [7] and S.I. Ahmed [46] on nanocrystalline 

aluminum demonstrate that Tabor’s law (y = HV (MPa) / 3 ; [47]) provides a good estimate of the yield 

stress y in such materials. Then, following this approach, the corresponding yield stress of the Al-Ca 

composite processed by SPD was compared to other nanoscale Al alloys on the Hall Petch plot on Fig. 

10.  

 

 

Figure 10: Hall-Petch plot (Yield stress as a function of d-1/2) comparing the yield stress of the 

nanostructured Al-Ca composites of the present study (estimated from Tabor’s law) with data from the 

literature. These are all experimental data except for [XU 2018], which refers to molecular dynamic 

simulations at high strain rate [6]. Data from [Liddicoat 2010] and [Mohamed 2017] were obtained 

respectively on 7075 and 2024 Al alloys processed by HPT [18, 48]. Data from [Ma 2014] were obtained 

on a 7075 Al alloy processed by cryo-milling [49]. Data from [Choi 2008] and [Ahmed 2020] were 

obtained on consolidated ball milled pure Al [7, 46]. The grey dashed line was plotted using the HP 

coefficient reported by [Hansen 2004] in [8]. 
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For most of the data on this plot, a significant deviation to the classical Hall Petch law (y = 0 + k d-1/2 

where 0 and k are constants) is exhibited. The experimental work of H.J. Choi [7] seems to indicate 

that such a deviation occurs for a grain size below 80 nm in nanocrystalline Al. At such small grain size, 

dislocation pile-ups are quite unlikely, and other deformation mechanisms are involved [9-11, 50, 51]. 

Besides, it is also well accepted that grain boundary mediated plasticity may play a critical role at such 

length scale [12, 50, 52], especially at relatively low strain rates. Then, it is not surprising that molecular 

dynamics simulation results [6] with a strain rate much higher than that of experimental data (1010 s-1 

against 10-4 or 10-3 s-1), exhibits the higher yield stress for a grain size of 25 nm ( 1.1 GPa [6], against 

 0.3 GPa predicted by the Hall-Petch law [8]). It is important to note that all experimental data on this 

plot with a yield stress larger than 600 MPa were obtained on alloys where solute elements, clusters 

and precipitates are thought to provide additional strengthening contributions. The nanocrystalline Al-

Ca alloy (as processed by HPT), with an estimated yield stress of 915-980 MPa is close to the highest 

reported value of 1 GPa for an ultrafine 7000-series aluminum alloy [18]. There is however only a small 

amount of Ca in solid solution (about 0.2 at.%, see table1) and a low number density of nanoscaled Ca 

rich particles mostly located at GBs, thus most of the hardening obviously results from calcium 

segregations along boundaries. At such small grain sizes, dislocation pile-ups are quite unlikely and 

grain boundary mediated plasticity probably plays a critical role [12, 50, 52]. Ca atoms located at GBs 

probably affect the mobility of intergranular dislocations strongly and thus limit grain boundary 

plasticity which gives rise to the exceptionally high microhardness. Similar effects have been reported 

in other nanoscaled structures where it was demonstrated that composition modulations or 

segregations influence the thermal stability but also significantly increase the mechanical strength [52, 

53].  

After annealing at 200 °C for 30 min, the hardness decreases by about 30%, down to about 200 HV 

(Fig. 2) as a result of microstructural changes. The mean grain size increased from d = 25±5 nm to 35±5 

nm (Fig. 8) and intensive precipitation of the intermetallic Al4Ca phase occurred with a volume fraction 

of about 24% (Fig. 9). Such a nanoscaled structure is relatively similar to that obtained by Rogachev et 

al [30] who processed by SPD an as-cast alloy containing intermetallic particles, leading to a similar 

microhardness. The hardness of Al4Ca being higher than that of Al [54] and the classical Hall-Petch 

dependence of the yield stress being a function of d-1/2, then the expected hardness drop during 

annealing of the nanostructured Al-Ca material of the present study should not exceed 15%. The 

significant difference with our experimental observations (30%) clearly indicates that Ca segregations 

probably inhibit partly grain boundary mediated plasticity leading to the exceptional yield stress close 

to 1 GPa. 
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4.3 Influence of the calcium distribution on electrical properties 

Once the level of deformation becomes moderate (below  = 200), the electrical resistivity remains 

relatively stable (Fig. 2) with only a minor increase as compared to the initial value of about 300 10-

