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A B S T R A C T   

The present study investigates the impact of stacking fault energy on the microstructure evolution and me-
chanical properties of nanostructured metals that differ in stacking fault energy, annealed under high hydrostatic 
and atmospheric pressure. Ag and Ni were selected as materials of low and high stacking fault energy, respec-
tively. To this end, nanostructured metals were obtained by high pressure torsion and subsequently annealed by 
high hydrostatic pressure annealing, performed under 2 GPa at 0.4 homologous temperature for 1h. For com-
parison, similar experiments at the same temperature and time were performed under atmospheric pressure. 
After deformation and annealing, the microstructures were examined using transmission and scanning electron 
microscopy, and further analysed in terms of grain size, coefficient of grain size variation, and twinning fre-
quency. The stored energy and peak temperatures were measured by differential scanning calorimetry. The 
mechanical properties were evaluated from microhardness measurements and tensile tests. It is demonstrated 
that the pressure applied during annealing leads to a more profound retardation of microstructure evolution in 
the low stacking fault energy material, mainly due to a higher deformation nanotwin density. The twinning 
deformation mechanism generates a higher dislocation density and a lower grain size than those achieved by 
dislocation slip.   

1. Introduction 

When applied to metallic materials, severe plastic deformation (SPD) 
results in grain size reduction down to the nanoscale [1–4]. The grain 
refinement is achieved by the activation of deformation mechanisms 
such as dislocation glide and/or deformation twinning. One of the 
essential parameters that has an impact on the deformation mechanisms 
and, as a consequence, on the nanostructure created during deforma-
tion, is stacking fault energy (SFE). In principle, in closed-packed 
structures, the SFE determines the extent of dislocation dissociation. 
In materials with a high SFE, the separation between two partial dislo-
cations is negligible, and so cross-slip prevails as a deformation mech-
anism. A decrease in SFE leads to a change in deformation behaviour 
such that deformation twinning starts to play a crucial role. As a result, 
the deformation mechanism has a profound impact on: (i) the efficiency 
of grain refinement, (ii) microstructural homogeneity, and (iii) 
strength-ductility synergy after SPD [5]. (I) The grain refinement 

mechanism through nanotwin fragmentation enables greater grain 
refinement than deformation by slip. This was confirmed in previous 
studies, e.g. on Cu (SFE = 78 mJm-2) and Cu–Zn (SFE = 35 mJm-2) 
deformed by high pressure torsion (HPT) [6]. A decrease in SFE due to 
the addition of Zn atoms caused a reduction in grain size from 75 to 25 
nm. (II) There is no simple relation between nanostructure homogeneity 
and the deformation mechanism. Experiments show that homogenous 
nanostructures are easily achieved for materials of both low and high 
SFE, while in medium SFE materials there is competition between 
deformation mechanisms that results in higher microstructure 
non-homogeneity [7]. (III) Nanotwins created in low-SFE materials play 
a significant role in achieving a satisfactory strength-ductility balance 
because they act as strengthening elements. As a consequence, defor-
mation nano-twinning may increase uniform elongation, as proved in 
experiments on HPT-processed Cu and Cu-8% at. Al (SFE = 8 mJm-2) 
alloys, where the alloy showed a 1% higher uniform elongation [8]. 
However, the suggestion that with a decrease in SFE the 
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strength-plasticity balance is improved is a simplification, since it has 
been proved that there exists an optimal SFE below which uniform 
elongation decreases. The reverse behaviour below a certain SFE is due 
to the small grain size achieved during deformation, which makes the 
storage of dislocations during subsequent tensile tests impossible [9]. 

Apart from having a significant impact on deformation mechanisms, 
SFE is also an essential parameter influencing nanostructure evolution 
during annealing and nanostructure thermal stability. In micrograined 
materials, the role of SFE has been well described [10]. In high SFE 
micrograined materials it is mainly recovery that is observed, while in 
low SFE materials recovery is limited due to dissociated dislocations, 
and it is mainly nucleation and recrystallization that occur. This issue is 
definitely much more complex in nanostructured materials. A general 
model has been proposed for nanostructure evolution during annealing 
[11,12]. According to this model, firstly, the recovery of 
non-equilibrium grain boundaries is to be expected. Here, recovery 
should be understood as a partial annihilation of defects at grain 
boundaries; it is followed by a migration of grain boundaries that may 
lead to abnormal grain growth. In the end, there is a normal grain 
growth. This model suggests that, even in low SFE nanostructured ma-
terials, recovery should occur rather than recrystallization. The term 
recovery is, indeed, used for the evolution of an Ag nanostructure in 
some papers [13]. However, recrystallization is also observed in nano-
structured Ag, especially after a large number of equal channel angular 
(ECAP) passes, when there is a reduced dislocation/twin density ratio. 
Strongly nano-twinned regions become sites for the nuclei of recrystal-
lized grains [13]. 

