An investigation of the stored energy and thermal stability in a Cu-Ni-Si alloy processed by high-pressure torsion 
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Abstract 
In the present study, the stored energy and activation energy for recrystallization were investigated for a Cu–Ni–Si alloy after high-pressure torsion processing for N = ½, 1, 5 and 10 turns at room temperature. The contributions of geometrically necessary dislocations (GNDs), statistically stored dislocations (SSDs) and vacancies to the stored energy were calculated through the Vickers microhardness measurements, kernel average misorientation (KAM) measurements and an analysis by differential scanning calorimetry (DSC). The results show that the total stored energy decreases rapidly after equivalent strain of εeq ~ 9 (N = 1 turn) and then saturates through εeq ~ 86 (N = 10 HPT turns) at ~70 J/mol. Concurrently, the local stored energy in GNDs and SSDs was found to depend strongly on the radial distance from the centre of the disc and increase with increasing equivalent strain at εeq ~ 16 and saturate with further straining. Accordingly, the results indicate that the GNDs and vacancies are responsible for the high stored energy in the initial stage of deformation at equivalent strain range of εeq = 8.6–16 (N = ½–1 turn) and thereafter their contribution decreases slightly due to the occurrence of dynamic recrystallization and the formation of fine grains. At the same time, the contribution of the SSDs is similar to that of the GNDs only in high strain deformation as at εeq = 49.3 (N = 5 turns) to accommodate the deformation process. The recrystallization peak was detected in the range of 157–194 °C depending on the number of HPT turns and heating rate. An activation energy for recrystallization was estimated in the range of ~ 89.7–98.7 kJ/mol, thereby suggesting a poor thermal stability.
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1. 
Introduction
During the last decades, processing using severe plastic deformation (SPD), including equal-channel angular pressing (ECAP) and high-pressure torsion (HPT), has been successfully developed to produce bulk ultrafine-grained (UFG) materials [1, 2]. The combination of a very small grain size and a defect structure introduced during processing leads to a high yield strength and additional excellent mechanical properties in the copper-based alloys [3-7]. In practice, processing by ECAP is extensively used and well investigated due to the beneficial ability to process large bars and billets which have a high potential for subsequent structural applications in industry [1]. Nevertheless, processing by HPT is recognized to produce exceptional grain refinement and to produce a stabilized microstructure having a high fraction of high-angle grain boundaries (HAGBs) [8, 9]. 
It is well known that the stored energy in deformed microstructures, mostly in the form of dislocation substructures and high concentrations of vacancies, plays a significant role in controlling the nucleation of recrystallization and this will affect the mechanical anisotropy of the materials [10, 11]. An estimate of the stored energy may be undertaken using several different techniques. For example, the total stored energy can be measured by differential scanning calorimetry (DSC) [12] and the local stored energy can be estimated from microhardness measurements [13], diffraction line broadening analysis by X-rays [14] and neutron diffraction [15] or by electron back-scatter diffraction (EBSD)  [16]. 
Accordingly, numerous investigations were reported describing the stored energy and thermal stability of copper-based alloys processed by ECAP [4, 10, 11, 17-20] and it was found that the stored energy increases with increasing ECAP processing up to 12 passes (~50 J/mol) and thereafter decreases gradually between 16 and 24 passes [21]. Moreover, ECAP processing tends to show a higher stored energy and a lower activation energy in copper compared with the values obtained after cold rolling [10]. It was reported that annealing at low-temperature (100–300 °C) can improve the mechanical properties of HPT copper alloy by increasing the electro-conductivity and decreasing the wear rate [22]. However, the copper alloys processed by HPT suffer from low thermal stability [23-26]. The recrystallization peak was detected at 220 °C with an activation energy of 94.5 kJ/mol for the present purity of Cu (98.5%) after 1 HPT turn using DSC analysis [27]. A similar recrystallization temperature (190 °C) was reported in highly pure Cu (99.99%) processed by HPT using positron lifetime annihilation spectroscopy measurements [28]. 
There are many reports on the self-annealing at room temperature in processed copper by HPT [29-31]. Recently, it was shown that there was a very significant self-annealing effect after room temperature storage for 6 weeks in high purity Cu processed by HPT after N = ½ turn whereas the effect was absent after N = 5 and 10 turns [29]. Nevertheless, studies devoted to analyzing the stored energy and activation energy of recrystallization of HPT-processed copper alloys are limited. Thus, the aim of the present research was to evaluate the stored energy in a commercial Cu–Ni–Si alloy after HPT processing at room temperature through 10 turns. First, the evolution of the total stored energy was investigated by DSC measurements. Second, the local stored energy was measured by microhardness testing and a kernel average misorientation (KAM) approach using an EBSD technique in order to quantify the contributions of the different defect sources to the total stored energy. The evolution of the activation energy of recrystallization was also examined in order to investigate the thermal stability of the Cu-Ni-Si alloy.