4m [37]. Then, at higher shear strains, when the fcc Ca phase starts dissolving, the electrical 

resistivity changes dramatically and becomes larger than 2000 10-4m (Fig.2). The electrical 

resistivity of Al is affected by crystalline defects (vacancies, dislocations and GBs) and Ca in solid 

solution. For the as-processed nanoscaled Al-Ca material, the influence of nanoscaled Al4Ca particles 

will be at first neglected since the volume fraction is relatively small, and the contribution of Al/Al4Ca 

interfaces will be discussed later on. Thus, the electrical resistivity Al can be simply written using the 

so-called Mattissen-Flemming rule [55]: 

 

 𝜌𝐴𝑙 =  𝜌𝐴𝑙
0 + 𝐶𝑣 ∆𝜌𝐴𝑙

𝑣 +  𝐿𝑑  ∆𝜌𝐴𝑙
𝑑 + 𝑆𝐺𝐵 ∆𝜌𝐴𝑙

𝐺𝐵 + 𝐶𝐶𝑎 ∆𝜌𝐴𝑙
𝐶𝑎 (2) 

 

Where Al
0 is the electrical resistivity of pure Al (265 10-4m), Cv the vacancy concentration, Ld the 

dislocation density (m-2), SGB the surface of GBs per unit volume (m-1), CCa the fraction of Ca in solid 

solution, and Al
v, Al

d, Al
GB and Al

Ca the corresponding constants reflecting each contribution 

(respective values are listed in Table 2). 

As shown by Y. Miyajima [23], even if the vacancy concentration could be up to 10-3% in severely 

deformed alloys, their contribution to the total electrical resistivity remains several orders of 

magnitude lower than Al
0. The contribution of dislocations could be significantly higher than vacancies 

and rises up to about 10% of Al
0 ( 27 10-4m) for a dislocation density of 1016 m-2 (corresponding 

to a mean distance between dislocations of about 10 nm) [23, 59]. Considering the amount of Ca in 

solid solution measured by APT (<0.5 at.%, see Table 1), then the corresponding increase in electrical 

resistivity is less than 15 10-4m. Lastly, grain boundaries, assuming spherical grains with a mean 

diameter of 25 nm, gives a maximum electrical contribution to the overall resistivity of 300 10-4m. 

These estimates are listed in Table 2. They lead to an upper theoretical limit of the electrical resistivity 

of about 610 10-4m, which is significantly lower than the experimental value of 2100±100 10-4m 

(Fig.2).  

It should be noted however that the above approach completely neglects the contribution of Ca atoms 

segregated along GBs. It has been shown that the grain boundary scattering writes as [60, 61]: 

 

 𝜌𝐺𝐵 =
𝜌𝐴𝑙

0

3(
1

3
−

𝛼

2
+𝛼2−𝛼3𝑙𝑛(1+

1

𝛼
))

  (3) 
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With 

 𝛼 =  
𝜆 𝑅

𝑑 (1−𝑅)
  (4) 

Where 𝝀 is the mean free path of electrons inside Al grains (𝝀 = 18.9 nm [62]), and R the reflection 

coefficient of grain boundaries (R = 0 means that GBs do not scatter any electron and thus have no 

influence on the electrical resistivity). H. Schwarz and R. Lück have shown that in metals the value of R 

is often close to 0.5 [63]. On Fig. 11, the grain boundary contribution to resistivity estimated from eq. 

(3) was plotted as a function of the grain size for various values of R. The comparison with the 

experimental dependence as reported by Andrews [57] and Kasen [58] indicates that 30% < R < 50% in 

pure Al. To fit our experimental measurements of electrical resistivity in the nanostructured AlCa, a GB 

contribution of about 1500 10-4m is required (Table 3). Then, the plot on Fig. 11 also reveals that in 

this material, the fraction of electrons reflected or trapped by GBs is much higher than that in pure Al, 

up to about 85%, and this large difference can only be attributed to Ca atoms segregated at GBs. 

 

 

Figure 11: Contribution of GBs to electrical resistivity of pure Al as a function of the fraction of electrons 

reflected or trapped by GBs (plotted from eq. (3)). These theoretical data are compared to experimental 

data of intrinsic GB resistivity of pure Al reported by Andrews [57] and Kasen [58]. The experimentally 

estimated boundary contributions to electrical resistivity are also indicated for Al GBs in the as-HPT 

nanostructured alloy and for Al/Al4Ca interfaces in the nanostructured alloy after annealing during 

30min at 200°C. 
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Annealing at 200 °C during 30 min leads to a strong decrease of the amount of Ca in solid solution in 

Al (down to 0.045 at.%, see Table 1) and to the precipitation of Al4Ca particles (Fig. 9). Assuming that 

the nanostructured material is a mixture of pure Al and Al4Ca, then the electrical resistivity can be 

estimated with a simple rule of mixture [37] : 

𝜌𝐴𝑙−𝐶𝑎 =  𝜌𝐴𝑙
0  𝑓𝑣

𝐴𝑙 +  𝜌𝐴𝑙4𝐶𝑎
0  𝑓𝑣

𝐴𝑙4𝐶𝑎  (4) 