In the case of nanostructured metals, SFE influences their thermal 
stability. The lowest thermal stability, and even self-annealing, are 
exhibited by low SFE, high-purity nanostructured metals such as Au, Cu 
and Ag processed by HPT and ECAP [14–18]. Very high dislocation 
densities and nanotwins contribute to an increase in the driving force for 
subsequent recovery and grain growth. 

As may be expected, SFE has an impact on the strength-ductility 
balance of annealed nanostructured materials. During the annealing of 
Cu-8at.%Al (SFE = 28 mJ/m2) and Cu-5at.%Al (SFE = 17 mJ/m2), an 
obvious trend was observed whereby strength decreased at the expense 
of ductility. Nevertheless, a better strength-ductility balance was 
measured for an alloy with a lower SFE [19]; this can be explained 
similarly to the case of nanostructured materials, by a hindered cross slip 
in low-SFE materials that makes the strain hardening more efficient. 
Moreover, in low-SFE metals, the SFs contribute significantly to plas-
ticity before any deformation twinning [20]. 

Considering the available results, one might expect that, if any kind 
of unconventional annealing is applied to nanostructured materials, the 
SFE may have a considerable impact on the resulting microstructures 
and properties. There are various unconventional annealing techniques, 
such as heating by an electric current [21,22], electric current pulses 
[23], and high hydrostatic pressure annealing (HPA) [23–34]. In the 
present work, HPA was applied, since, unlike other techniques, it makes 
it possible to gain control over the evolution of a material’s micro-
structure. That evolution is retarded, since the high hydrostatic pressure 
applied during annealing supresses diffusion processes [24,25]. Conse-
quently, HPA not only affects the rate of grain growth, but also the 
volume fraction of high-angle grain boundaries, texture, precipitate size, 
distribution, and chemical composition [27–29]. Furthermore, the 
diffusion mechanism changes from a vacancy diffusion mechanism to an 
interstitial diffusion mechanism along with the increase in pressure 
applied during annealing. As measured by DSC in low-SFE materials 
processed by HPT, only vacancy agglomerates were found, whereas in 
high-SFE materials single/double vacancies were also present, leading 
one to expect that their behaviour should vary during HPA [35]. The fact 
that HPA retards recrystallization and grain growth was found during 
experiments on low- [23,26–29], medium- [32,33] and high-SFE [24, 
34] materials. However, in the case of nanostructured materials, this 
was proved only on the example of an austenitic steel [23,26–29]. 

Even though the behaviour of materials of various SFE was investi-
gated during HPA in the past, never before has a comparison been made 
between nanostructures of various SFE deformed to the same degree of 
plastic deformation. The aim of this paper is to show the impact of SFE 
on the microstructure evolution and mechanical properties of nano-
structured metals of different SFE annealed under HPA. 

2. Experimental 

2.1. Material and experiments 

In the present study, two pure metals of different SFE were investi-
gated, namely, Ni and Ag. The SFE, purity, melting temperatures (Tm) 
and annealing temperatures of these metals are presented in Table 1. 
The annealing temperatures were selected in a way that corresponded to 
about 0.4 Tm. From these materials, disks of 0.8 mm in thickness and 10 
mm in perimeter were cut by spark erosion; the disks were then 
annealed at 873K for 2 h in order to obtain well-recrystallized materials. 

The HPT experiments were carried out at the Faculty of Physics at the 
University of Vienna. The disks were processed at room temperature 
using an HPT device at a constant pressure of 6.0 GPa and a speed of 0.2 
rpm. The disks were torsionally strained to 5 revolutions. The strain was 
well defined as simple shear, γ, and was calculated according to the 
equation γ = 2π × r × n/t, where r, n and t are the distance from the 
torsion axes, the number of applied revolutions and the mean thickness 
of the sample, respectively. The equivalent strains ϵeq = γ/√3, calcu-
lated at 3.5 mm from the central point of the sample after 5 revolutions, 
were equal to 79. 

