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Abstract
Ultrafine-grained (UFG) metallic materials processed by severe plastic deformation (SPD) techniques often exhibit 
significantly higher strengths than those calculated by the well-known Hall-Petch equation. These higher strengths 
result from the fact that SPD processing not only forms the UFG structure but also leads to the formation of other 
nanostructural features, including dislocation substructures, nanotwins and nanosized second-phase 
precipitations, which further contribute to the hardening. Moreover, the analysis of strengthening mechanisms in 
recent studies demonstrates an important contribution to the hardening due to phenomena related to the structure 
of grain boundaries as a non-equilibrium state and the presence of grain boundary segregations. Herein, the 
principles of the nanostructural design of metallic materials for superior strength using SPD processing are 
discussed.
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INTRODUCTION
Although several factors determine the strength properties of pure metals and alloys, the average grain size 
usually plays a significant role in their mechanical properties[1,2]. In particular, the dependence of the 
strength of polycrystalline materials on the average grain size d is usually described by the Hall-Petch 
equation, according to which the yield stress σYS is depicted as follows:
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where σ0 is the lattice friction stress and kHP is the Hall-Petch coefficient. According to Equation (1), the 
strength of the material increases with decreasing average grain size.

Based on this connection, there is significant interest in achieving ultrafine-grained (UFG) structures in 
metallic materials with an average grain size of less than 1 µm and predominantly high-angle grain 
boundaries, which may be implemented by using severe plastic deformation (SPD) processing 
techniques[3-5].

For this purpose, at present, the most popular SPD processing techniques are equal-channel angular 
pressing (ECAP) and high-pressure torsion (HPT). The deformation processing of materials by SPD was 
the first key step that initiated comprehensive studies of the mechanical properties of bulk nanomaterials 
and is now the basis for their innovative applications (see reviews and books on this topic)[5-10].

The past two decades have witnessed detailed analyzes of the effect of reducing the grain size to the 
nanoscale on the strength of materials. Although many studies have observed an increase in strength with 
decreasing grain size following Equation (1), this relationship is often violated for nanosized grains (less 
than 100 nm). Thus, the Hall-Petch curve deviates from the linear relationship at lower stress values and its 
slope kHP becomes negative (curve 1, Figure 1)[2]. This problem has been extensively analyzed in many 
experimental and theoretical studies. In addition, several recent studies have shown that UFG materials may 
exhibit significantly higher strengths than that predicted by the Hall-Petch relation for the range of ultrafine 
grains (curve 2, Figure 1)[5,6]. The nature of such superstrength may be related to the influence of various 
nanostructural features observed in SPD-processed metals and alloys located in the grain interior 
(dislocation substructures, nanosized particles of secondary phases and nanotwins) and at grain 
boundaries[10].

In this regard, the task herein is to analyze the nature of the superstrength of UFG materials and various 
strengthening mechanisms, including both the known ones related to the presence of nanoparticles and 
other nanostructural features and the new ones related to the influence of grain boundary structures in UFG 
materials.

EXPERIMENTAL OBSERVATIONS
In the last decade, a number of studies on the strength properties of various nanostructured metals and 
alloys, including Al alloys[11,12], steels[13,14] and titanium materials[15], have been performed in our laboratory in 
collaboration with colleagues from other institutions. In all cases, a significant increase in the strength of the 
material was observed during grain refinement by SPD techniques, with yield stress values significantly 
exceeding the values calculated by the Hall-Petch equation. This is illustrated in Figure 2[11] for the yield 
stress values of the UFG Al alloys 1570 and 7475 with grain sizes of ~100 nm, which are significantly higher 
than the Hall-Petch ratio calculations for closely related Al alloys with similar grain sizes.

It is important that in all these and our other works[16-19], the formation of nanoclusters and solute 
segregations at grain boundaries was observed along with the formation of the UFG structure. This is clearly 
seen, for example, when studying the SPD-processed alloys with the use of three-dimensional atom probe 
tomography [Figure 3][12], as well as in Figure 4, which demonstrates observations of the nanostructural 
features of the alloy 7075 after HPT at two different temperatures (room temperature and 200 °C)[20].
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Figure 1. Two types of Hall-Petch slopes within different characteristic length scales: dcr1 - grain size, below which the contribution of 
nanostructural features (nanoparticles, substructure and others) becomes significant in the strengthening of SPD-processed materials; 
dcr2 - grain size, below which the contribution of grain boundary segregation and non-equilibrium grain boundaries becomes significant 
in UFG materials. Reproduced with permission, Copyright 2013, John Wiley and Sons[5].