2. Experimental material and procedures 
A commercial Cu-2.5Ni-0.6Si (wt.%) plate alloy with dimensions of 160 × 102 × 11 mm3 was supplied by CLAL-MSX (Meru, FRANCE) as a supersaturated solid solution after hot rolling at 820 °C and quenching in water. Discs with a thickness of 0.8 mm and a diameter of 10 mm were machined from the plate and then processed by HPT for N = ½, 1, 5 and 10 revolutions at room temperature using an imposed pressure of 6.0 GPa and a rotational speed of 1 rpm. The HPT processing was performed under quasi-constrained conditions where there is a small outflow of material around the edge of the disc between the two anvils [32]. 
It is well establish that the strain distribution within an HPT-processed disc is inhomogeneous and depends on the radial distance from the centre of the disc according to the expression [2]: 
                                                                        (1)
where γ, N, r and h are the shear strain, the number of HPT turns, the radial distance from the centre of the disc and the thickness of the disc, respectively. It was reported that the final thickness of the sample depends slightly on the number of HPT turns [33]. However, in the absence of any thickness measurements, the present calculations assume a constant thickness of h = 0.85 mm.



2.1.  Electron backscatter diffraction (EBSD)
The EBSD measurements were performed in the RD-SD plane of the processed discs where RD and SD denote the rotational and shear directions, respectively. The microstructures were investigated near the centre at r = 0.4 mm and near the edge at r = 4.5 mm of the deformed discs using a scanning electron microscope FEG-SEM SUPRA 55 VP operating at 20 kV. The EBSD data acquisition and analysis were undertaken using TSL Orientation Imaging Microscopy, OIMTM software. 
The scanned areas were 100×100 μm2 with a step size of 0.1 μm for the disc processed through N = ½ turn and 25×25 μm2 with a 25 nm step size for the remainder of the processed discs after N = 1, 5 and 10 turns. The grain size data were obtained using a grain tolerance angle of 5° and the minimum grain size was chosen as 2 pixels. 
The confidence index (CI) quantifies the reliability of the indexed Kikuchi pattern and only datum points with CI higher than 0.05 (indexing reliability is 95%) were taken into account to exclude poor quality pixels and to avoid possible errors introduced during the cleanup procedures [34]. The data taken from each sample included more than 2000 grains.
A quantification of the recrystallization processes for the HPT-deformed samples was estimated by applying the Grain Orientation Spread (GOS) criterion where GOS is the average deviation between the orientation of each point in the grain and the average orientation of the grain [35], where the recrystallized grains are separated from the deformed grains with values of GOS <1° [35]. 
Generally, KAM is used to quantify the average misorientation between a given point and its nearest neighbors which belong to the same grain [36] where KAM reflects the distribution of strain and the dislocation density on individual measurement points [37]. The misorientation angle, θKAM , is connected directly with the plastic strain stored energy as well as the density of geometrically necessary dislocations, ρ [38, 39]:
                                                                     (2)
where α is a parameter which depends on the grain boundary type with values of 2 and 4 for pure tilt and twist boundaries, respectively [40], b = 0.255 nm is the Burgers vector, n is for the nearest neighbor and d is the EBSD scan step size. The θKAM value was calculated from the mean misorientation angle between the point and its three neighbors excluding misorientations greater than 5°.
It is well known that the magnitude of the KAM value is affected by the scan step size [40-42]. The difference of the chosen scan step size for the disc after N = ½ turn and the other processed discs was unintentional. Thus, it is reasonable to use the normalized KAM value (KAM /d) to directly compare the evolution of the KAM value as a function of the numbers of HPT turns.
It is known that the KAM value depends on the EBSD clean-up parameters (grain tolerance angle and minimum grain size). In this case, a measurement of KAM values was also performed using a grain tolerance angle of 3° and the minimum grain size of 2 pixels. The difference between the two clean-up procedure was found to be very small, ∆KAM = 0.05°.
Subsequently, the stored energy from the estimated dislocation density was estimated using the following equation [38, 39]:
                                                    (3)
where  is the shear modulus having a value of µ = 48.3 GPa for copper.

2.2.  Vickers microhardness
The Vickers microhardness, Hv, was measured using a Zwick 3212 microhardness tester near the centres (r = 0.4 mm) and edges (r = 4.5 mm) of the deformed samples with a load of 0.98 N maintained for 10 s. The average hardness at each position were estimated from four individual points recorded around the selected position and separated by distances of 0.15 mm. It is noted that using four points is a standard procedure for measuring Hv and the highest error for the Hv measurements was estimated to be about 5 %.
The dislocation density was estimated from the HV values using the Taylor equation [13, 43]:
                                                               (4)

where HV0 = 82.12 is the microhardness of the initial sample prior to deformation [8], M is the Taylor factor of ~3.08 and α = 0.22 is a constant. Hence, the stored energy, EHv, may be obtained from the Hv values using the following equation [13]:
                                              (5)