After deformation, the samples were annealed at the same homolo-
gous temperatures under a pressure of 2 GPa in a HPT device for 1 h, and 
conventionally in differential scanning calorimetry (DSC) using a Per-
kinElmer DSC7. The pressure - 2 GPa - applied during HPA has been 
selected basing on previous experiments performed on a SPD-processed 
austenitic stainless steel [26–28] and initial HPA experiments performed 
on Ni while 2, 4 and 6 GPa were applied. It was proved that only under 2 
GPa the changes in microhardness between HPT-processed and HPA 
samples were significant. The heating rates during high hydrostatic 
pressure and conventional annealing were 1200 and 100 K/min, 
respectively, and the cooling rates were 50 and 15 K/min, respectively. 
Although the heating and cooling rates differ between applied tech-
niques their impact on the microstructure transformation should be 
negligible since the annealing time, 1h, is much longer than the pro-
cesses of heating and cooling. Moreover, heating and cooling in the case 
of HPA was done under 2 GP to eliminate the possible impact of the 
atmospheric pressure on microstructure transformation during HPA. 
This study is the first one where HPT was applied for high hydrostatic 
pressure annealing; previous experiments were performed in a toroidal 
high-pressure cell [40,41]. Further on in this text, these annealing 
techniques are referred to as CA – conventional annealing - and HPA – 
high hydrostatic pressure annealing, and the samples are referred to as 
Ni_HPT, Ag_HPT, Ni_CA, Ag_CA, Ni_HPA and Ag_HPA. 

2.2. Analysis methods 

After deformation and annealing, the microhardness was measured 
using an MHT-4 microhardness tester manufactured by Paar equipped 
with a Zeiss microscope. The indentation force was 1 N, the rate 0.1 N/s 

Table 1 
Melting temperature Tm, SFE, purity, wt.%, annealing temperature Tan.   

Ni Ag 

Tm [K] [36,37] 1728 1234 
SFE [mJ/m-2] [38,39] 125 16 
Purity, wt. % 99.99% 99.95% 
Tan (0.39 Tm) [K] for 1 h 627 479  
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and the holding time 10 s. The indentations were performed on the 
diameter, with a distance of 0.5 mm between them. The uniaxial tensile 
tests were carried out at room temperature using a Zwick/Roell Z005 
machine. The tensile tests were conducted under the displacement 
control mode at an initial strain rate of 10-3 1/s. The dimensions of the 
samples were as follows: a gauge section length of 2 mm and a cross 
section of 0.3 mm × 0.4 mm. The strain measurements were performed 
using the digital image correlation method (DIC). 

The annealing of deformation-induced defects was registered by the 
occurrence of exothermic peaks during DSC heating, where the area of a 
peak is related to the total enthalpy of the annealing defects. During the 
DSC measurements, the heating rate was 10 K/min. 

The samples after the HPT experiments were cut 1.5 mm from the 
sample edge, parallel to the radius and the sample surface by a focused 
ion beam FiB/SEM NB5000, as presented in Fig. 1. Subsequently, the 
samples were observed by transmission electron microscopy using a 
JEOL 1200 TEM at 120 kV. The samples after HPT and annealing were 
cut by spark erosion so that an area 1.5 mm from the edge parallel to the 
radius and sample surface was polished by ion milling system IM 4000 
and subsequently observed using an SU 8000 scanning electron micro-
scope at 5kV in the BSE mode. The microstructures obtained were 
further characterized by stereological and image analysis methods that 
are well-developed at the Warsaw University of Technology [42,43]. 
Calculations were then made of the average grain size (calculated as the 
equivalent diameter MV(d2)), the standard deviation of the equivalent 
diameter SD(d2), and the variation coefficient of the equivalent diameter 
CV(d2). Moreover, the grain boundary area in the unit volume Sv was 
determined by counting the intersection points of the test lines with the 
grain boundary network. The Sv was calculated for twin boundaries and 
twin and grain boundaries, marked SVTB and SVTB+GB, respectively. 

