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Abstract: High-pressure torsion (HPT) is a high efficiency processing method for fabricating bulk
ultrafine-grained metallic materials. This work investigates microstructures and evaluates the
corresponding strengthening components in the center of HPT disks, where effective shear strains are
very low. An Al-4.63Cu-1.51Mg (wt. %) alloy was processed by HPT for 5 rotations. Non-equilibrium
grain and sub-grain boundaries were observed using scanning transmission electron microscopy
in the center area of HPT disks. Solute co-cluster segregation at grain boundaries was found by
energy dispersive spectrometry. Quantitative analysis of X-ray diffraction patterns showed that
the average microstrain, crystalline size, and dislocation density were (1.32 ± 0.07) × 10−3, 61.9 ±
1.4 nm, and (2.58 ± 0.07) × 1014 m−2, respectively. The ultra-high average hardness increment was
predicted on multiple mechanisms due to ultra-high dislocation densities, grain refinement, and
co-cluster–defect complexes.
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1. Introduction

High-pressure torsion (HPT) is a type of advanced severe plastic deformation processing (SPD)
that can fabricate bulk metallic materials with ultrafine-grained microstructures and a high dislocation
density [1,2]. HPT produces heterogeneous microstructures across the radius of the discs [2,3].
Compared to other SPD techniques, HPT has a higher efficiency for grain refinements and a good
potential to improve the strength of metallic materials.

Al-Cu-Mg alloys, especially 2024-T351 alloys, are typically applied on lower wing structures of
aircrafts because of their low mass density and good damage tolerance [4,5]. The hardness evolution,
dislocation behavior, and grain refinement during HPT processing of Al-2024 alloys have been recently
investigated [6]. Grain refinement to nano scales with high angle misorientations leading to superplastic
deformation through boundary sliding has been reported [7].

During artificial ageing after conventional processing, S (Al2CuMg)-phase precipitates contribute
to strength increase [5,8–10]. Research using atom probe tomography (i.e., three-dimensional atom
probe technique) showed that Cu-Mg co-clusters are responsible for rapid hardening of Al-2024 alloy
at room temperature and very low temperatures [11]. In HPT processing, Cu-Mg co-clusters segregate
to form co-cluster–defect complexes, which further improve the strength and hardness of Al-2024
alloys [12,13]. It has been shown that increases in hardness near the edge of the HPT disk result
from high dislocation densities, strong grain refinement, precipitation, and short-range order (SRO)
complexes. However, no such investigation has as yet been carried out for the center of HPT disks,
where effective shear strains are very low. The main objective of this paper is to characterize the
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inhomogeneous microstructures and to evaluate the corresponding strengthening components near
the center of an HPT disk.

2. Materials and Methods

This work was carried out on Al-2024 discs with dimensions of 9.8 mm diameter and 8.5 ± 0.2 mm
height. Samples were subjected to HPT for 5 rotations under a pressure of 6 GPa and a speed of 1 r/min.
Further details of the HPT processing are provided in [14].

After HPT, some samples were ground and polished to 80µm thickness using SiC papers and
punched small slices with 3 mm diameter at the center of the disk and at 2.5 mm distance from the
center. Both 5r-HPT slices and Al-2024 T351 slices were then dimpled to ~10 µm using a Model
656 dimple grinder (Gatan Inc. USA. A Gatan PIPS II Model 695 precision ion polishing system)
was used to achieve the thin foils [15]. Liquid N2 was used to stabilize temperature at −180 ◦C.
The scanning/transmission electron microscope (S/TEM) tests were carried out at 200 kV using a FEI
TalosTMF200S microscope (FEI, Brno-Černovice, Czech Republic), equipped with energy dispersive
spectrometry (EDS, Oxford Instrument, High Wycombe, UK).

Some 5r-HPT samples were carefully punched to obtain central disks 5 mm in diameter across
the disk center and polished to a mirror-like surface. X-ray-diffraction (XRD) was conducted using
a Siemens D5000 diffractometer (Bruker, Germany) at 0.02◦/s. Further details of XRD experimental
methods of the XRD spectra are described in [12,13]. In order to calculate the microstrain and diffraction
domain size (i.e., crystalline size), the collected data was performed by full-peak refinement using
the software Materials Analysis Using Diffraction (MAUD, version 1.999, L. Lutterotti, Italy). Vickers
hardness was performed across the radius within this area of the disk with a load of 500 g for a dwell
time of 15 s (0.5 mm interval between two dots along the radius).