Where Al4Ca
0 is the intrinsic electrical resistivity of the Al4Ca phase (517 10-4m [37]), fv

Al and fv
Al4Ca 

the volume fraction of Al and Al4Ca phases (about 75% and 25% respectively). It leads to an estimated 

total resistivity after annealing of about 330 10-4m. This is much lower than our experimental 

measurements (about 1200 10-4m, Table 3), confirming that at such a small grain size (d = 35±5 

nm), electron scattering or trapping by boundaries cannot be neglected. If it is assumed that Al4Ca 

grains are homogeneously distributed, then only two kinds of interfaces prevail in the system, namely 

Al/Al and Al/Al4Ca boundaries. Thus, neglecting the contribution of other defects, the electrical 

resistivity of the annealed nanostructured Al-Ca annealed materials may be written from a 

combination of eq. (2) and (4): 

 𝜌𝐴𝑙−𝐶𝑎
𝑎𝑛𝑛𝑒𝑎𝑙𝑒𝑑 =  𝜌𝐴𝑙

0  𝑓𝑣
𝐴𝑙 + 𝜌𝐴𝑙

𝐺𝐵𝐹𝐺𝐵
𝐴𝑙/𝐴𝑙

 + 𝜌𝐴𝑙4𝐶𝑎
0  𝑓𝑣

𝐴𝑙4𝐶𝑎 +  𝜌𝐴𝑙4𝐶𝑎
𝐺𝐵 𝐹𝐺𝐵

𝐴𝑙/𝐴𝑙4𝐶𝑎
   (5) 

Where Al
GB is the Al/Al GB contribution to the electrical resistivity (as estimated by eq. (3), with R = 

0.5 and d = 35 nm, Al
GB = 200 10-4m). FGB

Al/Al and FGB
Al/Al4Ca are the fractions of Al/Al and Al/Al4Ca 

boundaries respectively. If it is assumed that Al4Ca and Al grains have similar sizes (35 nm), then 25% 

volume fraction of Al4Ca leads to FGB
Al/Al = FGB

Al/Al4Ca = 50%. Then, as summarized in Table 3, eq. (5) gives 

Al4Ca
GB  1500 10-4m. This contribution is plotted on Fig. 11 and it shows that it corresponds to a 

fraction of electrons reflected or trapped by Al/Al4Ca boundaries higher than 85%. 

 

5- Conclusions 

i) An Al-Ca composite was severely deformed by HPT at various strain levels. The micro-hardness 

increased sharply for a shear strain in a range of 100 to 200, and then it saturated at 290±10 HV for 

larger strain levels. XRD and TEM data showed that the hardness evolution is connected with both the 

dissolution of the fcc Ca phase and the formation of a nanoscaled structure with a mean grain size of 

only 25 nm. 

ii) The electrical resistivity followed exactly the same trend, reaching a saturation value of 

2100±100 10-4m. This is considerably higher than the initial resistivity of about 300 10-4m, and it 

is obviously connected with the mechanical mixing of Ca and Al. APT analyses revealed, however, that 
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Ca is not homogeneously distributed within the Al matrix. Only a small fraction is in solid solution 

(0.23±0.05 at.%), the rest being segregated along crystalline defects. 

iii) The yield stress of this nanoscaled structure, estimated from the Tabor’s Law, is in a range of 

915 to 980 MPa, much higher than predictions based on the Hall-Petch Law. Due to the relatively low 

calcium super saturated solution and the low number density of Ca-rich particles, it is mainly attributed 

to calcium segregations along grain boundaries. The influence of such segregation on plasticity 

mechanisms will be investigated in the near future. 

iv) Annealing for 30 min at 200 °C led to a slight grain growth (mean size 35±5 nm) and intensive 

nucleation of the Al4Ca phase. Both homogeneous nucleation of nanoscaled particles (few nanometers 

in diameter) and heterogenous precipitation (size similar to the Al grains) occurred. APT analyses 

revealed that the amount of Ca in solid solution decreased to 0.045±0.01 at.%. The annealed 

nanoscaled structure exhibited a lower microhardness and electrical resistivity than the as-processed 

material (200±10 HV and 1200±100 10-4m). 

v) The analysis of the electrical resistivity data indicated that the proportion of electrons reflected 

or trapped by GBs is in range of only 30 to 50% in pure Al, but it rose to about 85% in Al/Ca due to Ca 

segregations. This is the main contribution to the electrical resistivity measured in the as-deformed 

state. After annealing, there was no more segregation, but Al/Al4Ca boundaries significantly affect the 

properties with a ratio slightly higher, in a range of 85 to 90%. 
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Tables 