3. Results 

3.1. Microhardness measurements 

After the HPT, the microhardness of both metals increased by more 
than 200%, as presented in Fig. 2. The increase was 30% higher for Ni 
than Ag. A comparison of the microhardness values between metals after 
HPT and HPT combined with annealing is presented in Fig. 2. After CA, 
the most significant decrease in microhardness was observed for Ni, 
62%, whereas in the case of Ag microhardness decreased by approxi-
mately 44%. HPA did not cause as profound a decrease in microhardness 
as CA did. The microhardness values decreased by 45 and 25% for Ni 
and Ag, respectively. The drop in microhardness was larger in the case of 
Ni than Ag, both after CA and after HPA. If one correlates the changes in 
microhardness between the two annealing conditions (by subtracting 
the percentage of the microhardness drop after HPA and CA), it can be 
seen that the difference is comparable for both metals - 17% and 19% for 

Ni and Ag, respectively. 

3.2. Microstructure characterisation after HPT 

Before the HPT experiments, the metals were annealed at 873K for 2 
h to homogenize their microstructures, as presented in Fig. 3. As a result, 
coarse-grained microstructures of 31 and 23 μm in average equivalent 
diameter were obtained for Ni and Ag, respectively. Subsequently, the 
HPT processes were performed. The microstructures cut from cross 
sections (Fig.1) of the HPT-processed metals varying in SFE are highly 
refined, as shown in Fig.4. However, they vary in grain size and nano-
twin density. The average grain size in Ni was slightly larger than in Ag: 
140 nm in comparison with 120 nm in Ag. It is reported in the literature 
that, after HPT with similar processing parameters, the average grain 
size in Ni reached 170 nm [44], and in Ag 200 nm [45]. These differ-
ences in grain size might come from differences in the HPT processing 
parameters, what sections were selected for observation, and how the 
grain size was calculated. They were no nanotwins observed in Ni, 
whereas in the case of Ag, deformation nanotwins were present in 
numerous grains. Their average thickness was approximately 10 nm. 

3.3. DSC measurements after HPT 

The DSC measurements, shown in Fig. 5, revealed two peaks in the Ni 
and Ag. In the case of Ni, the first peak is exothermic at Tpeak 519K, 
which is 0.3 of Thom. This peak is called a “dislocation peak” [35] and 
consists of two subpeaks: one from dislocations and one from vacancy 
agglomerates. The second peak at Tpeak 632K corresponds to the Curie 
temperature. In the case of Ag, the first exothermic peak temperature, as 
in Ni, is at 0.3Thom. However, here it is composed of three subpeaks 
coming from dislocations, vacancy agglomerates and SFs. The second 
peak of Tpeak 647K is also exothermic and can be assigned to grain 
growth. Considering the stored energy of the first peak in both metals, 
there is 49% more stored energy in the Ag. 

3.4. Microstructure characterisation after annealing 

The microstructures of the samples after annealing are shown in 
Fig. 6. The MV(d2), SD (d2), CV(d2) and SVTB, SVTB/SVTB+GB are pre-
sented in the form of charts in Fig. 7. An analysis of the microstructures 
permits the observations that (i) the samples are fully recrystallized; (ii) 
HPA inhibits grain growth in comparison with CA, and the degree of 
retardation depends on the SFE of a given material; and (iii) HPA and CA 
affect twin density differently. 

HPA inhibits grain growth so that the grain size after HPA in com-
parison with CA reaches approximately 70% and 13% of the grain size 
after CA for Ni and Ag, respectively. It has also an impact on the ho-
mogeneity of the microstructures. HPA significantly increases CV(d2) in 
the case of Ni, and decreases it in the case of Ag in comparison with CA. 
One can observe in Fig.7 c) the expected trend that, with a decrease in 
SFE, the SVTB increases. However, if one compares the ratio of SVTB/ 
SVTB+GB, it can be noticed that there is an increase only for CA. The HPA 
stabilises the SVTB/SVTB+GB ratio for various SFE metals at a level of 0.4. 

3.5. Tensile tests and Hall-Petch plots 

The stress–strain curves obtained during the room temperature ten-
sile tests for Ni, both HPT-processed and annealed under various con-
ditions, are presented in Fig. 8. The mean values (MV) and standard 
deviation (SD) of ultimate tensile strength (UTS), yield stress (YS), 
uniform elongation (Au), and total elongation (At) are summarized in 
Table 2. 