3. Results

The STEM micrographs in Figure 1 show the microstructures of the Al-2024 alloy in the as-received
condition T351. This T351 conditioning involved solution treatment, 2% stretch, and subsequent aging
at room temperature. The bright field (BF) in Figure 1a and high-angle annular dark field (HAADF)
images in Figure 1b illustrate the microstructures with grain sizes of 2.3 ± 0.5 µm (obtained by the
average line intercept method [16]). The corresponding solute EDS mappings of Cu, Mg, Mn, and Al in
Figure 1d show that the dispersoid and intermetallic phases on grain boundaries and within the grain
interiors contain Al, Cu, and Mn. Comparison of these observations with previous work indicates the
standard T-Al20Cu2Mn3 phase, which has an orthorhombic structure with lattice parameters of a =

2.42 nm, b = 1.25 nm, c = 0.775 nm [9,17,18]; whilst the other is the Al7Cu2(Fe, Mn) phase, which has a
tetragonal structure of P4/mnc and lattice parameters of a = 0.6336 nm, c = 1.487 nm [5]. Figure 1e
presents the cross-section of one Cu- and Mn-containing, rod-like precipitate in the Al matrix. The
corresponding fast Fourier transform (FFT) pattern of the precipitate is shown in Figure 1f. This phase
is the Al20Cu2Mn3 phase, which contains two sets of interfaces parallel to two low index planes of the
T-phase, namely {200}T and {101}T [18]. The Al20Cu2Mn3 phase is a dispersoid phase that cannot be
dissolved by heat treatments; in conventional thermomechanical processing of Al-Cu type alloys, it
acts to limit grain growth [9].

Figure 2a,c shows further TEM bright field and dark field images of an HPT center sample. From
the selected area diffraction pattern in Figure 2b, the grains within the aperture of 0.02 µm2 have a very
small angle of misorientation. Figure 2d presents the morphological characteristics of dislocations and
sub-grains using TEM dark field imaging. They are attributed to specific “non-equilibrium” grain
boundaries, which contain an excessive density of extrinsic dislocations and additional local lattice
strains [19–21]. The average grain size of the 5r-HPT center sample is measured using the modified
average line intercept method and taken as d = 1.455 L, where L is the average line intercept [16].
Measuring over 300 grains in 30 TEM images, the average grain size of a 5r-HPT sample at the center is
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215 ± 55 nm. The average grain size of a 5r-HPT sample near the edge of the sample, where higher
strains were generated during the HPT processing, is 157 ± 30 nm, as seen in [13].
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Figure 1. Microstructures of the T351 Al-4.63Cu-1.51Mg (wt.%) alloy without processing high-pressure
torsion: (a) scanning transmission electron microscopy bright field (STEM-BF) image; (b) scanning
transmission electron microscopy dark field (STEM-DF) image; (c) scanning transmission electron
microscopy high-angle annular dark field (STEM-HAADF) image; (d) energy dispersive spectrometry
(EDS) mappings of different solute elements; (e) high resolution TEM image of Al7Cu2Mn phase
(f) corresponding fast Fourier transform (FFT) image of the square area in (e).
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Figure 2. Microstructures of the 5r high-pressure torsion (5r-HPT) center sample: (a) transmission 
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Figure 2. Microstructures of the 5r high-pressure torsion (5r-HPT) center sample: (a) transmission
electron microscopy bright field (TEM-BF) image; (b) selected area diffraction of red circle in (a);
(c) transmission electron microscopy dark field TEM-DF image; (d) enlarged area in (c).

The bright field and annular dark field micrographs of center areas in the HPT processed disk are
shown in Figure 3a,b. These STEM micrographs show grains refined to the ultra-fine range, with locally
high densities of dislocations. A large number of dislocations and sub-grain boundaries were observed
within the grain interiors, as shown in orange dashed circles. Figure 3d shows an EDS line profile
across a grain boundary in Figure 3c. Cu and Mg atoms on grain boundaries take the original place of
Al atoms, as seen in Figure 3e. Figure 3f shows the atomic-resolved HAADF-STEM image of grain
matrix interiors, indicating lattice bending and disordering as a result of severe plastic deformation.