 

 Nominal 

(12 vol.% 

Ca) 

STEM-EDS 

(as HPT) 

APT 

(as HPT) 

Full data 

APT 

(HPT+aged) 

Full data 

APT 

(as HPT) 

Solid solution  

in Al 

APT 

(HPT+aged) 

Solid solution 

in Al 

at.%Ca 4 2.3 ± 0.5 1.2 ± 0.4 2.27 ± 0.5 0.23 ± 0.05 0.045 ± 0.01 

Table 1: Ca concentration measured experimentally in the HPT-processed Al-Ca composite (compared 

to the nominal composition). “HPT+aged” refers to a post HPT aging treatment of 30 min at 200 °C. A 

systematically lower value was found experimentally for all states and techniques, which is attributed 

to the heterogeneous distribution of Ca filaments in the starting composite material. The error range 

given for APT data refers to the scatter from one analysis to another. The last two columns give the 

concentration of Ca measured with sampling boxes set inside Al grains without overlapping with GBs 

or Ca rich particles to estimate the amount of Ca in super-saturated solid solution.  

 

  
Fcc Al 

 
Vacancies 
[23, 26] 

 
Dislocations 
[23, 26, 56] 

 
Ca in sol. sol. 

[55] 

 
GBs 

[26, 57, 58] 

Total 
estimated 
electrical 
resistivity 

Measured 
electrical 
resistivity 

Intrinsic 

elec. res. 

Al 
0 = 265  

(*) 

Al
v = 2.6 

(10-9m at.%-1) 

Al
d = 2 

(10-19 m3) 

Al
Ca = 3  

(10-5 m at.%-1) 

Al
GB = 1.3-2.5 

(10-16 m2) 

  

Defect 

density 

--- Cv < 10-3 % Ld < 1016 m-2 CCa < 0.5 at.% d = 25nm   

Estimated 

contrib. to 

elec. res. 

 

265 (*) 

  

< 3 10-2  (*) 

 

< 27 (*) 

 

< 15 (*) 

 

< 300 (*) 

 

< 610 (*) 

 

2100±100

(*) 

Table2: Summary of the different contributions to the electrical resistivity of the as-processed Al-Ca 

material (as-HPT) for a shear strain  > 200. The total estimated electrical resistivity was obtained from 

eq. (2) and data are compared with experimental values (see Fig. 2). The symbol (*) refers to 10-4 m 

unit. 

 

 

10-4 m 

 

Fcc Al 

 

Al4Ca 

Total estimated 

from rule of 

mixture (eq. 5) 

Measured  contribution of 

Al/Al GB (eq. 3) 

(R = 0.5, d = 35nm) 

Resulting 

Al/Al4Ca GB 

contribution 

Nominal 

elec. Res. 

265 517 

[37] 

  220 1520 

Volume 

fraction 

75% 25%   50% 50% 

Elec.res. 200 130 330 1200±100 110 760 

Table 3: Summary of the different contributions to the electrical resistivity of the nanostructured Al-Ca 

material after HPT ( > 200) annealed 30min at 200°C. See text for details.  

 



24 
 

 

Acknowledgements: 

G. Zaher and I. Lomakin are gratefully acknowledged for the electrical resistivity measurements. Z. 

Grou is acknowledged for the help in 3D reconstructions of APT data. TEM experiments have been 

carried out on the GENESIS facility which is supported by the Région Normandie, the Métropole Rouen 

Normandie, the CNRS via LABEX EMC3 and the French National Research Agency as a part of the 

program “Investissements d’avenir” with the reference ANR-11-EQPX-0020. The author KE thanks the 

Light Metals Educational Foundation of Japan for a research fund, and the MEXT, Japan for a Grant-in-

Aid for Scientific Research (No. 16H04539). Author AR gratefully acknowledges the support of the 

U.S.D.O.E. Office of Electricity (Ames Lab contract No. DE-AC02-07CH11358), the Electric Power 

Research Consortium, and the Ames Laboratory Seed Grant Program for enabling production of the 

original Al-Ca composite. 

 

 

Data availability 

The raw and processed data required to reproduce these findings are available on request to the 

corresponding author. 