2.3.  Differential scanning calorimetry (DSC)
The total stored energy and activation energy for recrystallization of the deformed samples were calculated by DSC analysis. Samples with weights of 45−50 mg were cut near the centres of the discs and then inserted in an aluminum crucible having a diameter of 5 mm and subjected to DSC analysis using a 2920 MDSC calorimeter under a nitrogen atmosphere. Data obtained with an empty Al crucible was used as a reference. The DSC experiments were performed using four heating rates of 10, 20, 30 and 40 °C/min and with scanning temperature ranging from 80 to 500 °C. The total stored energy, EDSC, of the deformed samples was estimated based on the area of the heat release from the recrystallization peak [12]. However, it is useful to mention that in future investigations it will be better to extend the temperature range even lower to room temperature especially with a high heating rate such as 40 °C/min in order to obtain more accurate measurements.
The activation energy for recrystallization was calculated using the dependence of the peak temperature on the heating rate (10, 20, 30 and 40 °C/min) given by the Boswell method [44, 45]: 
                                                        (6)

where V is the heating rate, E is the activation energy, Tp is the maximum temperature at the peak, R is the universal gas constant and C is a constant. From a statistical viewpoint, it important to note that only one sample was used for each method to estimate the stored energy.

3. Results 
3.1.  Stored energy estimates 
Figure 1 presents a compilation of the DSC scans at four different heating rates of 10, 20, 30 and 40 °C/min demonstrating the recrystallization peaks for the Cu–Ni–Si alloy processed by HPT through N = ½, 1, 5 and 10 turns. It is worth noting that the DSC curves over the full range (80–500 °C) contain several exothermic and endothermic peaks belonging to a complex sequence of precipitation. For the purpose of this report, only the first exothermic peak corresponding to the recrystallization phenomenon is considered. It is reasonable to mention also that no recovery peak before the recrystallization peak was detected in the DSC curves. Previously, it was shown that the no precipitation was detected in the Cu-Ni-Si alloy during HPT processing [46]. Moreover, the quasi-binary section of the ternary Cu–Ni–Si phase diagram and recent results on the precipitation kinetics of the same Cu-Ni-Si alloy after HPT processing indicate that the precipitation of the δ-Ni2Si and γ-Ni5Si2 phases occur at high annealing temperatures ranging from 450 to 700 °C [46]. It is apparent that the discs processed by higher numbers of HPT turns show peaks at lower recrystallization temperatures at each heating rate. Moreover, a significant peak shift towards a higher temperature is observed upon increasing the heating rate. Nevertheless, the DSC scans exhibit peaks extending more or less between 120 and 220 °C for all measurement conditions. For better visualization of Fig. 1, the results are re-plotted in Fig. 2 as the peak recrystallization temperature against the equivalent strain at each heating rate for the Cu-Ni-Si alloy. It is to be noted that the equivalent strain, εeq, for the DSC measurement was taken as the mean value between the centre and the edge of the HPT discs. This plot shows a trend that the temperature peak of recrystallization first decreases with increasing equivalent strain to εeq ~ 49.3 (N = 5 turns) and then tends to stabilize where the temperature peak of recrystallization remains unchanged with further straining. 
Figure 3 presents the KAM maps corresponding to the 1st neighbor with 5° threshold angle and GOS maps near the centres (left column) and edges (right column) of the discs processed by HPT for N = ½, 1, 5 and 10 turns, respectively. The estimated volume fractions of recrystallization, Fv, are specified in each GOS map. Significant microstructural refinement is apparent at the edges from the early stage of HPT from εeq = 8 (N = ½ turn) through εeq = 160 (N =10 turns) and there is a gradual refinement at the disc centres followed by a reasonable level of homogeneity along the disc diameter after εeq = 16 (N = 10 turns). More details on the evolution of microstructural parameters such as grain size, grain boundary distributions and crystallographic texture of the same Cu-Ni-Si alloy after HPT processing was reported earlier [5]. Figure 3 shows that after N = ½ and 1 turn, the disc centre showed severe grain refinement but with low Fv of ~1% but the Fv value increased to ~ 25% at the edge of the discs for both N = ½ (εeq = 8) and 1 turns (εeq =16). The microstructure after N = 5 turns (εeq = 80) maintains microstructural heterogeneity between these regions but it is apparent that the microstructure after N = 10 turns (εeq = 160) achieved reasonable homogeneity and contained about ~30–35% of recrystallized grains in both the disc centre and edge. 
The evolution of the normalized KAM value (KAM /d) as a function of the numbers of HPT turns is shown in Figure 4a. The KAM values near the centres of the Cu-Ni-Si alloy discs increase from 5°/μm to 40°/μm with increasing HPT turns from N = ½ turn (εeq = 0.8) to N = 5 turns (εeq = 8) and this is followed by a decrease to 35.5°/μm after N = 10 turns (εeq = 16). A reasonable consistency in the KAM values at the centre and edge was achieved after HPT for N = 10 turns as shown in Fig. 4a. Moreover, as shown also in Fig. 4a, the normalized KAM value of the N = ½ turn sample increases from the centre (εeq = 0.8) to the edge (εeq = 8) of the disc. 
The evolution of normalized KAM values as a function of equivalent strain is shown in Figure 4b for the centres and edges of the Cu-Ni-Si alloy discs after HPT through 10 turns. It is expected that the KAM value continuously increases with increasing strain but instead there is a consistent trend, at both the centres and edges of the Cu-Ni-Si alloy, that the KAM value initially increases dramatically to an equivalent strain of  εeq ~ 8 (N = ½ turn) and then it saturates thereafter to a strain of εeq ~160 (N = 10 turns). In practice, the KAM value near the edge is lower than the centre after N = 1 and N = 5 turns but there are similar values after N =10 turns. This indicates that the edges of the processed discs have a smaller internal strain than near the centres of the processed discs.