The results indicate that HPT increases the UTS from 349 to 1015 
MPa. However, in the literature, a higher value of 1270 MPa has been 
reported [46]. The difference may come from the fact that, in this study, 
the tensile mini-samples have different dimensions – a smaller width and Fig. 1. HPT disk with marked area of microstructure observations.  
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thickness (0.4 × 03 mm) than those reported elsewhere (1.5 × 1.5 mm) 
[46] – and so there is a much larger volume of sample recrystallized 
during the cutting by the spark erosion process. These observations in-
clined the authors to perform tensile tests only on the Ni samples since, 
as is well-known, Ag has a lower thermal stability, meaning that the 
recrystallized volume changed by spark erosion cutting would have been 
greater. The results gathered clearly show that the samples after 

annealing at 627K have a similar plasticity, but the Ni HPA has higher 
strength. If one compares the result applying the factor YS*At, it is 
clearly visible that the greatest value is obtained for Ni_HPA, which 
therefore looks promising for obtaining a desirable strength-ductility 
balance for HPA materials. 

The fact that HPA can produce unique microstructures is clearly 
visible in Fig. 9a), which presents a Hall-Petch plot with reference data 

Fig. 2. Comparison of microhardness between HPT processed and annealed metals at various conditions.  

Fig. 3. Microstructures of a) Ni and b) Ag after annealing at 873K for 2 h – cross sections; in BSE-mode SEM.  

Fig. 4. Microstructures of HPT-processed materials varying in SFE: a) Ni, b) Ag with nanotwins indicated by the yellow arrow – cross sections; bright field TEM. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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from the literature. One can notice that the Ni_HPA does not lie on the 
trend line for conventionally annealed Ni when compared with the data 
from this article or from the literature. This phenomenon may be the 
result of differences in texture, the percentage of high-angle grain 
boundaries, or the misorientation angles between the HPA and CA 

samples, and demands further research. 
In the case of Ag, Ag_HPA does not lie on the trend line for 

conventionally annealed Ag when one considers the grain size (d2) as a 
d parameter in the Hall-Petch equation or the size of an area surrounded 
by twin boundaries or/and grain boundaries (d2+t), as presented in 

Fig. 5. Heat flow curves as a function of temperature for a) Ni and b) Ag, exhibiting peaks with marked peak temperatures and stored energy calculated from the 
integrated areas of the peaks. 

Fig. 6. Microstructures of HPT-processed and annealed materials - cross sections: a), b) Ni, c)-f) Ag; microstructures after CA: a), c), e); microstructures after HPA: b), 
d), f); a)-e) in BSE-mode SEM, f) TEM) with a selected area electron diffraction (SAED) pattern in the orientation [011]. 
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Fig. 9b). However, if one considers the latter method as a d assessment, 
the Ag_HPA seems to be much closer to the Hall-Petch trend line. This 
might be because the volume fraction of the twin boundaries is high in 
Ag_HPA and Ag_CA. The second assessment method seems to be much 
more appropriate for silver, since in this material twin boundaries play a 
significant strengthening role at room temperature [47]. 

4. Discussion 

The results clearly show that the application of a hydrostatic pressure 
of 2 GPa at 0.4 Thom retards recovery, recrystallization and grain growth 
of nanostructured metals that differ in SFE. This fact is in agreement 
with previous studies, since the retardation of a microstructure rear-
rangement was noticed in the case of a high-SFE material – rolled 
aluminium, annealed under a pressure of 1.2 GPa [34] at 773K, and of a 
low SFE material – HPT-processed austenitic stainless steel annealed 
under 2 GPa and 6 GPa at 1173K [27,28].It must be underlined, how-
ever, that in this study materials that differ in SFE were deformed to the 

same deformation degree (using the same technique, temperature and 
pressure) and subsequently annealed at the same Thom. 

4.1. The impact of HPA on recovery, recrystallization and grain growth 
on nanostructured metals that differ in SFE 

Based on the microhardness measurements and microstructure ob-
servations, it can be stated that HPA most significantly slows down the 
microstructure evolution of the low SFE material - Ag. This is in contrast 
with CA, where the greatest grain size is achieved in Ag. (An interesting 
fact is that, although after conventional annealing the greatest grain size 
is achieved for Ag, the greatest reduction in microhardness in compar-
ison with the microhardness after HPT is achieved for Ni. This may come 
from the strengthening mechanisms of twin boundaries in Ag, which 
contribute to a higher yield stress and microhardness of Ag than may be 
simply estimated basing on the grain size [49].) It seems, therefore, that 
it is necessary to focus firstly on the impact of atmospheric pressure on 
microstructure evolution, and consider the factors that trigger changes 
in the microstructure. Those factors combine with the microstructural 
features formed during HPT. Low-SFE nanostructured metals, in com-
parison with high-SFE nanostructured metals obtained by HPT, are 
distinguished by Ref. [50]:  

a) higher deformation nanotwin density.  
b) higher dislocation density - deformation twins caused by lowering 

the SFE may serve as locations for an accumulation of dislocations,  
c) lower grain size – a higher volume fraction of grain boundaries due 

to the twin deformation mechanism. 