 

  



25 
 

References 
 

[1] Overhead Power Lines: Planning, Design, Construction, F. Kiessling, P. Nefzger, J.F. Nolasco, U. 
Kaintzyk, Springer, Berlin, 2003 
DOI: 10.1007/978-3-642-97879-1 
 

[2] Prospects for novel deformation processed Al/Ca composite conductors for overhead high voltage 
direct current (HVDC) power transmission composite structures, L. Tian, H. Kim, T. Reidemann, I. 
Anderson, A. Russell, Electric Power Systems Research 105 (2013) 105-114 
DOI: 10.1016/j.epsr.2013.07.017 
 

[3] Strain-induced microstructure refinement in pure Al below 100 nm in size, W. Xu, X.C. Liu, K. Lu, 
Acta Materialia 152 (2018) 138-147 
DOI: 10.1016/j.actamat.2018.04.014 
 

[4] High-pressure torsion of aluminum with ultrahigh purity (99.9999%) and occurrence of inverse 
Hall-Petch relationship, Yuki Ito, Kaveh Edalati, Zenji Horita, Materials Science & Engineering A 679 
(2017) 428–434 
DOI: 10.1016/j.msea.2016.10.066 
 

[5] Mechanical behavior of 30–50 nm thick aluminum films under uniaxial tension, M.A. Haque, M.T. 
A Saif, Scripta Materialia 47 (2002) 863–867 
DOI: 10.1016/S1359-6462(02)00306-8 
 

[6] Tensile nanomechanics and the Hall-Petch effect in nanocrystalline aluminium, Wenwu Xu, Lilian 
P. Dávila, Materials Science & Engineering A 710 (2018) 413–418 
DOI: 10.1016/j.msea.2017.10.021 
 

[7] Tensile behavior of bulk nanocrystalline aluminum synthesized by hot extrusion of ball-milled 
powders, H.J. Choi, S.W. Lee, J.S. Park, D.H. Bae, Scripta Mater 59 (2008) 1123-1126 
DOI: 10.1016/j.scriptamat.2008.07.030 
 

[8] Hall-Petch relation and boundary strengthening, N. Hansen, Scripta Mater 51 (2004) 801-806 
DOI: 10.1016/j.scriptamat.2004.06.002 
 

[9] Deformation Twinning in Nanocrystalline Aluminum, Mingwei Chen, En Ma, Kevin J. Hemker, 
Hongwei Sheng, Yinmin Wang, Xuemei Cheng, SCIENCE 300 (2003) 1275 
DOI: 10.1126/science.1083727 
 

[10] Deformation twinning in nanocrystalline Al by molecular dynamics simulation, V. Yamakov, D. 
Wolf, S.R. Phillpot, H. Gleiter, Acta Materialia 50 (2002) 5005–5020 
DOI: 10.1016/S1359-6454(02)00318-X 
 

[11] Nucleation and growth of deformation twins in nanocrystalline aluminum, Y. T. Zhu, X. Z. Liao, S. 
G. Srinivasan, Y. H. Zhao, and M. I. Baskes, Applied Physics Letters 85 (2004) 5049-5051 
DOI: 10.1063/1.1823042 
 

[12] Transition from poor ductility to room-temperature superplasticity in a nanostructured aluminum 
alloy, Kaveh Edalati, Zenji Horita, Ruslan Z. Valiev, Scientific Reports 8 (2018) 6740 
DOI: 10.1038/s41598-018-25140-1 
 

[13] Stress-assisted discontinuous grain growth and its effect on the deformation behavior of 
nanocrystalline aluminum thin films, D.S. Gianola, S. Van Petegem, M. Legros, S. Brandstetter, H. 
Van Swygenhoven, K.J. Hemker, Acta Materialia 54 (2006) 2253–2263 
DOI: 10.1016/j.actamat.2006.01.023 
 



26 
 

[14] Microstructural evolution in commercial purity aluminum during high-pressure torsion, A.P. 
Zhilyaev, K. Oh-ishi, T.G. Langdon, T.R. McNelley, Materials Science and Engineering A 410–411 
(2005) 277–280 
DOI: 10.1016/j.msea.2005.08.044 
 

[15] Influence of dislocation–solute atom interactions and stacking fault energy on grain size of single-
phase alloys after severe plastic deformation using high-pressure torsion, Kaveh Edalati, Daichi 
Akama, Asuki Nishio, Seungwon Lee, Yosuke Yonenaga, Jorge M. Cubero-Sesin, Zenji Horita, Acta 
Materialia 69 (2014) 68–77 
DOI: 10.1016/j.actamat.2014.01.036 
 

[16] Optimization of electrical conductivity and strength combination by nanoscale structure design in 
an Al-Mg-Si alloy, X. Sauvage, E.V. Bobruk, M.Yu. Murashkin, Y. Nasedkina, N.A. Enikeev, R.Z. 
Valiev, Acta Materialia 98 (2015) 355-366 
DOI: 10.1016/j.actamat.2015.07.039 
 

[17] Microstructural evolution, strengthening and thermal stability of an ultrafine-grained AlCuMg 
alloy, Ying Chen, Nong Gao, Gang Sha, Simon P. Ringer, Marco J. Starink, Acta Materialia 109 (2016) 
202-212 
DOI: 10.1016/j.actamat.2016.02.050 
 