Figure 4 shows an XRD pattern measured from the center area of the HPT disk. Microstrain ε and
diffraction domains Dc cause the Al XRD profile broadening. The average dislocation density of this
5r-HPT center sample is estimated by the following equation as [22,23],

ρ =
2
√

3
〈
ε2

〉1/2

Dcb
(1)

Using the software MAUD [24–26], the microstrain, size of diffraction domain, and the dislocation
density are (1.32 ± 0.07) × 10−3, 61.9 ± 1.4 nm, and (2.58 ± 0.07) × 1014 m−2, respectively. The anisotropic
profile broadening related to anisotropic crystalline shape, strain, or planar defects was negligible [13].
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Figure 3. STEM images of 5r-HPT center sample: (a) BF image; (b) annular dark field (ADF) image
(a,b) (i.e., at disk center); (c) HAADF image; (d) line profiles of Al, Cu, and Mg across the grain
boundary in (c), the red line; (e) EDS mappings of Cu-Mg co-clusters around a grain boundary; (f) the
high-resolution atomic image (c–f) (i.e., at 2.5 mm to the disk center).
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Figure 4. X-ray diffraction of a 5r-HPT sample punched in the central area (0 < r < 2.5 mm, r is
the distance to disk center). The experimental data is the blue circle, while the red solid line is the
simulated pattern. The difference between experimental data and the simulated pattern is under the
diffraction pattern.

The micro hardness close to the center of the disk was measured across the radius within the center
area. Figure 5 illustrates the hardness distribution across the radius ranging from 200 to 250 HV. The
hardness increases with increasing distance to the center. The micro-hardness reached the saturated
value, which was reported in [13].

Metals 2019, 9, x FOR PEER REVIEW 7 of 11 

 

 

Figure 4. X-ray diffraction of a 5r-HPT sample punched in the central area (0 < r < 2.5 mm, r is the 

distance to disk center). The experimental data is the blue circle, while the red solid line is the 

simulated pattern. The difference between experimental data and the simulated pattern is under the 

diffraction pattern. 

 

Figure 5. Vickers hardness mapping of the center area in an HPT disk. 

4. Discussion 

It is well known that the microhardness of HPT samples correlates to locations in HPT disks and 

the number of rotations. The formula of the equivalent von Mises strain εeq is 

2

3
eq

rN

h


   (2) 

where r is the distance to the center of the disk, N is the number of turns, and h is the thickness of the 

HPT disk [1,2]. Indeed, the true plastic flow during HPT processing is complex. As described in 

literature [26,27], the HPT process satisfies the power strain hardening function associated with a 

self-similarity theory. Equation (2) is a simple mathematical description of the process when the 

exponent of power function is 1 for shear strain and von Mises strain [26]. As the deformation exceeds 

a certain range of von Mises strains, both the microstructure and the strain hardening of the material 

reach a saturated level. The average hardness near the edge is ~256 HV (see our previous work [12]). 

Figure 5. Vickers hardness mapping of the center area in an HPT disk.

4. Discussion

It is well known that the microhardness of HPT samples correlates to locations in HPT disks and
the number of rotations. The formula of the equivalent von Mises strain εeq is

εeq =
2πrN
√

3h
(2)

where r is the distance to the center of the disk, N is the number of turns, and h is the thickness of
the HPT disk [1,2]. Indeed, the true plastic flow during HPT processing is complex. As described
in literature [26,27], the HPT process satisfies the power strain hardening function associated with
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a self-similarity theory. Equation (2) is a simple mathematical description of the process when the
exponent of power function is 1 for shear strain and von Mises strain [26]. As the deformation exceeds
a certain range of von Mises strains, both the microstructure and the strain hardening of the material
reach a saturated level. The average hardness near the edge is ~256 HV (see our previous work [12]). In
HPT processing, the shear strain at the HPT center is zero, however, the hardness near the center is ~90
HV larger than the T351 sample (143 HV). This can be attributed to the strain rate sensitivity coefficient
of HPT-processed disks. Only when the strain rate sensitivity coefficient of the material is high enough
strain localization will not take place [27]. Furthermore, another factor causing the hardness increment
and its inhomogeneous distributions are the radial gradient of torsional shearing strains [28], which
causes the formation of geometrically necessary dislocations. Also, the heterogeneous evolution of
microstructures, as seen in Figure 2, contributes to the increase in hardness. Furthermore, solute clusters
were shown to segregate to grain boundaries in STEM-EDS images, as illustrated in Figure 4. Solute
segregations at the grain boundaries reduce the overall Gibbs free energy and enhance the thermal
stability of grain boundaries [19,29]. Cu and Mg have a trend to cluster together, which contributes to
a significant strengthening at the very early stage of ageing in Al-Cu-Mg alloys [11,30,31]. Co-cluster
segregation to the grain boundaries and dislocation, which are both present at high densities, have
been reported to further improve the overall Vickers hardness of HPT-processed Al-2024 alloys [12,13].
Cluster segregation to grain boundaries will lower the energy barrier of S′- and S-phase nucleation and
accelerate their precipitation. As a result, the precipitating temperature of a 5r-HPT sample has been
found to be lower than that of a T351 sample in differential scanning calorimetry experiments [13].