The high dislocation density and high volume fraction of grain 
boundaries enhance the diffusion rate at elevated temperatures and 
contribute to a high rate of recovery by climb, which is less sensitive to 
the splitting distance between two partials than cross-slip is. In addition 
to recovery, recrystallization is promoted in highly twinned regions, as 
these sites act as nuclei for recrystallized grains [13]. As a consequence, 
these factors constitute a large driving force for the microstructure 
evolution leading to fast grain growth. Even a self-annealing phenom-
enon can be observed in Ag after HPT. The DSC measurements confirm 
that the stored energy for Ag is higher than for Ni. Apart from the 
microstructural features, the physical properties of these materials, such 
as thermal diffusivity, should be taken into consideration. Ag features 
the highest thermal diffusivity (DAg = 1.72*10-4 m2/s, DNi =

0.22*10-4m2/s), supplying yet another factor for the fastest grain growth 
in Ag under atmospheric pressure [51]. However, it must be underlined 
that, in metals, all these processes also depend on the level of impurity. 
For this reason, in this study the purity of the selected metals was 
comparable. 

If high pressure is applied during annealing, the microstructure 
evolution is retarded the most significantly in the lowest-SFE material. 
Despite the fact that in low-SFE materials the dislocation density is 
higher than in high-SFE metals, which may facilitate grain growth 
during conventional annealing, the vacancy concentration is lower [35]. 
It is the result of two processes - vacancy generation and annihilation. 
Since the migration enthalpy of vacancies for Ag is much lower than for 
Ni, it must be concluded that the concentration of vacancies after HPT 
should be the highest for Ni. During HPA, the movement of vacancies is 
hindered, and along with it processes such as recovery and grain growth. 
The movement of vacancies is hindered since high hydrostatic pressure 
has an impact on the enthalpy of vacancy migration. Consequently, 
vacancy migration influences annihilation of edge dislocations climbing. 
Therefore, under a certain hydrostatic pressure p applied, an extra work 
pΩ, where Ω is the atomic volume, is necessary when a vacancy migrates 
through the lattice, which increases the vacancy migration enthalpy as 
dHeff = dH + pΩ [52,53]. During HPA at a given T, the effective vacancy 
migration enthalpy dHeff is correlated with the diffusivity by a formula 
D = D0 exp(-dHeff/kT) where D0 is the core diffusion coefficient [54]. 

Fig. 7. Comparison of a) the average d2, b) CV(d2), and c) SVTB and SVTB/ 
SVTB+GB of HPT-processed and annealed materials varying in SFE. 
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Another factor which may contribute to the retardation of recovery and 
grain growth is the high density of nanotwin boundaries. The most 
distinctive feature of low-SFE metals is the nanotwin boundaries formed 
during HPT. These boundaries are viewed as 60◦ <111> twin bound-
aries or, less commonly, marked as 70.5◦<110> tilt boundaries. Since 
tilt boundaries <110> move by a cooperative motion of several atoms, 
while <100> and <111> tilt boundaries do so by a single atom mech-
anism, it can be estimated that twin boundaries movement will be more 
retarded than <100> and <111> tilt boundaries as the vacancy 
mobility decreases with increasing pressure during annealing. The fact 
that a high density of twin boundaries may significantly slow down re-
covery and grain growth was also observed in a nanostructured 
austenitic stainless steel refined by hydrostatic extrusion (HE) and 
profile rolling (PR) after annealing at 1173K under 6 GPa for 10 min [26, 
27,29]. 