Figure 2. Hall-Petch relationships for Al 1100 and Al-3%Mg supported by the yield stress of nanostructured alloys Al-3%Mg, 1570 and 
7475. Reproduced with permission, Copyright 2010, Elsevier[11].

This study pays special attention to experiments achieving a high-strength state in commercially pure (CP) 
Ti Grade 4 subjected to processing by ECAP and HPT. The material (composition, wt.% Fe - 0.5, O - 0.4, 
C - 0.08, N - 0.05, H2 - 0.015 and Ti - base) is favored by medical professionals for its biocompatibility and is 
a popular material for medical applications. CP Ti is widely used for implants because its strength is crucial 
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Figure 3. Tomographic view of nanostructural architecture in HPT 7075 alloy. Lineal and node solute structures are observed to occur 
at grain boundary interfaces and junctions. Reproduced with permission, Copyright 2010, Nature Publishing Group[12].

Figure 4. Three-dimensional reconstructed Mg atom maps of AA7075 samples processed by HPT in different conditions, with 
precipitates defined by iso-concentration surfaces at 8.5 at.% Mg (in pink) and 1.0 at.% Cr (in green). Reproduced with permission, 
Copyright 2018, Elsevier[20].

for manufacturing implants of improved design with increased osseointegration[21]. The details of Ti Grade 4 
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processing, including HPT in different regimes and annealing procedures [Table 1], are provided in our 
previous work[22]. Table 1 also shows the structural parameters of Ti measured by X-ray and TEM analysis 
after processing.

Figure 5 shows the stress-strain engineering curves of the samples during tensile tests. In the initial state, the 
character of the curve is typical for the materials obtained by hot rolling. After reaching the yield point, a 
gradual increase in stresses to maximum values is observed, followed by a decrease due to strain 
localization. The character of the curve changes significantly after HPT. A decrease in the uniform strain, a 
significant increase in the strength parameters and a decrease in ductility are observed. High-temperature 
annealing of the deformed state leads to the development of recrystallization and complete leveling of the 
hardening effect from the formation of the UFG structure and distortions of the crystal lattice. Additional 
HPT leads to a rapid increase in the material strength but a significant loss of ductility. However, 
subsequent annealing at 350 °C to relieve the stresses provides an increase in ductility while maintaining 
high strength. A summary of the changes in mechanical properties is presented in Table 2.

As seen from Tables 1 and 2, the structural parameters of CP Ti Grade 4 differ significantly in various states 
and therefore may contribute differently to the strength properties of the material.

The contributions of various microstructural parameters to the overall strength of the material are 
important to be calculated for establishing the basic mechanisms of hardening after the combined 
deformation-heat treatment of CP Ti Grade 4, as well as for understanding the nature of its superstrength 
state. Following Refs.[2,5,9,23], the calculation may be realized by considering the additive contribution of such 
strengthening mechanisms as grain boundary (σgb), dislocation (σdis), solid solution (σss) and dispersion (σOr) 
strengthening to the flow stress:

where σ0 ≈ 80 MPa and is the frictional stress of the crystal lattice in Ti[15,24].

Following the known relations for these strengthening mechanisms [such as grain boundary hardening 
(Hall-Petch strengthening), dislocation hardening, solid solution and dispersion hardening (Orowan 
equation)] and considering the microstructural data in Table 2, the contributions of different strengthening 
mechanisms to UFG Ti strength were calculated. Their comparison with experimental data from 
mechanical tests is provided in Table 3.

Various strengthening mechanisms contribute to the strength of UFG Ti. However, their contributions in 
the state with the highest strength (σT = 1340 MPa) are noticeably less than this value, which means that the 
deformation of UFG Ti in such a state may also be affected by a different strengthening mechanism. Similar 
conclusions have been made for other UFG metallic materials, including Al alloys[11,12] and a number of 
steels[13,14]. Such a strengthening mechanism may be related to the state of grain boundaries in UFG 
materials, their non-equilibrium structure containing grain boundary dislocations and the grain boundary 
segregation of alloying elements[10,25].