The increase of hardness during HPT results from the combination of dislocations, refined grains,
atom solutions, and cluster formation. In this section, we will show how the hardness of a 5r-HPT
sample near the center areas can be estimated by a suitable model, incorporating these mechanisms as
follows. The increase in hardness due to dislocations is described by [12,13],

∆HVd = CMα1Gb
√
ρtotal (3)

where C is a dimensionless constant of 3 that describes the relationship between yield strength and
hardness [32]; α1 is a dimensionless constant equaling 0.3 [12]; M is the mean orientation factor,
2.6 [33,34]; G is the shear modulus, taken as 27 GPa [12]; and b is the Burgers vector, 0.286 nm [12,13].
The dislocation density, ρtotal, is obtained by quantitative analysis of the XRD broadened profile in
Figure 4, which provides the dimensions of the center of the disk as ρtotal = 2.58 ± 0.07 × 1014 m−2. The
hardness increment due to dislocation densities is ~31.2 HV, measured by quantitative calculation. The
hardness increment due to grain refinement can be estimated using the Hall–Petch equation [35],

∆HVgb = C
kHP

d
1
2

(4)

where d is the grain size and kHP is the Hall–Petch constant, taken as 0.062 MPa/m−1/2 [36,37]. In our
HPT sample, the grain size near the center of the HPT disk was measured as d = 215 ± 55 nm. The
hardness increases by 43 ± 7 HV as a result of the ultrafine-grain size.

The diffusion of solutes to grain boundaries and dislocations, where they can form co-clusters and
cluster–defect complexes, is a temperature-dependent process. The effective diffusion distance can be
described as [19]

λ =
√

6Dt (5)

where t is the diffusion time and D is the diffusion coefficient.

D = D0 exp
(
−

Q
RT

)
(6)

Here, Q is the activation energy [38]. The hardening due to co-clusters and cluster–defect
complexes is mainly due to short range order (SRO) hardening (i.e., it depends on the average enthalpy
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of co-clusters and cluster–defect complexes, ∆HA-B-dis, and the amount of Cu and Mg atoms in the
Cu-Mg co-clusters, yCu and yMg) [12,13]. The SRO hardening can be approximated by [12]

∆HVSRO = CM∆τSRO � CM
8

3
√

3

∆HA−B−dis

b3

(
yCu + yMg

)
(7)

In addition, modulus hardening contribution also occurs due to clustering. Solute hardening
strongly depends on the concentrations of solute atoms cMg and cCu, which follow the formula [39,40],

∆HVss = CM
(
kMgcMg + kCucCu

)
(8)

In previous work [13], these 3 strengthening contributions were calculated for 5r-HPT samples
near the edge of the disk. As the chemical composition and temperature are similar between edge and
center, we will assume that these 3 strengthening contributions are not dependent on the position in
the sample. Thus, we are assuming any differences in cluster density over the sample are limited and
do not cause significant variations in hardness. The equilibrium between atom solution and co-cluster
segregation is assumed to be independent of position, as with concentrations of solute atoms in the
matrix (i.e., cMg and cCu) and in the Cu-Mg co-clusters (yCu and yMg). The ∆HVss and ∆HVSRO values
equal those of a 5r-HPT sample near the edge, which are 15.7 and 5.1 HV, respectively.

The overall average hardness predicted by this model at the center area is 232 ± 7 HV, which is
within the error margin and equal to the measured hardness near the center, which averaged 230 HV.
This close correspondence indicates that the present model is solid. It is noted that the predicted (and
measured) hardness consists of strongly increased dislocation hardening of 31 HV, grain boundary
hardening of 43 HV, and hardening due to co-clusters and cluster–defect complexes, with the latter
(co-clusters and cluster–defect complexes) at ~107HV providing the strongest overall contribution to
the hardness at the center.

5. Conclusions

An Al-2024 T351 alloy was processed by high-pressure torsion for 5 rotations. The hardness
increases with distance from the center of the HPT-processed disk, and this inhomogeneous hardness
was caused by heterogeneous microstructures across the radius of the HPT disks. STEM-EDS showed
solute atoms and clusters were segregated to grain boundaries. The origin of the hardness increment
(~90 HV) in the center areas is attributed to the combination of dislocation hardening, grain refinement
hardening, and hardening due to co-clusters and cluster–defect complexes.
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