Figure 4c and 4d show the evolution of microhardness as a function of the numbers of HPT turns and the equivalent strain near the centres and edges of the Cu-Ni-Si alloy discs processed by HPT through N = ½, 1, 5 and 10 turns, respectively. It is apparent that the microhardness values at the edges of the processed discs are always much higher than near the centres of the discs, thereby implying an inhomogeneity in the grain size across the disc after HPT for N = 10 turns. Moreover, it is expected that the presence of the impurities and the Ni and Si alloying elements in the Cu-Ni-Si alloy contributed to the strain hardening as solid-solution hardening. Actually, it was demonstrated that 15% of the total hardening is due to solid-solution hardening in single-phase alloys processed by HPT [47]. In practice, the microhardness shows saturation around Hv  260 and reaches a steady-state at the disc edge after N = ½ turn (εeq = 8) while the saturation of Hv  220 was achieved at the disc centres after N = 5 turns (εeq = 8). 
Nevertheless, when the hardness evolution is plotted against equivalent strain as in Fig. 4d the hardness development at both the centres and the edges of the Cu-Ni-Si alloy tend to show reasonable agreement with the general model for hardening without any microstructural recovery [48]. A large hardness variation without achieving a hardness homogeneity was already reported in pure Cu (99.95 wt.%) and in a Cu-Ag alloy after HPT processing at room temperature for N = 20–25 turns [49, 50]. 
Figure 5 presents the evolution of the mean hardness values taken from the Hv values at the disc centre and at the edge for each HPT-processed disc and re-plotted as a function of the inverse of the square root of the mean grain size reported previously [5]. In addition, the data of the same Cu-Ni-Si alloy processed by ECAP at 150 °C through N = 2, 8 and 12 passes using route A [6] are also plotted to verify the validity of the Hall–Petch relationship over the range of grain sizes produced by HPT and ECAP processing.
These data were fitted using a Hall-Petch equation in the following form in order to examine the contribution of the grain boundary strengthening mechanism to the increase of microhardness as shown in Figure 5 [51]:
                                                               (7)
where Hv0 is the friction hardness which represents the resistance of the crystal lattice to the movement of dislocations and KH is a locking parameter which indicates the contribution of the grain boundaries to the hardening. 
It is evident from Figure 5 that there is no linear relationship between the microhardness Hv and d-1/2 for both the HPT and ECAP-processed Cu-Ni-Si alloy. In this case, the data were treated separately from each type of SPD processing. The linear fit of the datum points gives estimates of Hv0 = 172 ± 5.2 Hv and KH = 32 ± 3.1 Hv μm1/2 with a residual sum R2 =0.991 for samples processed by HPT and Hv0 = 155 ± 0.8 Hv, KH = 45 ± 1.2 Hv μm1/2 and R2 =0.999 for samples processed by ECAP.
The difference between the ECAP and HPT processing is a consequence of the much higher strains that can be attained by HPT and this means the grain sizes are generally smaller as may be seen in Figure 5. The present results demonstrate that the Hall–Petch relationship is valid for the Cu-Ni-Si alloy over the range of grain sizes produced by both HPT and ECAP processing. 
Figure 6 presents the evolution of stored energy at the disc centres and edges estimated from the DSC method, KAM using eq. (3) and microhardness using eq. (5) plotted as a function of (a) the numbers of HPT turns and (b) the equivalent strain for the Cu-Ni-Si alloy after HPT processing. It is readily apparent from these plots that the stored energy EKAM estimated from KAM increases with increasing numbers of HPT turns to N = 1 turn (εeq ~ 16) and then tends to saturate at ~38 J/mol for both the centres and edges of the processed discs at higher numbers of HPT turns up to N = 10 turns (εeq ~ 160). The stored energy estimated by Hv measurements near the edges is much higher than near the centres of the discs, especially in the early stages of deformation for N =  ½ (εeq ~ 8) and N = 1 turn (εeq ~ 16). The increase of the stored energy, EHv, with increasing numbers of HPT turns is more pronounced near the disc centre where EHv increases from ~30 J/mol after N = ½ turn (εeq ~ 0.8) to ~ 61 J/mol after N =5 turns (εeq ~ 8) and then decreases to ~55 J/mol after N = 10 turns (εeq ~ 16). In addition, EHv at the disc edge after N = 10 HPT turns (εeq ~ 160) reaches EHv  60 J/mol immediately after N = ½ turn (εeq ~ 8) and then slowly increases to ~64 J/mol through N =10 turns (εeq ~ 160). 
It can be recognized from Fig. 6 that EKAM at both positions of the disc after N = ½ HPT turn were close or even higher than the EHv at the disc centre after N = ½ HPT turn. This is attributed in part to the difference in the step size during the EBSD measurement of the ½ turn disc compared to the other samples as mentioned earlier in the experimental section.   
By contrast, the stored energy, EDSC, obtained by the DSC measurements shows a different tendency from these other two approaches where the EDSC value decreases rapidly from ~100 J/mol after N = ½ turn (εeq ~ 4.5) to ~71 J/mol after N = 1 turn (εeq ~ 9) and then exhibits a reasonable saturation at ~67–70 J/mol through N = 10 turns (εeq ~ 86). 
It is important to note that the stored energy varies in the following order: EDSC >EHv > EKAM for all sample conditions. The difference in the estimated stored energy values is attributed directly to the different types of measurements. It is well known that the DSC analysis is used to calculate the energy stored in the vacancies and the different types of dislocations such as geometrically necessary dislocations (GNDs) and statistically stored dislocations (SSDs) [12]. The stored energy estimated via microhardness tests incorporates the contributions of both the GNDs and the SSDs simultaneously [13]. By contrast, the KAM approach is used only to evaluate the stored energy from the GNDs [52, 53]. 