[18] Nanostructural hierarchy increases the strength of aluminium alloys, Peter V. Liddicoat, Xiao-Zhou 
Liao, Yonghao Zhao, Yuntian Zhu, Maxim Y. Murashkin, Enrique J. Lavernia, Ruslan Z. Valiev & 
Simon P. Ringer, NATURE COMMUNICATIONS 1 (2010) 63 
DOI: 10.1038/ncomms1062 
 

[19] Structure and mechanical behavior of ultrafine-grained aluminum iron alloy stabilized by 
nanoscaled intermetallic particles, A. Duchaussoy, X. Sauvage, K. Edalati, Z. Horita, Gilles Renou, 
A. Deschamps, F. De Geuser, Acta Materialia 167 (2019) 89-102 
DOI: 10.1016/j.actamat.2019.01.027 
 

[20] Estimation of grain boundary segregation enthalpy and its role in stable nanocrystalline alloy 
design, Murdoch, Heather A., and Christopher A. Schuh. Journal of Materials Research 28:16 
(2013) 2154-2163. 
DOI: 10.1557/jmr.2013.211 
 

[21] Spectrum of grain boundary segregation energies in a polycrystal, Malik Wagih, Christopher A. 
Schuh, Acta Materialia 181 (2019) 228–237 
DOI: 10.1016/j.actamat.2019.09.034 
 

[22] Grain boundary segregation and intermetallic precipitation in coarsening resistant nanocrystalline 
aluminum alloys, A.Devaraj, W.Wang, R.Vemuri, L.Kovarik, X.Jiang, M.Bowden, R.Trelewicz, 
S.Mathaudhu, A.Rohatgi, Acta Materialia 165 (2019) 698-708 
DOI: 10.1016/j.actamat.2018.09.038 
 

[23] Nanostructural hierarchy increases the strength of aluminium alloys, Peter V. Liddicoat, Xiao-Zhou 
Liao, Yonghao Zhao, Yuntian Zhu, Maxim Y. Murashkin, Enrique J. Lavernia, Ruslan Z. Valiev & 
Simon P. Ringer, NATURE COMMUNICATIONS 1 (2010) 63 
DOI: 10.1038/ncomms1062 
 

[24] Nanostructured Al and Cu alloys with superior strength and electrical conductivity, M.Yu. 
Murashkin, I. Sabirov, X. Sauvage, R.Z. Valiev, J Mater Sci 51 (2016) 33–49 
DOI: 10.1007/s10853-015-9354-9 
 

[25] T. S. Orlova, A. M. Mavlyutov, A. S. Bondarenko, I. A. Kasatkin, M.Yu. Murashkin & R. Z. Valiev 
Influence of grain boundary state on electrical resistivity of ultrafine grained aluminium, 
Philosophical Magazine 96 (2016) 2429-2444 



27 
 

DOI: 10.1080/14786435.2016.1204022 
 

[26] Calculation of electrical resistivity produced by dislocations and grain boundaries in metals, S 
Karolik and A A Luhvich, J. Phys.: Condens. Matter 6 (1994) 873 
DOI: 10.1088/0953-8984/6/4/007 
 

[27] Ultrahigh Strength and High Electrical Conductivity in Copper, Lei Lu, Yongfeng Shen, Xianhua 
Chen, Lihua Qian, K. Lu, SCIENCE 304 (2004) 22 
DOI: 10.1126/science.1092905 
 

[28] Mechanical and electrical properties of an ultrafine grained Al–8.5 wt. % RE (RE=5.4wt.% Ce, 
3.1wt.% La) alloy processed by severe plastic deformation, M. Murashkin, I. Sabirov, A. Medvedev, 
N. Enikeev, W. Lefebvre, R. Valiev, X. Sauvage, Materials and Design 90 (2016) 433–442 
DOI: 10.1016/j.matdes.2015.10.163 
 

[29] Microstructure of Aluminum-Iron Alloys Subjected to Severe Plastic Deformation, O.N. Senkov, 
F.H. Froes, V.V. Stolyarov, R.Z. Valiev and J. Liu, Scripta Materialia 38 (1998) 1511–1516 
DOI: 10.1016/S0965-9773(98)00107-X 
 

[30] Structure and mechanical properties of Al–Ca alloys processed by severe plastic deformation, S.O. 
Rogachev, E.A. Naumova, E.S. Vasileva, M. Yu Magurina, R.V. Sundeev, A.A. Veligzhanin, Materials 
Science & Engineering A 767 (2019) 138410 
DOI: 10.1016/j.msea.2019.138410 
 