Recent model calculations in Ref.[26] show [Figure 6] that the formation of segregations of impurities or 
alloying elements at grain boundaries may significantly inhibit the dislocation nucleation at grain 
boundaries, thereby contributing to the additional hardening of UFG materials. Simultaneously, computer 
simulations[27,28] and experimental studies[11,12,14,17-19] provide convincing evidence of the formation of grain 
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Table 1. Structural parameters of CP Ti Grade 4 after various processing regimes

State Average grain size, 
d, µm

Total dislocation 
density, ρ, m-2

Size of second-phase 
particles, r, nm

Volume fraction of second-phase 
particles, f, %

Hot rolled 10.00 ± 2.00 ≈ 2.4*1014 103 2-3

HPT 0.12 ± 0.03 ≈ 2.1*1015 - < 1

HPT + 700 5.00 ± 1.00 ≈ 2.2*1014 35 ± 7 4-5

HPT + 700 + HPT 0.09 ± 0.03 ≈ 1.6*1015 - < 1

HPT + 700 + HPT 
+ 350

0.12 ± 0.04 ≈ 2.3*1014 18 ± 10 7-8

Table 2. Mechanical properties of Ti Grade 4 in various structural states

State Microhardness, HV σ0.2, MPa σB, MPa ε, %

Hot rolled 237 ± 2 500 680 23.9 ± 1.4

HPT 353 ± 7 1020 1170 8.9 ± 1.2

HPT + 700 266 ± 5 600 720 30.8 ± 2.0

HPT + 700 + HPT 423 ± 8 1200 1340 0.9 ± 0.4

HPT + 700 + HPT + 350 433 ± 3 1340 1510 9.5 ± 2.0

σ0.2: Yield stress; σB: tensile strength; ε: elongation to failure.

Table 3. Calculated contributions of various strengthening mechanisms to the strength of UFG Ti Grade 4 and experimental data on 
yield strength values for all analyzed states

State σT, MPa σT calc, MPa σ0, MPa σgb, MPa σdis, MPa σss, MPa σOr , MPa σSL, MPa

Hot rolled 500 480 140 150 0 0

HPT 1020 980 350 440 0 0

HPT+700 600 600 200 140 70 0

HPT + 700 + HPT 1200 1170 400 380 0 200

HPT + 700 + HPT + 350 1340 830

80

340 150

110

150 0

boundary segregations during the formation of UFG structures in metallic materials using SPD techniques. 
However, their nature and morphology are closely related to the processing regimes.

CONCLUSION
Recent studies show that the strength of UFG materials processed by SPD techniques is traditionally much 
higher than that predicted by the Hall-Petch relation. The physical nature of this phenomenon is related to 
the fact that the strength properties of UFG materials result not only from the presence of ultrafine grains 
but also from other nanostructural features, including the formation of subgrain dislocation structures, 
nanotwins, nanosized second-phase precipitations and the grain boundary structure, their non-equilibrium 
nature and the presence of grain boundary segregations of impurities or alloying elements. The latter factor 
is very important since it may contribute significantly to the strength of UFG materials. Moreover, the 
segregations at grain boundaries can also affect the ductility of such metals and alloys. In particular, as has 
recently been shown, the presence of grain boundary Zn in Al alloys with ultrafine grains leads to the 
phenomenon of superplasticity at lower temperatures[27]. In this regard, the nature of grain boundary 
segregations and their behavior in deformation mechanisms is a relevant and exciting problem. The coming 
years may witness the study of strengthening mechanisms and their control using SPD techniques to 
become a relevant trend in the development of metallic materials with not only very high strength but also 
ductility and other enhanced mechanical properties.
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Figure 5. Engineering stress-strain curves of Ti Grade 4 after various treatments.

Figure 6. Expansion of a dislocation loop in the presence of segregations. The blue and red ovals denote the segregations that hinder 
and promote loop expansion, respectively. (A and B) Dislocation loop ends, A and B, which nucleate and expand under the action of the 
applied load, are pinned by segregations. (A) Projection on dislocation glide plane illustrating segregation-induced pinning. 
(B) Projection on grain boundary plane illustrating the fact that a segregation can either promote or hinder dislocation loop expansion, 
depending on the sign of the x2-coordinate of its center. (C) Dislocation loop expansion realized via its bow-out, thereby increasing the 
applied load if segregation-induced pinning is strong. (D) If pinning is weak, loop expansion is realized via the unpinning and lateral 
motion of points A and B. Reproduced with permission, Copyright 2019, Elsevier[26].
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