3.2.  Activation energy for recrystallization
Considering eq. (6), the plot of ln(V/Tp) versus (1000/Tp) was constructed as shown in Fig. 7a by applying the recrystallization peaks measured by the DSC scans at the four heating rates of 10, 20, 30 and 40 °C/min. It is evident that this Boswell plot shows relative straight lines and the activation energy may be determined directly from the slope of the lines.
Figure 7b shows the variation of the estimated activation energy for recrystallization as a function of the equivalent strain for the Cu-Ni-Si alloy. The activation energy increases from 89.7 kJ/mol at εeq ~ 4.5 (N = ½ turn) to 91.8 kJ/mol at εeq ~ 9 (N = 1 turn) and then it slightly increases to ~92.2 kJ/mol through N = 10 turns (εeq ~ 100). The evolution of the activation energy is in good agreement with the variation of the total stored energy (Figure 6). It is interesting to note that the present range of activation energy (89.7–92.2 kJ/mol) is smaller than the reported activation enthalpy of boundary migration in Cu (106.1 kJ/mol) [54].

4. Discussion
4.1.  Significance of the stored energy
The plastic deformation of polycrystalline materials leads to the introduction of different lattice defects such as vacancies and dislocations. These dislocations are classified into GNDs and SSDs. The GNDs accommodate the lattice curvature from the deformation gradient to ensure compatibility requirements which will create orientation gradients in the crystal lattice. The SSDs accumulate due to statistical entanglements and they are formed due to the trapping process of dipoles and/or multipole dislocations [55-57].
A significant amount of the accumulated energy during plastic deformation is dissipated as heat and the remainder is stored in SSDs, GNDs and vacancies [54]. It is expected that the stored energy will increase with increasing strain. However, the total stored energy estimated by DSC analysis, as shown in Figure 6, decreases in the very early stage of HPT from N = ½ to 1 turn (εeq ~ 4.5) and this implies that the density of defects decreases due to the occurrence of recovery or dynamic recrystallization during processing [25]. The present result shows a saturation of the stored energy and this agrees with several earlier reports on ultrafine-grained oxygen-free high conductivity (OFHC) copper and single phase Cu-Ni-Si and Cu-Cr-Cr alloys [10, 18, 19] while a decrease in the stored energy was also reported in various FCC alloys after SPD processing [9, 21, 58]. Furthermore, the recovery rate is faster for HPT copper deformed samples than for ECAP samples [9]. Nevertheless, the stored energy values estimated in the present experiments after HPT processing are even higher than those reported in pure copper processed by ECAP [21].
The stored energy in GNDs measured by the KAM approach in Fig. 6b achieves a saturation at an equivalent strain of εeq ~ 20. Such evolution involving the density of GNDs can be explained by the mechanism responsible for grain refinement during HPT processing which has a correlation with the continuous dynamic recrystallization [25]. During the early stage of plastic deformation, dislocation slip systems are activated in different regions of the grains leading to the formation of GNDs to maintain a strain compatibility [59] and this causes a rapid increase in the value of the stored energy. Such rearrangements contribute to the formation of low-angle substructures of cells and sub-grains [59, 60] and it is also possible that the heat generated during the deformation contributes to the re-arrangement of dislocations into low-angle grain boundaries (LAGBs) with misorientations lower than 15°. A further increase in deformation straining causes the increase of the misorientation between the cells which leads to the transformation of LAGBs into high-angle grain boundaries (HAGBs, with misorientations higher than 15°) [61] and this leads to the formation of new ultrafine equiaxed grains accompanied by a saturation in the GND density. The GOS maps shown in Fig. 3 demonstrate clearly that dynamic recrystallization took place rapidly at an equivalent strain of εeq ~ 8. Previously, it was shown that the fractions of HAGBs for the present HPT-processed Cu-Ni-Si alloy increase with increasing strain to reach steady state around 65 % at an equivalent strain of εeq ~ 80 [5]. A higher fraction of HAGBs (80%) was found in pure OFHC copper processed by HPT at an equivalent strain of εeq ~ 32 [25]. This difference is attributed to the delaying effect of the solute atoms (Ni and Si) on the dislocation motion by increasing the localized stress needed for dislocation motion and thereby reducing the amount of LAGBs transformed to HAGBs [47].