[31] Deformation-Induced Supersaturation in Immiscible Material Systems during High-Pressure 
Torsion, Karoline Sophie Kormout, Reinhard Pippan and Andrea Bachmaier, Advanced Engineering 
Materials (2016) 1-19. 
DOI: 10.1002/adem.201600675 
 

[32] Shear induced chemical mixing in heterogeneous systems, Yinon Ashkenazy, Nhon Q. Vo, Daniel 
Schwen, Robert S. Averback, Pascal Bellon, Acta Materialia 60 (2012) 984–993 
DOI: 10.1016/j.actamat.2011.11.014 
 

[33] Phase strength effects on chemical mixing in extensively deformed alloys, Zachary C. Cordero and 
Christopher A. Schuh, Acta Materialia 82 (2015) 123–136 
DOI: doi.org/10.1016/j.actamat.2014.09.009 
 

[34] Bulk nanocrystalline ferrite stabilized through grain boundary carbon segregation, Yu. Ivanisenko, 
X. Sauvage, A. Mazilkin, A. Kilmametov, J.A. Beach, B.B. Straumal, Adv. Eng. Mater. (2018) 1800443 
DOI: 10.1002/adem.201800443. 
 

[35] Homogeneous Cu-Fe supersaturated solid solution prepared by SPD, influence of processing 
parameters and physical mechanisms, X. Quelennec, A. Menand, J.M. Le Breton, R. Pippan, X. 
Sauvage, Philos. Mag. 90:9 (2010) 1179–1195 
DOI: 10.1080/14786430903313682 
 

[36] Strain induced segregations in severely deformed materials, X. Sauvage, A. Duchaussoy, G. Zaher, 
Mat. Trans. 60 (7) (2019) 1151-1158 
DOI: 10.2320/matertrans.MF201919 
 

[37] A deformation-processed Al-matrix/Ca-nanofilamentary composite with low density, high 
strength, and high conductivity, Liang Tian, Alan Russell, Trevor Riedemann, Soeren Mueller, Iver 
Anderson, Materials Science & Engineering A 690 (2017) 348–354 
DOI: 10.1016/j.msea.2017.03.010 
 

[38] Thermodynamic Modeling of Mg-Ca and Al-Ca Binary Systems, F. Islam, M. Medraj, CSME 2004 
Forum 921-929 



28 
 

 
[39] ASM-International, ASM Alloy Phase Diagram Database, Materials Park, OH, USA. 

 
[40] The role of carbon segregation on nanocrystallisation of pearlitic steels processed by severe plastic 

deformation, X. Sauvage and Y. Ivanisenko, J. Mat. Sci. 42 (2007) 1615-1621. 
DOI: 10.1007/s10853-006-0750-z 
 

[41] Ultra-severe plastic deformation: Evolution of microstructure and phase transformations in 
immiscible systems, Kaveh Edalati, Ryoko Uehiro, Keisuke Fujiwara, Yuji Ikeda, Hai-Wen Li, Xavier 
Sauvage, Ruslan Z. Valiev, Etsuo Akiba, Isao Tanaka, Zenji Horita, Materials Science and 
Engineering: A 701 (2017) 158-166 
DOI: 10.1016/j.msea.2017.06.076 
 

[42] Effect of temperature rise on microstructural evolution during high-pressure torsion, Kaveh 
Edalati, Yuki Hashiguchi, Pedro Henrique R. Pereira, Zenji Horita, Terence G. Langdon, Materials 
Science & Engineering A 714 (2018) 167–171 
DOI: doi.org/10.1016/j.msea.2017.12.095 
 

[43] Microstructure, mechanical properties and aging behavior of nanocrystalline copper – berylium 
alloy, Ivan Lomakin, Miguel Castillo-Rodrigues and Xavier Sauvage, Materials Science & 
Engineering A 744 (2019) 206–214. 
DOI: 10.1016/j.msea.2018.12.011 
 

[44] Influence of severe plastic deformation on the precipitation hardening of a FeSiTi steel, A. Fillon, 
X. Sauvage, A. Pougis, O. Bouaziz, D. Barbier, R. Arruffat, L.S. Toth, J Mater Sci 47 (2012) 7939–
7945 
DOI: 10.1007/s10853-012-6536-6 
 

[45] G. Sha, Y.B. Wang, X.Z. Liao, Z.C. Duan, S.P. Ringer, T.G. Langdon, Influence of equal-channel 
angular pressing on precipitation in an Al–Zn–Mg–Cu alloy, Acta Materialia. 57 (2009) 3123–3132 
DOI: 10.1016/j.actamat.2009.03.017 
 

[46] The activation of deformation mechanisms for improved tensile properties in nanocrystalline 
aluminum, Sara I. Ahmed, K. Andre Mkhoyan, Khaled M. Youssef, Materials Science & Engineering 
A 777 (2020) 139069 
DOI: 10.1016/j.msea.2020.139069 
 