4.2. The impact of HPA on twinning frequency in nanostructured metals 
that differ in SFE 

Annealing twin boundaries - which are understood as a special kind 
of coherent high-angle grain boundaries with the lowest interfacial en-
ergy [55] - have an impact on various properties of materials. They can 
improve corrosion resistance by, e.g., accelerating the formation of a 
homogeneous [56] and/or less defective [57] film in the twinned areas, 
and can also improve the material’s mechanical properties by acting as 
obstacles to dislocations [49,58]. On the other hand, twins can be 
detrimental to fatigue resistance, as they may accelerate the crack 
initiation process [59]. Moreover, they can be disadvantageous to 
electrical conductivity, as proved in nano-twinned copper: the contri-
bution to resistivity in nanotwinned Cu of twin widths of 15 nm and 90 
nm is 8.5*10-2 and 1.2*10-2 μΩcm, respectively [60]. According to 

Gleiter’s theory [61], still in development [62,63] – the so-called growth 
accident model – annealing twin boundaries are created when a 
migrating grain boundary encounters an SF. The highest density of SFs is 
in Ag, and for this reason Ag has the highest SVTB. In comparison with 
CA, HPA has an impact on twinning creation, although the trend is 
different in Ni and Ag. The phenomenon observed in Ni can be easily 
justified if one assumes that HPA slows down the processes of recrys-
tallization and grain growth. Then, the microstructure obtained during 
HPA may be treated as that obtained by CA but after a shorter annealing 
time. If so, and knowing that annealing twin density decreases during 
grain growth, the results obtained in the case of Ni remain in agreement 
with the prediction from the literature [63,64]. If one tries to apply the 
same theory to Ag, it should be expected that HPA will result in a much 
higher SVTB. In order to find the reasons for the different behavior of Ag, 
the factors that affect annealing twin generation must be considered. 
Those factors are as follows: grain boundary velocity, which is consid-
ered as the most essential; grain size; grain boundary energy; and twin 
boundary energy. As previously stated, HPA retards grain growth - in 
other words, it decreases grain boundary velocity. This can be the main 
reason for the comparable SVTB in Ag_HPA and Ag_CA. The fact that a 
low grain growth rate results in a lower twinning frequency than a high 
rate was previously observed in Ag stocked at room temperature [65]. 
However, that kind of treatment precludes any control over the number 
of twin boundaries, unlike HPA, which the authors believe may be useful 
in grain engineering to obtain desirable microstructures for various 
applications. 

Another important factor that demands further investigation in the 
future is the impact on HPA of unloading after HPT. This process may 
lead to an annihilation/recombination of dislocations which are hin-
dered under high pressure [54,66]. This could be essential for materials 
of low thermal stability - in this study Ag - since for this material the 

Fig. 8. Stress–strain curves obtained during room temperature tensile tests for Ni HPT-processed and annealed under various conditions.  

Table 2 
MV and SD of UTS, YS, Au, and At.  

Parameter 
Sample indication 

YS [MPa] UTS [MPa] Au [%] At [%] YS*At 

MV SD MV SD MV SD MV SD [MPa*%] 

Ni_873K_CA 171 15 349 21 26.0 0.6 35.2 0.6 6045 
Ni_HPT 757 32 1015 2 2.1 0.3 9.4 0.1 7147 
Ni_673K_CA 341 13 440 16 24.7 0,9 36.4 0.7 12456 
Ni_400K_HPA 401 13 479 11 25.2 0.6 37.3 2.3 15087  
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diffusivity at RT is the highest. Yet even Ni, which is considered to have 
high vacancy migration enthalpy [66], was significantly affected by 
unloading. 

5. Conclusions 

a) High pressure torsion leads to the microstructure refinement of 
both low- (Ag) and high– (Ni) stacking fault energy metals. The micro-
structures obtained differ in grain size and twin density, with a smaller 
grain size and greater twin density is observed in Ag. 

b) High hydrostatic pressure annealing retards the microstructure 
evolution of Ag more than that of Ni. This is contrary to conventional 
annealing, which results in a greater grain size in Ag than in Ni. 

c) The lower grain growth rate during high hydrostatic pressure 
annealing in the case of Ag (in comparison with Ni) was attributed to a 
higher frequency of deformation twins during deformation and a lower 
vacancy concentration. 

d) Unlike conventional annealing, high pressure annealing leads to a 
smaller twin boundary area per unit volume than that expected for the 
determined grain size, since high pressure annealing decreases the rate 

of boundary motion. The magnitude of this phenomenon is greater for 
Ag than Ni, since in Ag grain growth is more retarded. 
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