It should be noted that the heat generated during HPT processing is in practice very limited and a recent report showed a very small increase in temperature for several different metals in the very early stages of HPT after processing for <1 turn [62]. Using the general relationship for the prediction of the temperature rise, ΔT,  in the sample during HPT processing [63]:
                                       (8)
where σ is the stress level, ω is the rotating speed and t is the time for the experimental HPT processing, it was estimated that there was a temperature rise of about ΔT = 12 K after 1 turn and about ΔT = 30 K after 10 turns in the present alloy. A similar value for the temperature rise (~40 K) was reported in pure Cu after N = 10 turns using the same experimental conditions [64].
Furthermore, the stored energy in the GNDs is lower at the disc edges by comparison with the centres of the processed discs (Figures 3 and 7) and this is contrary to the distribution of the equivalent strain across the disc radius given in Eq. (1). It was demonstrated by scanning electron microscopy that the strain occurs initially at the edge of the discs and with increasing numbers of HPT turns the deformation spreads towards the centre [65]. The high accumulated strain in the edge region leads to the rapid occurrence of dynamic recrystallization and fast softening by comparison with the centre zone where there is a low imposed strain [66, 67]. This result is in good agreement with the estimated fraction of recrystallized grains in the present alloy as shown in Figure 3. The dynamic recrystallization is more pronounced at the edges of the discs during the early stage of deformation (εeq ~ 8–16). With increasing strain in the range of εeq ~ 80–160 the dynamic recrystallization increases and appears to be more homogenous along the radial distances from the centres of the discs. 
The stored energy in SSDs at the centres and edges of the processed discs was estimated from the difference between the stored energy calculated using the microhardness values and the KAM approach and these data are presented in Table 1. The density of SSDs near the centres of the processed discs acts differently to the GNDs where the SSDs increase gradually to ~16.7 J/mol with increasing strain up to N = 5 turns  (εeq = 8) and decreases slightly to ~15.4 J/mol after N = 10 turns  (εeq = 16). By contrast, the magnitude of the stored energy in SSDs near the edge of the processed discs is high after N = ½ turn (εeq = 8) and then decreases to ~24.2 J/mol after N = 1 turn (εeq = 16) and appears to stabilize with increasing numbers of HPT turns up to N = 10 turns (εeq = 160). 
It was reported that the GND density was 3 times higher than the SSD density in HPT-processed copper annealed at a low temperature of 100 °C [26]. Studies found that only 3.5 % of the total stored energy was from the SSD and 44 % from the contribution of GND in OFHC copper processed by ECAP through 8 passes using route Bc [10]. In addition, it was reported that 10 % from the stored energy estimated by neutron diffraction (taking into account both SSD and GND) is attributed to the SSD in strongly cold rolled Fe-48Ni (wt.%) alloy [37]. In the present study, the GND density exceeds the SSD density only near the centre of the processed discs and in the early stage of deformation εeq ~ 0.8–1.6 (N = ½ and 1 turn) but with a further increase of strain to εeq ~ 16 (N = 5 turns) the contribution to the stored energy was similar. It is reasonable to conclude that this similarity is due to a balance between the rates of dislocation nucleation and recovery. 
The stored energy of the vacancies is summarized in Table 1 which was estimated from the difference between the stored energy of DSC and the Hv measurements. It should be noted that the mean value corresponding to the centre and the edge of the discs was used to obtain the mean stored energy from the Hv measurements. As can be seen from these data, an increase in numbers of HPT turns leads to a decrease in their concentration. Since the dislocation density decreases with increasing strain near the edges of the discs, it is reasonable to assume a similar decrease for vacancies. However, it can be observed that the stored energy of vacancies (58.6 J/mol) exceeds that for dislocation (EHv ~ 41.3 J/mol) in the early stage of deformation (N = ½ HPT turn). In fact, several studies demonstrated that SPD processing leads to the development of a very high concentration of vacancies [14, 50].
For comparison, the dislocation density estimated previously for the same Cu-Ni-Si samples by an X-ray diffraction line profile analysis (XRDLPA) [8] was used to calculate their stored energy using the following equation based on DSC measurements [68]:
                                                                  (9)
where XRD is the dislocation density, ε is the arithmetic average of 1 and (1−υ) and υ is the Poisson ratio (υ = 0.355) for copper.