[47] D. Tabor, The hardness of solids, Review of Physics in Technology 1 (1970) 145-179 
DOI: 10.1088/0034-6683/1/3/I01 
 

[48] Strengthening of A2024 alloy by high-pressure torsion and subsequent aging, Intan Fadhlina 
Mohamed, Takahiro Masuda, Seungwon Lee, Kaveh Edalati, Zenji Horita, Shoichi Hirosawa, Kenji 
Matsuda, Daisuke Terada, Mohd Zaidi Omar, Materials Science & Engineering A 704 (2017) 112–
118 
DOI: 10.1016/j.msea.2017.07.083 
 

[49] Mechanical behavior and strengthening mechanisms in ultrafine grain precipitation-strengthened 
aluminum alloy, Kaka Ma, Haiming Wen, Tao Hu, Troy D. Topping, Dieter Isheim, David N. Seidman, 
Enrique J. Lavernia, Julie M. Schoenung, Acta Materialia 62 (2014) 141–155 
DOI: 10.1016/j.actamat.2013.09.042 
 

[50] A simple mechanical model for grain boundary sliding in nanocrystalline metals, E.N. Borodin, A.E. 
Mayer, Materials Science and Engineering A 532 (2012) 245– 248 
DOI: 10.1016/j.msea.2011.10.086 
 

[51] Hall–Petch revisited, G. Saada, Materials Science and Engineering A 400–401 (2005) 146–149 
DOI: 10.1016/j.msea.2005.02.091 



29 
 

 
[52] Grain boundary stability governs hardening and softening in extremely fine nanograined metals, 

J. Hu, Y. N. Shi, X. Sauvage, G. Sha, K. Lu, Science 355:6331 (2017) 1292-1296 
DOI: 10.1126/science.aal5166 
 

[53] Grain boundary segregation induced strengthening of an ultrafine-grained 316 stainless steel, 
M.M. Abramova, N.A. Enikeev, R.Z. Valiev, A. Etienne, B. Radiguet, Y. Ivanisenko, X. Sauvage, 
Materials Letters 136 (2014) 349–352. 
DOI: 10.1016/j.matlet.2014.07.188 
 

[54] Phase transformation of the intermetallic compound AI4Ca, H. Zogg and P. Schwellinger, Journal 
of Materials Science14 (1979) 1923-1932 
DOI: 10.1007/BF00551033 
 

[55] Aluminum—1. a review of resistive mechanisms in aluminum, F R Fickett, Cryogenics 11:5 (1971) 
349–367 
DOI: 10.1016/0011-2275(71)90036-1 
 

[56] An experimental determination of electrical resistivity of dislocations in aluminium, J. G. Rider & 
C. T. B. Foxon, The Philosophical Magazine: A Journal of Theoretical Experimental and Applied 
Physics, 13:122 (1966) 289-303 
DOI: 10.1080/14786436608212607 
 

[57] P. V. Andrews, M. B. West & C. R. Robeson, The effect of grain boundaries on the electrical 
resistivity of polycrystalline copper and aluminium, The Philosophical Magazine: A Journal of 
Theoretical Experimental and Applied Physics, 19:161 (1969) 887-898 
DOI:10.1080/14786436908225855 
 

[58] Grain boundary resistivity of aluminium, M. B. Kasen, The Philosophical Magazine: A Journal of 
Theoretical Experimental and Applied Physics 21:171 (1970) 599-610 
DOI:10.1080/14786437008238442 
 

[59] Effect of high deformation of electrical resistivity in pure aluminium, J Schrank, M Zehetbauer, W 
Pfeiler, and L Trieb. Scripta Metallurgica, 14 (1980) 1125–1128 
DOI:10.1016/0036-9748(80)90218-5 
 

[60] Modeling the electrical resistivity of deformation processed metal–metal composites, Liang Tian, 
Iver Anderson, Trevor Riedemann, Alan Russell, Acta Materialia 77 (2014) 151–161 
DOI:10.1016/j.actamat.2014.06.013 
 

[61] Electrical resistivity model for polycristalline films: the case of specular reflection at external 
surfaces, A.F. Mayadas, M. Shatzkes, J.F. Janak, Appl. Phys. Lett. 14 (1969) 345 
DOI:10.1063/1.1652680 
 

[62] Electron mean free path in elemental metals, Daniel Gall, Journal of Applied Physics 119 (2016) 
085101 
DOI:10.1063/1.4942216 
 

[63] The influence of sample surface quality and grain boundaries on the electrical resistivity of metals, 
H.Schwarz, R.Lück, Materials Science and Engineering 5 (1970) 149-152 
DOI:10.1016/0025-5416(70)90093-5 
 

 