It is reasonably assumed that the dislocation density estimated by XRDLPA represents the true dislocation density [69] present in the deformed materials since XRDLPA is able to quantify the lattice distortions caused by defects that are larger than 5 nm [70]. Therefore, it can be considered that the dislocation density estimation from XRDLPA involved both SSD and GND [71]. 
In this case, the stored energy from the vacancies Evac’ was calculated from the difference between EDSC and EXRD. In fact, the correlation between the DSC analysis and the XRDLPA approach is a procedure often used to estimate the concentration of vacancies in severely deformed materials [14, 69, 72-74]. The evolution of XRD , EXRD  and Evac’ as a function of the number of HPT turns are summarized in Table 1. It can be clearly seen that the values of the stored energy of the vacancies (Evac’= EDSC – EXRD) are very close to those calculated from the difference (Evac = EDSC - EHv). It may be concluded that the use of the Hv procedure gives a good estimation of the sorted energy of both dislocation types (SSD and GND).
The concentration of vacancies may be estimated based on the stored energy using the following equation:
                                                                     (10)
where 86.84  103 J/mol ≈ 0.9eV is the vacancy formation energy in copper [75].
Thus, the concentration of vacancies is estimated as in the range of ~1.0 - 6.7  10-4 where these values are in the same range as those reported in copper processed by ECAP [14] and they are much higher than in copper deformed by conventional deformation such as cold rolling [14, 72]. In practice, it was demonstrated that the variation of the vacancy concentration is more sensitive to the extent of hydrostatic pressure than the dislocation density [14]. This is consistent with the present results where a high concentration of vacancies is produced after N = ½ turn and the significant decrease in the vacancy concentration after N = 5 turns is attributed to the role of vacancies in the climb of dislocations during processing [72]. In severely deformed copper the vacancies are generated as agglomerates and no single or double vacancies were observed due to the medium value of the SFE [72]. 
The creation and annihilation of vacancies play an important role in the hardening of materials during deformation [76]. Thus, the presence of a high concentration of vacancies can retard the movement of dislocations leading to an increase in the strength of the material.
It may be concluded that, in the initial stage of deformation at εeq ~ 0.8–1.6 (N = ½–1 turn), the high densities of dislocations are mostly of the GND type and vacancies are produced in order to accommodate grain rotation and the formation of an ultrafine microstructure. With further increase in the numbers of HPT turns, and after the formation of the fine microstructure, the dislocations are in SDD type and play an important role in accommodating the deformation process. This conclusion is consistent with the TEM observations which demonstrate that a high dislocation density is present at sub-grain boundaries during the early stage of the HPT process and these dislocations were not visible within each sub-grain [60, 77]. By contrast, at high deformation strains the dislocations are observed within the grains and this corresponds to the SSD dislocations [77]. 

4.2.  Significance of the activation energy
The activation energy of recrystallization calculated in the present Cu-Ni-Si alloy was in the range of ¬89.7–92.2 kJ/mol, depending on the imposed strain. It was found that the activation energy increases rapidly at low equivalent strain (εeq ~ 10) and more slowly at higher equivalent stain (εeq ~ 50). However, some studies demonstrated that the activation energy of recrystallization decreases with increasing strain in severely deformed copper-based alloys [10, 19, 78]. Such evolution was explained by the excessive formation of vacancy agglomerates with increasing strain [10]. Table 1 shows that the vacancy concentration decreases drastically soon after N = ½ turn due to the dynamic recrystallization which probably explains the increase of the activation energy of recrystallization with further strain increases. Moreover, the annihilation of the dislocations needs more activation enthalpy due to their rearrangement at high strains [78]. 
A compilation of different values for the activation energy of variously deformed copper-based alloys is listed in Table 2. The present values of the activation energy are somewhat lower than those found for the same alloy processed by ECAP via route A up to 12 passes at 150 °C [18]. This may be explained by the higher strain introduced in the material by HPT relative to processing by ECAP. Table 2 shows that copper-based alloys processed by ECAP have a high activation energy compared to HPT processing. These results demonstrate that the HPT processing exhibits poor thermal stability compared to ECAP processing. However, a lower activation energy of ~65 kJ/mol was calculated from hardness tests of a copper alloy after 12 ECAP passes [17]. Moreover, it appears that the activation energy varies significantly with the elemental additions in the alloys. For example, the addition of only 0.0068 at.% of copper to pure aluminum raised the activation energy for recrystallization from ~60 to ~120 kJ/mol [54].
It was assumed that the activation energy of recrystallization is independent of the stored energy in ECAP-processed high purity copper and at high strains the recrystallization kinetics are more dependent on structural factors such as the grain size rather than on the stored energy [21]. However, the evolution of activation energy of recrystallization in the present Cu-Ni-Si alloy demonstrates a net dependency on the stored energy. As expected, the activation energy of the recrystallization increases with decreasing stored energy in the alloy. In fact, the decrease in the stored energy due to the occurrence of dynamic recrystallization causes a decrease of the driving force for recrystallization and thereby an increase in the activation energy.
Thus, the evolution of the total stored energy and local stored energy in GNDs, SSDs and vacancies was estimated during increasing strain in the HPT processing and as a function of the radial distances from the centres of the discs. Further, the evolution activation energy of the recrystallization was also calculated as a function of number of HPT turns. The present results contribute towards our understanding of the recrystallization mechanism in severely deformed materials.

Conclusions
1. A commercial Cu-Ni-Si alloy was subjected to HPT processing at room temperature up to 10 turns and the stored energy and activation energy for recrystallization were estimated using differential scanning calorimetry, electron backscatter diffraction and Vickers microhardness.
2. The fraction of recrystallized grain increases rapidly to 25 % at the edge of the N = ½ turn disc (εeq = 8). The microstructure was more homogenized along the radial distance of the disc processed through N = 10 turns (εeq = 160) and contained about 30–35% of recrystallized grains in both the disc centre and edge.
3. The Hall–Petch relationship is valid for the Cu-Ni-Si alloy over the range of grain sizes produced by HPT and ECAP processing.
4. The total stored energy calculated from DSC measurements decreases rapidly after εeq = 16 (N = 1 turn) but then stabilizes at ~70 J/mol for processing up to εeq = 86 (N = 10 HPT turns). This decrease is attributed to the rapid occurrence of dynamic recrystallization during the earlier stage of HPT processing. The local stored energy estimated from the KAM approach (GNDs) and Hv (GNDs + SSDs) measurements was shown to be inhomogeneous along the radial distance from the centre of the HPT-processed disc and increased with increasing equivalent strain at εeq ~ 16 and saturated with further strain increases.
5. GNDs and vacancies are responsible for the high stored energy in the initial stage of deformation at εeq =8.6–16 (N = ½–1 turn). The contribution of the SSDs is similar to that of the GNDs only in high strain deformation as at εeq = 49.3 (N = 5 turns) when dynamic recrystallization is occurring.
6. The recrystallization temperature was in the range of 157–194 °C.  It increases with increasing heating rate and decreases with increasing numbers of HPT turns. A low value in the range of ~ 89.7–98.7 kJ/mol was measured for the activation energy of recrystallization, thereby suggesting a poor thermal stability.
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Figure caption
Figure 1: DSC scans at a heating rate of 10, 20, 30 and 40 °C/min corresponding to the recrystallization phenomena in Cu–Ni–Si alloy processed by HPT for N = ½, 1, 5 and 10 turns respectively.
Figure 2: Evolution of the recrystallization temperature peak of Cu–Ni–Si alloy as function of equivalent strain.
Figure 3: KAM and GOS maps near the centre (left column) and near the edge (right column) of Cu-Ni-Si discs processed by HPT for N = ½, 1, 5 and 10 turns, respectively.
Figure 4: (a, b) Evolution of averaged KAM values as function of number of HPT turns and equivalent strain and (b, c) evolution of mean value of microhardness as function of number of HPT turns and equivalent strain for Cu-Ni-Si alloy processed by HPT for N = ½, 1, 5 and 10 turns, respectively.
Figure 5: Evolution of microhardness for Cu-Ni-Si alloy processed by HPT for N =  ½, 1, 5 and 10 turns as function of inverse of the square root of the mean grain size representing the Hall–Petch relationship. Data from the same Cu-Ni-Si alloy processed by ECAP at 150 °C through N = 2, 8 and 12 passes using route A [6] are also presented.
Figure 6: Evolution of stored energy estimated by KAM, Hv and DSC analysis for Cu-Ni-Si alloy processed by HPT for N = ½, 1, 5 and 10 turns as function of: a) number of HPT turns and b) equivalent strain.
Figure 7: (a) Boswell plots for recrystallization peak in Cu–Ni–Si alloy processed by HPT for N = ½, 1, 5 and 10 turns and (b) Evolution of activation energy of recrystallization as function of equivalent strain.

Table caption
Table 1. Estimation of stored energy of SSDs dislocations (EHv – EKAM) and vacancies (EDSC - EHv) as function of number of HPT turns. True dislocation density (XRD) estimated using XRD profile [8], corresponding stored energy EXRD and stored energy of vacancies Evac’ = EDSC – EXRD.
	N
	ESSD (J/mol)
(EDSC - EHv)
	Evac (J/mol)
(EDSC - EHv)

	XRD
(× 1015 m-2)
	EXRD (J/mol)
	Evac’ (J/mol)
(EDSC – EXRD) 

	
	centre
	edge
	
	
	
	

	½
	11.3
	30.2
	58.6
	4.93
	42.23
	57.76

	1
	11.0
	24.2
	19.8
	7.29
	59.41
	11.68

	5
	16.7
	26.0
	4.3
	7.58
	61.45
	6.44

	10
	15.4
	25.5
	8.2
	7.59
	61.52
	5.97



Table 2. Activation energy values of recrystallization process of various copper alloys compiled from the literature.
	Material
	Processing condition
	Activation energy (kJ/mol)
	References

	Pure copper 
	ECAP
	99-65
	[18]

	Pure copper
	ECAP
	91-99
	[11]

	Pure copper
	ECAP
	117-121
	[4]

	Pure copper
	ECAP
	62-111
	[79]

	Pure copper
	HPT
	94
	[27]

	Cu-Ni-Si
	ECAP
	127
	[17] 

	Cu-Cr-Zr
	ECAP
	117-135
	[19]

	Oxygen-free high conductivity (OFHC) copper
	ECAP
	80
	[10]

	Pure copper
	Cold rolling
	104
	[80]

	Pure copper
	Cold rolling
	108
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